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Aim of the study

Main project:

Elucidating the local protein turnover as the regulatory mechanism of growth

and collapse of neuronal growth cone.

The aim of this project is to characterise the local protein turnover mechanism and

their regulatory role in  growth cone navigation.

In this project we would like to focus on:

1. The mechanism of growth cone collapse towards various guidance cues in cortical

neuron, as a model system.

2. To find out the role of protein turnover machinery in mediating the effect of growth

cone guidance, combined with inhibitor studies

3. Using various microscopic techniques to study and explain the role of local protein

turnover mechanism and to study the interaction of growth cone proteins.

Project1: Construction of FRET-based axonal transport marker

In this project we like to create a biosensor that can explain the axonal protein

transport and the role of axonal transport in mediating the local response of growth

cone guidance. We tried to exploit the FRET based microscopic technique to study

the movement of molecules within short range of axons and a specific biosensor

design to study the axonal transport.

4



Project2: Generation of FRET based biosensor protein ubiquitination machinery

In this we project we attempt to create novel non-fluorescent variant of green

fluorescent protein to design a FRET based biosensor to study the active

ubiquitination machinery in living cells. Further using this sensor we like to study the

fuctional role of protein ubiquitination, in chemotropic guidance of axonal growth

cone. Since FRET based study reveal the protein to protein interaction in a micro

volume, the protein ubiquitination sensor will be a novel tool to study the local

mechanism of degradation in the growth cone guidance.

Project3: Creation of folding dependent sensor to detect chaperone activity

To create a intensity based protein folding sensor to study the functional role of local

chaperone activity in growth cone guidance. We will use the standard molecular

biology and biochemistry to create and characterise a fluorescent sensor , that can

sense the inducibility of molecular chaperone in cell systems. Further we would like

to extend the use of this biosensor in the study of stress response and neuronal

survival under neurodegenerative disease model systems namely, Alzhimer’s and

Parkinsons’s diseases.
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Chapter 1: INTRODUCTION

1.1. Nervous System and Axonal Path-finding

1.1.1. Neurons and their components

Neurons are the fundamental building blocks of the nervous system that provides the link

between different regions of brain and parts of the body to coordinate their function in an

orchestrated fashion. The anatomical and physiological system of the body becomes

functional only when this precision in wiring of the nervous system is achieved.

The unique feature of the nervous system is the complex morphological phenotype of

neurons and the intricate network of specific neuronal connections. Each neuron possesses

multiple compartments like dendrite, axon, cell soma and growth cones each with its own

physiological significance for brain function. To be functional, neurons have to interact and

find their target connections to interrelate their physiological input. The complex network

of neuronal connections of compartments involving dendrites and axons is formed through

their motile finger like structures called growth cones.

For decades, the field of neuronal navigation has gained momentum and led to an

understanding of how neurons are targeted to the final connection under the influence of

guidance molecules. Varied responses of navigating growth cones to different guidance

molecules are necessary to find their appropriate target and strengthening of synaptic

connections by the activity-dependent status of growth cone once it finds its appropriate
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target. What is puzzling still is the identity of the internal complex network of signaling that

alters its functional behavior in a spatio-temporal manner within the neuron and in the

growth cone upon its myriads of encounters with guidance cues.

1.1.2. Growth cone guidance

Axonal path finding during neuronal development is mediated by the growth cone, which

integrates and responds to guidance cues in the extra-cellular environment. The growth

cone is a specialized region with motile finger like projections at the tip of the axons that

are guided by molecular cues (both positive (attractive) and negative (repulsive) cues) by

selectively stabilizing and destabilizing the actin cytoskeleton in filopodia and lamillipodia

to achieve directional growth (Bentley and O’Connor, 1994; Lin et al., 1994). With

formation of appropriate connections between and their target cells is a fundamental step

during development of invertebrate and vertebrate nervous systems.

Figure 1. Guidance mechanism and Growth cone components

.

(Mueller BK et al Annul Rev Neuroscience, 1999)
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Normal functioning of the nervous system requires precision in wiring together the

structures often separated by large distance ranges from millimeters to meters. Two types of

mechanisms are necessary to achieve this precision: early acting mechanisms independent

of neuronal activity and late acting, activity –based, refinement mechanisms (Goodman &

Shatz 1993, Tessier-Lavigne & Goodman 1996). Growth cones are guided to their target by

the classical mechanisms like chemo-repulsion, chemo-attraction, contact dependent

repulsion and contact dependent attraction

To set up the projection pattern in the nervous system, axonal growth cones must find their

targets by traveling long and complex pathways. An important principle to help in this

complex path-finding process is the presence of intermediate targets, which break the

journey into smaller segments (Tessier-Lavigne and Goodman, 1996). Axons are initially

guided toward such intermediate targets, then grow past them and adopt a new trajectory on

the other side. For this, growth cones are believed to change their response to multiple

guidance cues as they pass from one side of an intermediate target to the other. Comparable

changes in responsiveness to multiple cues must also occur as projecting axons reach their

final target. The growth cone, a finger like sensory structure at the tip of the outgrowing

axon, is the central player mediating these axon guidance decisions. The growth cone

senses guidance cues in its environment and translates this information into changes in the

cytoskeleton that determine the direction of outgrowth. Upon reaching the appropriate

target, the growth cone differentiates into a presynaptic terminal as synapse formation

begins. From then synaptic connections are themselves dynamically regulated by activity

and competition with other synapses (Sanes and Lichtman 1999, Zhang and Poo 2001).
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1.1.3. Signal transduction at the growth cones

The growth cone as a neuronal compartment has important functions that are independent

of its cell soma. The growth cone possesses intricate mechanism of steering and altered

functional behavior depends on its signaling intermediate. The guidance of axons during

the establishment of the nervous system is mediated by a variety of extracellular cues that

govern cytoskeletal dynamics in axonal growth cones.

   (Mueller BK et al Annu Rev Neuroscience, 1999)

A large number of these guidance cues and their cell-surface receptors have now been

identified, and the intracellular signaling pathways by which these cues induce cytoskeletal

rearrangements are well defined. At the leading edge of a growing axon is the growth cone,

a structure capable of sensing and rapidly responding to its environment. The growth cone

is composed of lamellipodia, which contain cross-linked networks of actin filaments, and
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filopodia, tensile structures consisting of bundled F-actin that sense the extracellular

environment. This peripheral actin network is associated in the proximal portion of the

growth cone with microtubules located in the distal region of the axon shaft and contributes

to the assembly and translocation of microtubules into more proximal regions of the growth

cone (Mallavarapu & Mitchison 1999, Mitchison & Kirschner 1988, Suter & Forscher

2000). The growth cone advancement and retraction is controlled by the regulation of actin

polymerization at the leading edge of filopodia and lamellipodia, of actin depolymerization

in proximal regions of the growth cone and of the rate of F-actin retrograde flow within

both filopodia and lamellipodia. It is amazingly, within the growth cone, attractive

guidance cues can promote actin polymerization and prevent retrograde actin flow, while in

contrast repulsive guidance cues can have reciprocal effects on these processes.

1.1.3.1. Rho GTPases and Growth Cone Actin Dynamics

There is ample evidence that axon guidance cue signaling involves the action of proteins

belonging to the Rho family of small GTP-binding proteins, key regulators of actin

cytoskeletal dynamics. The Rho family GTPases orchestrate actin filament assembly and

disassembly through the control of actin polymerization, branching, and depolymerization.

Moreover, Rho family members direct actin-myosin-dependent contractility, controlling the

retrograde flow of F-actin within the growth cone that control cytoskeletal rearrangements

(reviewed in Dickson 2001, Hall 1998, Luo 2000, Luo 2002). The best studied Rho

GTPases, Cdc42, Rac, and RhoA, have been implicated in the control of lamellipodial and

filopodial dynamics in fibroblasts and, more recently, in neuronal growth cones. Like all

small GTP-binding proteins, Rho GTPases cycle between active and inactive states through
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the binding of guanine nucleotides. In their GTP-bound states, Rho GTPases recruit

effector proteins to the membrane and are thus considered active. Hydrolysis of GTP to

GDP by their intrinsic GTPase activity disrupts GTPase binding to effectors and thereby

inactivates these GTPases

 (Mueller BK et al Annu Rev Neuroscience, 1999)

.

The activity of Rho GTPases is controlled by the opposing actions of guanine nucleotide

exchange factors (GEFs) and GTPase activating proteins (GAPs). GEFs facilitate the

exchange of GDP to GTP, thereby turning on Rho GTPase signaling, whereas GAPs turn

off Rho GTPase signaling by activating their endogenous GTPase activities. Axon

guidance receptors can be directly or indirectly coupled to GEFs and GAPs, affording these

receptors direct control over Rho GTPases. The large number of GEFs and GAPs, many of

which are expressed uniquely both temporally and spatially in the nervous system, contrasts
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with the relatively small number of widely expressed Rho family GTPases. Ligand-gated

association between individual GEFs and GAPs with guidance cue receptors is one

mechanism by which specificity is imparted to signaling pathways activated by various

guidance cues as reviewed in (Mueller et al 1999)

1.1.4. Guidance cues

Neurons are guided by numerous molecular components ranging from membrane receptors

to diffusible proteins and small molecular lipid carrier. Each guidance molecule initiates

neuronal growth cone guidance with the specialized signaling network, which enables the

proper wiring of neurons from different regions with its functional target. Guidance

molecules are classified upon the functional response at a specific time and at specific

location. The guidance cue can either be attractive or repulsive at specific location and can

be completely the reverse at a different location depends on the signaling intermediate it

encounters. They range from intracellular soluble to insoluble proteins and extracellular

membrane anchored to trans-membrane proteins.

1.1.4.1. Repulsive guidance cues

Repulsive guidance cue are the molecules are that mediate the turns or collapse the growing

axonal growth cones to the reverse direction of navigation to help the neurons to traverse

and reach its final destiny. They range from small proteins to trans-membrane receptors that

act in a coordinated fashion to help the neurons navigate

13



1.1.4.1.1. Lyso Phosphatidic Acid, 1-oleoyl-2-hydroxy-sn-glycero-3-phosphate (LPA)

LPA is a serum-derived phospholipid that elicits a variety of cellular responses, including

proliferation, chemotaxis, platelet aggregation, and smooth muscle contraction. LPA is

generated from cleavage of cellular membrane phospholipids and thus exhibits some

heterogeneity in its fatty acid composition. The palmitoyl and oleoyl fatty acid-containing

phospholipids are the most prevalent in serum. Biological activity typically requires long

acyl carbon chains (i.e., C16 or C18).

(Moolenaar. WH et al JBC 1995)

The actions of LPA are of wide range, and completely different among targeted cell types

(W.H. Moolenaar et al, G. Tigyi et al 1995). In nervous tissues, (Jalink et al. and Tigyi et

al.), it was demonstrated that LPA induces morphological changes, such as growth cone

collapse and neurite retraction. These activities are possibly related to the biological

functions in neural morphogenesis, synaptic remodeling and regeneration failure after nerve

injury. According to Jalink et al., the morphological responses are similar to the reactions
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induced by serum derived protease, thrombin. They also reported that LPA signaling is

mediated by G protein coupled receptors and several second messenger systems involving

small molecular weight G protein, Rho, calcium ions and protein kinases. Suramin, a poly-

anionic anti-parasite drug had been described as a LPA receptor antagonist by Van Corven

et al. LPA causes growth cone collapse in primary cultured chick neurons. This action was

dose dependent and the potency was almost identical in three different neuron types, dorsal

root ganglion neurons, retinal neurons, and sympathetic ganglion cells. Fifty percent of

growth cones were collapsed by 10_6 M lysophosphatidic acid. The growth cone collapse

started within 2 min after lysophosphatidic acid exposure and no homologous

desensitization was observed. However, this action was reversible and not toxic to the

neurons. Suramin, known as an antagonist to lysophosphatidic acid, which by itself had

growth cone collapsing activity against, cultured primary neurons. This study demonstrated

that LPA inhibit neurite growth of primary cultured neurons reversibly like in tumor-

derived cells. This result strongly supports the hypothesis that LPA acts as an inhibitory

factor of neurite growth after nerve injury in vivo.

1.1.4.1.2. Semaphorins and Neuropilins

The semaphorins are a large group of axonal guidance molecules consisting at least of 30

different members (Chen et al 1997). Conserved in invertebrates and vertebrates, they serve

as repulsive guidance cues, influencing growth cone guidance not only in a contact-

dependent way but also from a distance, as long-range chemo-repulsive cues (Messersmith

et al 1995, Sheperd et al 1997, Varela-Echavarria et al 1997). In vivo data from
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grasshoppers and the presence of motifs known to promote neurite outgrowth has suggested

that some members might function as attractive or permissive guidance cues (Inagaki et al

1995, Püschel et al 1995, Adams et al 1996, Kolodkin 1996, Mark et al 1997, JTW Wong

et al 1997), although a direct demonstration of a positive effect remains to be obtained.

(Mueller BK et al Annu Rev Neuroscience, 1999)

The transmembrane semaphorin G-sema I (formerly fasciclin IV) was implicated in axonal

guidance in the grasshopper limb bud (Kolodkin et al 1992). A first indication of a

repulsive action came with the cloning of the first molecule inducing growth cone collapse

(Luo et al 1993). Using growth cone collapse as an in vitro assay, membrane fractions from

brain were purified and a molecule, collapsin-1 (formerly collapsin), was cloned that was

extremely potent in inducing collapse: 10 pM induced collapse of 50% of sensory growth

cones. Collapsin-1 bound to beads induced turning of sensory growth cones often after

filopodial contact alone and without inducing full collapse (Fan & Raper 1995). Collapsin-
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1, a glycoprotein of 100 kDa is extensively glycosylated and has no transmembrane

domain, although it has a highly basic region near its C-terminal end. A C2

immunoglobulin (Ig)-like domain is also found, and the only known protein with sequence

homology in the N-terminal region was fasculin IV (Luo et al 1993). Based on sequence

comparisons of this domain and structural similarities, semaphorins were grouped into six

classes, with classes I, IV, V, and VI containing transmembrane forms and classes II and III

secreted forms (Mark et al 1997, Kikuchi et al 1997).

1.1.4.1.3. Neuropilins

All classes of semaphorin have its binding partner in an equally large receptor family. The

first candidates of receptors have recently been described, Using a COS cell expression and

cloning approach, two groups independently identified a transmembrane protein called

neuropilin as a collapsin-1/semaphorin III/D receptor (Neuropilin, initially identified by H

Fujisawa and colleagues as a cell surface protein called A5, was suggested to be involved in

axonal growth and guidance because of its expression on specific axon populations

(Neuropils) in the nervous systems of Xenopus laevis, chicken and mouse embryos (Takagi

et al 1991, Fujisawa et al 1997). Neuropilin has been shown to promote neurite outgrowth

in vitro (Hirata et al 1993), after transfection of fibroblast-like cells (L cells) induced

aggregation in cell aggregation assays. In these experiments, neuropilin acted as a

heterophilic calcium-independent cell adhesion molecule, binding via its b1/b2 domains to

molecules on the surface of L cells (Fujisawa et al 1997). Overexpression of neuropilin in

17



mice driven by a beta-actin promoter resulted in defasciculation of nerves and ectopic

branching (Kitsukawa et al 1995).

(Mueller BK et al Annu Rev Neuroscience, 1999)

1.1.4.2. Attractive Guidance Cues

1.1.4.2.1. Netrins and Their Receptors

The netrins are a family of proteins exerting attractive and repulsive effects on growing

axons. Members of this family were found independently in invertebrates and vertebrates.

A screen in C. elegans for mutants exhibiting defects in cell and axon migrations resulted in

the discovery of more than 30 genes involved in these processes (Brenner 1974). Later it

was shown that three genes, called unc-5, unc-6, and unc-40 (for "uncoordinated,"

indicating uncoordinated movement exhibited by mutants), are involved in circumferential

guidance and migration of axons and cells along the dorsoventral axis (Hedgecock et al

1990, Ishii et al 1992, Wadsworth et al 1996, Hedgecock & Norris 1997). In principle, the

corresponding molecules could act as guidance cues or guidance receptors, or they could
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exert other functions. In a biochemical approach, designed for the detection of guidance

molecules, M Tessier-Lavigne and coworkers, searched for a floor plate derived chemo-

attractant and succeeded in purifying from embryonic chicken brains, proteins called netrin-

1 and netrin-2. Netrin-1 and netrin-2 are expressed in the floor plate and ventral spinal cord,

respectively, and attract commissural axons of the embryonic spinal cord (Kennedy et al

1994, Serafini et al 1994)

1.2. Local protein turnover in growth cone guidance

Positive guidance can either allow navigation for positive signals or inhibit for negative

signals within growth cones, negative guidance inhibits the navigation or allow the positive

turning of the growth cones to the signaling intermediate. Axonal growth cones often travel

a long distance with a high degree of autonomy from the cell soma and it can even survive

and grow in dissociated culture after severing from cell body (Shaw and Bray, 1977),

maintains their unique properties similar to intact neurons (Guthrie et al., 1989). This

suggests that the growth cone steering is likely mediated by local mechanisms independent

of the cell soma; in agreement, retinal axons navigate correctly after soma removal (Shaw

and Bray, 1977).

Two important properties of growing axons are their ability to navigate far from the cell

body and their ability to change responsiveness to extracellular cues as they grow toward

and reach their ultimate target, since growing axons in vivo make rapid decisions,

sometimes at large distances from their soma as they encounter new molecular territories
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along the pathway (Alvarez et al., 2000), During growth and establishing connections

growth cones have to respond to their signal sequences in an immediate fashion ranging

from seconds to minutes. When these responses are compared to the distance traveled by

axons from the cell body and the speed of molecules transported along the long axon in

response to environmental stimuli, it is an impossible task that the growth cone responds to

the guidance cue in an immediate time interval.

This insight suggests the involvement of local protein turnover in the axon and growth cone

as a mechanism for growth cone navigation and wiring of network between and within

neurons. Proteins are transported along the axons from the cell body by the slow and fast

axonal transport. The proteins like cytoskeletal and cytosolic are primarily transported by

slow axonal transport could possibly take days and years to reach the terminal of long axon

(reviewed by Hirokawa et al., 1997). This provides the argument that how proteins last this

extended journey and supplied to distal tip of the axon. Evidence has accumulated

indicating that axons contain specific mRNAs and ribosomes and can synthesize

cytoskeletal proteins and some other proteins. It remains unclear whether local protein

synthesis could supply the cytoskeletal proteins and other slow-transported proteins that are

required for the maintenance, plasticity, and regeneration of long axons. The above-

mentioned roles of local protein turnover machineries like transport; synthesis, degradation

and chaperone assisted folding of protein in axon are discussed in detail below, will provide

the readers with understanding of functional roles of individual machineries of protein

folding in axonal guidance and development of nervous system.
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1.2.1. Axonal transport mechanism in growth cone guidance

  
Intracellular movement is the key to the functioning of eukaryotic cell. In the complex

macromolecular environment of the cytoplasm, proper functioning is impossible without

the constant movement of intracellular components from place to place. In recent years we

have observed a change in our understanding of the extent of these movements inside cells

and their underlying molecular mechanisms.

We now know that intracellular transport is coordinated by a diverse array of molecular

motor proteins that bind specific cargoes and direct them in a particular direction along

cytoskeletal tracks (Vale and Milligan, 2000). Moreover, the cargoes themselves are far

more diverse than previously imagined, including every type of membranous organelle and

species of transport vesicle, as well as nonmembranous cargoes such as cytoskeletal

polymers, cytosolic protein complexes, ribosomes, and messenger RNAs.

1.2.1.1. Slow versus Fast axonal transport with examples

The difference in the rate of fast and slow axonal transport has long been assumed to

indicate that membranous and nonmembranous cargoes move by fundamentally distinct

mechanisms, but direct observations on the movement of these cargoes in living cells now

indicate that they are all transported by fast motors and that the principle difference

between fast and slow transport is not the rate of movement per se, but the manner in which

the movement is regulated. Various proteins and components like, cytoskeletal proteins,
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membrane receptors, organelles, and soluble transmembrane protein were reportedly

transported along axons by slow or fast mode of transport, as explained with examples of

neurofilament and α-synuclein

1.2.1.1.1. Neurofilament-M subunit

Recently the movement of neurofilaments and microtubules has been observed in axons,

and these observations indicate that the solution to the slow axonal transport controversy is

relatively simple. Cytoskeletal polymers do move in axons, but their movements are not

slow after all. Both neurofilaments and microtubules move at fast rates, compared to the

rate of movement of membranous organelles, but the average rate of movement is slow

because the movement is both infrequent and bidirectional (Roy et al., 2000; Wang et al.,

2000; Wang and Brown, 2001).

1.2.1.1.2. α-Synuclein

Synucleins are abundant nerve terminal proteins of hitherto unknown function. In diseases

with Lewy bodies, human α-synuclein concentrates in these lesions in the cell body and

mutations in led to heritable Parkinson's disease with Lewy bodies. This indicates that

changes in the normal metabolism and axonal transport of α-synuclein are perturbed in

these diseases. Recent work (Jensen. PH et al 1999) show that synucleins are transported by

fast anterograde and retrograde transports and colocalize with synaptophysin and SNAP-25

around the lesion sites.
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1.2.2. Protein synthetic machinery in the growth cone guidance

Vertebrate growth cones possess the machinery necessary for protein translation (Bassell et

al. 1998 and Tennyson 1970) and can translate proteins locally (Crino and Eberwine 1996

and Davis et al. 1992). Developing dendrites possesses multiple different mRNAs (Crino

and Eberwine, 1996) and surprisingly, inhibiting the protein synthesis in hippocampal

neurons blocks synaptic long-term depression (LTD) on the rapid timescale of 5 min

(Huber et al., 2000), In principle, one mechanism to regulate axon responsiveness could be

to synthesize proteins, such as cell surface receptors, within the distal segment of the axon

after reaching an intermediate target. While cytoplasmic poly-adenylation, local translation

has been studied extensively as a mechanism for synapse regulation in dendrites (Richter

1999; Martin et al. 2000; Wells et al. 2000; Job and Eberwine 2001 and Steward and

Schuman 2001), it is assumed that the vertebrate axons are not capable of protein synthesis,

based on studies that failed to detect ribosome’s, and the ability of axons to transport

proteins from the cell body (Tanaka and Sabry 1995; Alvarez et al. 2000; Lodish et al.

2000 and Schwartz and DeCamilli 2000).

Many studies over a period of four decades based on labeled amino acid incorporation into

isolated axon preparations, inhibitors of translation, and detection of various components of

protein translation machinery have led to increasing interest in the idea of RNA translation

by vertebrate axons (Koenig 1967; Bassell et al. 1998; Eng et al. 1999; Koenig et al. 2000

and Campbell and Holt 2001; reviewed by Alvarez et al., 2000). However the question of

whether vertebrate axons could export locally synthesized proteins such as guidance
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receptors to the cell surface remains unsolved. In the case of vertebrate axons, it was

strongly believed for several decades that they receive all their proteins by anterograde

transport from the cell body and are not capable of translation (Tanaka and Sabry 1995;

Lodish et al. 2000 and Schwartz and DeCamilli 2000).

Protein translation in dendrites is now well established as a mechanism for synapse

regulation (Martin et al. 2000; Wells et al. 2000; Job and Eberwine 2001 and Steward and

Schuman 2001). Translation has also been recognized to occur in large axons of

invertebrates such as Aplysia, although these have dendrite-like features and are considered

to differ in this regard from vertebrate axons (Martin et al. 2000 and Spencer et al. 2000).

Signaling molecules like Semaphorin 3a and Netrins in addition, were shown to regulate

the neurite extension by controlling the gene expression through mitochondria and p42/p44

MAPK mediated signaling cascade in PC12 and hippocampal neurons (Schwamborn JC et

al 2004). An increased production of mRNAs for beta-actin, plexin A1 and Crmps are well

documented and these studies imply that protein synthesis is a key player in regulated

activity of growth cone navigation. Proteins like neurofilament subunits, synaptophysin, α-

spectrin, filamentous actin, and ezrin are well documented for their significant synthetic in

neuronal presynaptic compartment, (Brown. A et al 2001. Wheeler, TC et al 2002.,

Sangerman. J et al 2001)

24



1.2.3. Protein degradation machinery in the growth cone guidance

(Ubiquitin Proteasome System (UPS))

1.2.3.1. Ubiquitin

Ubiquitin is a member of a family of small proteins that are structurally similar and have

the unusual property of forming a stable chemical bond with other proteins. Ubiquitin

carries a C-terminal glycine residue with a carboxyl group that forms an isopeptide bond

with the ε-amino group of lysine residues, or less commonly, with the α-amino group at the

N-terminus of a substrate protein. The conjugation of ubiquitin to a protein can regulate a

protein in different ways. Known or suspected mechanisms of ubiquitin action include

altering protein stability, location, binding partners, or physical conformation.

Ubiquitin modifies proteins involved in many cellular functions (Glickman & Ciechanover

2002, Hicke & Dunn 2003, Muratani & Tansey 2003, Peng et al. 2003). Lys48-linked

polyubiquitin chains have been studied extensively, and they regulate nuclear, cytosolic,

and endoplasmic reticulum membrane proteins by targeting these proteins for degradation

by the 26S proteasome (Glickman & Ciechanover 2002). Lys63-linked chains are known to

regulate DNA repair, signal transduction, and endocytosis and are likely to control other

basic cellular processes as well (Fisk & Yaffe 1999, Galan & Haguenauer-Tsapis 1997,

Hoege et al. 2002). Mono-ubiquitination also serves as an important regulatory signal for

many cellular functions like down regulation of receptors (Schnell & Hicke 2003).
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Korhonen. L et al JCB 2004  Campbell. DS & Holt.C et al Neuron 2001

1.2.3.2. Ubiquitination in the nervous system

Ubiquitin and the ubiquitination machinery are potent regulators of protein stability,

localization, and activity. Their function in the nervous system has been investigated for

many years, although the primary focus has been on the role of ubiquitination in

neurodegenerative diseases (reviewed in Gassen and Lee et al 2003, Mayer et al 2002).

Recently, a number of studies have linked ubiquitin modification to the development and

function of synapses in the “healthy” nervous system. In fact, ubiquitin's role in

neurodegeneration may result, in part, from the impairment of ubiquitin-dependent

regulation of normal neuronal physiology.
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Ubiquitination and the proteasome system together can accomplish the recycling of excess

protein in the axonal growth cone compartment and serves an essential function in

maintaining the integrity of synapse. Wiring the developing brain is an essential part of

building a functional nervous system. Establishing the appropriate connections is a

complex, multistep task (.Huber et al 2003, Yu and Bargmann 2001). A series of recent

observations confirms that the ubiquitin and the proteasome are important regulators of

neuronal connectivity, axon guidance, axonal pruning, synapse formation and growth

(Reviewed in Di Antonio.A et al 2004).

(Di Antonio.A et al Annul Rev Neuroscience 2004). Ub-Ubiquitin
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1.2.3.3. Proteasome mediated protein degradation in neuronal axons

The presence of the protein degradation machinery in the growth cone has been a debated

issue that gained a momentum by the evidence of protein ubiquitination machinery and

proteasome system by the work, which represent level of protein recycling in neuronal

growth cones (sangerman and Goodman 2001; Gianluca and Letourneau 2002), and the

effect of local response of proteasome and protease inhibitor on the growth cone (Campbell

and Holt 2001). In addition to key players like kinases, phosphatases, small G proteins,

cyclic nucleotides, and intracellular calcium, the protein translation machinery (Doherty et

al. 2000, K orey and Van Vactor 2000, Brittis et al, Campbell and Holt 2001), are the

components that regulate growth cone behavior. The study on the drosophila mutant

bendless shed light on to the involvement of ubiqutin in regulating neuronal connectivity

(Thomas and Wyman 1984), it was reportedly identified that bendless was an E2 ubiquitin-

conjugating enzyme (Muralithar and Thomas 1993, Oh et al. 1994). By using repulsive

guidance cue in the giant fibre the other group has demonstrated that changing levels of

semaphorin signaling give a similar phenotype to that of bendless mutant (Murphey et al.

2003) and was appreciated for the idea of bendless may be regulating the levels of key

signaling molecules on the growth cone (Muralithar and Thomas 1993, Oh et al. 1994).

These seminal findings leadingly paved the way for field of developmental neurobiology to

ubiquitination and interrelating this link with other guidance molecules like Ephrins,

Semaphorins, Netrins and Slits. A recent work in Xenopus retinal growth cones also

demonstrates that ubiquitin dependent proteasomal degradation is a conclusive answer for

local protein turnover as the mechanism of growth cone navigation (Campbell and Holt
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2001), shows that the growth cones of Xenopus retinal axons in culture contain ubiquitin,

the E1 ubiquitin activating enzyme, and proteasome components.

1.2.4. Protein folding machinery in the growth cone guidance

1.2.4.1. Molecular chaperones OR Heat Shock Proteins (HSPs)

Chaperones are known to be a large group of unrelated protein families, which play a role

in stabilizing unfolded proteins, unfold them for translocation across membranes, for

degradation, and to assist in their correct folding and assembly. Most, but not all, heat

shock proteins are molecular chaperones. Molecular chaperones bind and stabilize proteins

at intermediate stages of folding, assembly, translocation and degradation. Heat shock

proteins have been classified by molecular weight, for example, Hsp70 for the 70-kDa, heat

shock protein. Hsp70 null mutants of E. coli cannot grow at elevated temperature. Hsp100

null fruit flies lose their capacity for acquired thermo tolerance. Heat shock proteins are

among the most well conserved proteins known. Amino acid sequences for Hsp70s of E.

coli and man are almost 50% identical.

In the nervous system, Hsp70 overexpression in cultured hippocampal (Beaucamp N., et al

1998, Fink S.L. et al 1997) and peripheral (Uney JB et al 1993. Mailhos C and Uney JB et

al 1994) neurons and glia (Uney JB et al 1994) similarly are protected against insults such

as heat shock and metabolic stresses. Hsp70 expression can also be suppressed with

antisense oligonucleotides that inhibit transcription (Sato et al 1996). Using this approach,
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Sato et al found that the protection from induced tolerance was reversed with Hsp70

blockade using antisense oligonucleotides. Hsp70 overexpression is not protective in all

instances. Using a defective herpes simplex virus (HSV) vector (Fink et al 1997) showed

that Hsp70 overexpression protected cultured hippocampal neurons from severe heat shock,

but failed to protect against direct application of glutamate or 3-nitro propionic acid (3-NP),

a mitochondrial toxin. From the studies of (Wagstaff, et al 1999), it was showed that Hsp70

overexpression protected cultured peripheral neurons from thermal and simulated ischemia,

but not apoptotic stimuli, which in turn suggest a link to other signaling cascade with

HSP70.

(Ciechanover et al Neuron 2003)
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1.2.4.2. BAG-1 (Bcl-2-associated athanogene)

BAG1 is a multifaceted protein implicated in the modulation of a large variety of cellular

processes and was identified as a binding partner of anti-cell death protein Bcl-2 a known

regulator of apoptosis (Takayama et al 1995). BAG1 is known for its multitude of functions

ranging from transcriptional regulation to control of cell migration. A common element of

the remarkable functional diversity of BAG-1 is through the interaction with molecular

chaperones of the Hsp70 family (reviewed in Takayama and Reed 2001; Doong et al 2002).

BAG-1 functions as a nucleotide exchange factor for mammalian cytosolic Hsc70, thereby

triggering substrate unloading from the chaperone and has been proposed to promote cell

survival by association of BAG-1 with the proteasome, which suggests a role in

coordinating chaperone and degradation pathways. BAG-1 is an ubiquitin domain protein

that links the molecular chaperones Hsc70 and Hsp70 to the proteasome (Connell, P Jiang,

J, Demand, J, Murata, S 2001).

During proteasomal sorting BAG-1 can cooperate with another co-chaperone, the carboxyl

terminus of Hsc70-interacting protein CHIP. CHIP was recently identified as an Hsp70-

and Hsp90-associated ubiquitin ligase that labels chaperone-presented proteins with the

degradation marker ubiquitin. Ubiquitylation of BAG-1 is strongly stimulated when a

ternary Hsp70·BAG-1·CHIP complex is formed (Alberti S., et al 2002). Complex

formation results in the attachment of an atypical polyubiquitin chain to BAG-1, in which

the individual ubiquitin moieties are linked through lysine 11. The non-canonical

polyubiquitin chain does not induce the degradation of BAG-1, but it stimulates a

31



degradation-independent association of the co-chaperone with the proteasome. The co-

chaperone BAG1 binds and regulates 70 kDa heat shock proteins (Hsp70/Hsc70) and

exhibits cytoprotective activity in cell culture models. Bag1 protein is expressed early in

neurogenesis in vivo and is capable of modulating neuronal cell survival and differentiation

at least in part from a nuclear location.

Beere. HM JCS 2004
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Recently it was demonstrated that BAG1 expression is induced during neuronal

differentiation in the developing brain (Kermer P and Reed .JC, et al 2003). However, the

in vivo effects of BAG1 during development and after maturation of the central nervous

system have never been examined. Experiments with transgenic mice over-expressing

BAG1 in neurons, revealed resistance to glutamate-induced apoptotic neuronal death of

cultured cortical neurons, while brain development was essentially normal. Moreover, in an

in vivo stroke model involving transient middle cerebral artery occlusion, BAG1 transgenic

mice demonstrated decreased mortality and substantially reduced infarct volumes compared

to wild-type littermates. Interestingly, brain tissue from BAG1 transgenic mice contained

higher levels of neuroprotective Hsp70/Hsc70 protein but not mRNA (Kermer .P and Reed

.JC, et al 2002), suggesting a potential mechanism involving stabilization of Hsp70/Hsc70,

The role of BAG1 in anti-apoptotic cascade and its neuro-protective activity against stress

related proteins will be discussed in the following results chapter.

Schematic model for growth cone protein turnover machinery
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1.3. Local protein turnover as regulatory mechanism for

       growth cone guidance

Based on the above-mentioned facts and argumentation, we would like to propose that the

regulation of local protein turnover plays a key role in the growth and collapse of neuronal

growth cones.

As argued above, proteins are transported along the axons in a rather slow rate, axonal

transport can therefore not be sufficient to supply necessary proteins to the growth cone in a

time frame required to explain the morphological changes in the growth cone. On the other

hand, retrograde axonal transport could contribute to the rapid clearance of the proteins as

the growth cones presents a small confined volume. Of course, we cannot exclude the

anterograde delivery of proteins to the growth cones from a distal axonal pool. However,

this optional mechanism cannot explain the continuous and repetitive morphological

changes of the advancing growth cones as the distal axonal pool of proteins become

depleted and cannot be replenished in time. Furthermore, this would mean that all possible

necessary proteins are always present in this pool. As the presence of local protein

synthesis has been established, this presents a more likely source for the rapid introduction

of larger amount of specific protein to the growth cone. The presence of proteasome

components in the growth cones suggests that proteins can be recycled and cleared,

depending on need.
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As both of these mechanisms; ribosomal protein translation from axonally delivered

mRNAs and the ubiquitin proteasome system, present tonically active machineries,

increased clearance, production, or recycling rates of specific proteins demands the

necessity for regulation of the protein cycle at the level of chaperones. Chaperones are

positioned at the ideal location to control protein levels as their inactivity would cause

newly produced nascent polypeptide chains to be shuttled to the proteasome directly, and

their activity would lead to the folding and therefore functional stabilization of specific

proteins. In order for this cycle to work properly in response to environmental cues and the

metabolic status of growth cones, chaperones need to be regulatable other than through

their synthesis. This regulation necessarily has to be embedded in the cellular signaling

network in order to respond to external stimuli.

Acute changes in chaperone activity, thus produced, would lead to the desired changes in

the composition of the local growth cone proteome. Given the morphological changes of

the advancing growth cone, the proteins that are likely under control of these regulatory

mechanism include, cytoskeletal associated and structural proteins. These will be briefly

discussed in a later results section. I will next discuss the chaperone system and point

toward the first indication that such signaling-depended regulation can occur. I will discuss

the BAG1 protein as such a signaling node as it regulates HSP70 activity, signals

downstream through the RAF kinase, ERK pathway, which is involved in differentiation,

and is itself under regulatory control of an upstream anti apoptotic signaling network

through its connection to the Bcl-2 protein. Disturbances in this tightly regulated cycle are

also likely to be involved in neurodegenerative conditions, were aggregation of proteins
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like Poly-glutamine proteins, microtubule binding protein Tau, and α-synuclein, lead to

neurotoxicity in Huntingtin’s disease, Alzheimer’s disease, and Parkinson’s disease

respectively.

There is accumulating evidence that these protein aggregates inhibit the proteasomal

function, lead to aberrant transcription of proteins, thereby upsetting normal cellular

homeostasis. In fact, the expression or BAG1 protein is known to limit ischemic damage in

stroke model systems. These pathophysiological implications will be discussed in a later

section of the results chapter.

1.4. Imaging techniques used-FRET and FLIM

1.4.1. Principle of FRET

Fluorescence resonance energy transfer (FRET) is a distance-dependent physical process by

which energy is transferred non-radiatively from an excited molecular fluorophore (the

donor) to another fluorophore (the acceptor) by means of intermolecular long-range

dipole–dipole coupling. FRET can be an accurate measurement of molecular proximity at

angstrom distances (10–100 Å) and highly efficient if the donor and acceptor are positioned

within the Förster radius (the distance at which half the excitation energy of the donor is

transferred to the acceptor, typically 3–6 nm). The efficiency of FRET is dependent on the

inverse sixth power of intermolecular separation (Förster, 1965; Clegg, 1996; Lakowicz,
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1999), making it a sensitive technique for investigating a variety of biological phenomena

that produce changes in molecular proximity (dos Remedios et al., 1987).

1.4.2. Requirement for FRET

Technological advances in light microscopy imaging, combined with the availability of

genetically encoded fluorescent proteins provide the tools necessary to obtain spatial and

temporal distribution of protein associations inside living cells (Heim and Tsien, 1996;

Day, 1998; Elangovan et al., 2002, 2003). The widely used donor and acceptor

fluorophores for FRET studies come from a class of auto-fluorescent proteins, called GFPs.

The spectroscopic properties that are carefully considered in selecting GFPs as workable

FRET pairs include sufficient separation in excitation spectra for selective stimulation of

the donor GFP, an overlap (>30%) between the emission spectrum of the donor and the

excitation spectrum of the acceptor to obtain efficient energy transfer, and reasonable

separation in emission spectra between donor and acceptor GFPs to allow independent

measurement of the fluorescence of each fluorophore (Pollok and Heim, 1999).

1.4.3. FRET imaging techniques and biological applications

Whereas light microscopy initiated our understanding of cellular structure and the

associated function, molecular biological studies over the past few decades have shown that

cellular events, such as signal transduction and gene transcription, require the assembly of

proteins into specific macromolecular complexes. Traditional biophysical or biochemical
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methods did not provide direct access to the interactions of these protein partners in their

natural environment. Intensity-based imaging techniques applying the method of FRET

microscopy (wide field, confocal, and multiphoton [MP]) were subsequently developed,

facilitating the study of these interactions inside intact living cells (Periasamy, 2001). GFP-

based FRET imaging methods have been instrumental in determining the

compartmentalization and functional organization of living cells and for tracing the

movement of proteins inside cells (Hanson and Kohler, 2001).

New imaging technologies, coupled with the development of new genetically encoded

fluorescent labels and sensors and the increasing capability of computer software for image

acquisition and analysis, have enabled more sophisticated studies of protein functions and
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processes ranging from gene expression to second-messenger cascades and intercellular

signaling (Roessel and Brand, 2002, Bunt et al). New fluorescent indicators have allowed

the measurement of Ca2+ signals in the cytosol and organelles that are often extremely

localized (Miyawaki et al., 1997) and nondestructive imaging of dynamic protein tyrosine

kinase activities in single living cells (Ting et al., 2001).

1.4.4. FLIM (Fluorescent Lifetime Imaging Microscopy)

1.4.4.1. Principle of FLIM

The fluorescence lifetime is defined as the average time that a molecule remains in an

excited state prior to returning to the ground state. For a single exponential decay, the

fluorescence intensity as a function of time after a brief pulse of excitation light is

described as

I (t) = I0 exp (-t/)

Where I0 is the initial intensity immediately after the excitation pulse. In practice, the

fluorescence lifetime (τ) is defined as the time in which the fluorescence intensity decays to

1/e of the intensity immediately following excitation. Fluorescence decay is often multi

exponential, leading to complex decay curves. The combination of lifetime and FRET

(FLIM-FRET) provides high spatial (nanometer) and temporal (nanoseconds) resolution

(Bacskai et al., 2003; Elnagovan et al., 2002; Krishnan et al., 2003). The presence of
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acceptor molecules within the local environment of the donor that permit energy transfer

will reduce the fluorescence lifetime of the donor. By measuring the donor lifetime in the

presence and the absence of acceptor one can, in principle determine the distance between

the donor and acceptor-labeled proteins.

1.4.4.2. Frequency Domain FLIM

Frequency domain FLIM uses sinusoidally modulated light source as a excitation light and

senses the lifetime dependent demodulation and phase delay of the emission signal. Pulsed

excitation can also be applied in the frequency-domain as it was used in the case of time-

domain FLIM. Wide field microscopes are commonly used for lifetime detection in

frequency domain FLIM (reviewed in Esposito. A et al, Curr prot in cell biology 2004).

1.4.4.3. Time-domain FLIM

In time-domain methods, pulsed light is used as the excitation source, and fluorescence

lifetimes are measured from the fluorescence signal directly or by photon counting.

Temporal resolution of the imaging modalities can be achieved by the technique of

fluorescence lifetime imaging (FLIM). This technique monitors the localized changes in

probe fluorescence lifetime and provides an enormous advantage for imaging dynamic

events within the living cells. When combined with FRET, this approach provides direct

evidence for the physical interactions between two or more proteins with very high spatial

and temporal resolution (Bastiaens and Squire, 1999; Elangovan et al., 2002).
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Chapter 2: MATERIALS

2.1. Chemicals

PBS-Tabletten Sigma

MTT Formazan Sigma
Chlorpromazine hydrochloride Sigma

Fibroblast Growth Factor - Basic Sigma

Nystatin Sigma
Crystal violet Sigma

Glycerol, ACS, 99,5% Sigma
Poly-L-Lysine Hydrobromide Sigma

Glucose (45%) Solution Sigma

Poly-L-Ornithine hydrobromide Sigma
horse serum Sigma

PBS-Tabletten Sigma
Glutaraldehyde, Grade I, 25% Sigma

Glutaraldehyde, Grade I, 8% Sigma

Gelatin-Lösung Sigma
Poly-L-Lysine Hydrobromide Sigma

Collagen TypeIV Sigma
Poly-L-Ornithine hydrobromide Sigma

Cholesterol, powder Sigma

Sodium-cholesterylsulfate Sigma
Gelatin, typeA, powder Sigma

5(6)-Carboxy-X-Rhodamine Sigma

Rhodamine 800 Sigma
Rhodamine 101 Sigma

BDNF Sigma
Fibronectin (solid) Sigma

Methyl-b-Cyclodextrin Sigma
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PBS-Tabletten Sigma

Valinomycin Sigma

Poly-L-Lysine HBr Sigma
Jump-Start Taq DNA-Polymerase Sigma

BSA (Albumin bovine serum) Sigma
Uridine Sigma

Poly-D-Lysine hydrobromide Sigma

Trypsin Inhibitor from chicken egg white Sigma
5-Fluoro-2’-deoxyuridine Sigma

L-Cysteine Sigma
Poly-L-Lysine Hydrobromide Sigma

Taq DNA-Polymerase Sigma

Emetine dihydrochloride hydrate Sigma
Transferrin Sigma

Cytosin arabinfuranoside Sigma

Insulin-Bovine Sigma
Poly-L-ornithine hydrobromide Sigma

Interleucin-1b-from mouse Sigma
Aphidicolin Sigma

PBS-Tabletten Sigma

Phalloidin-FITC Sigma
DMSO Sigma

Glutaraldehyde solution Sigma
Aphidicolin Sigma

Tau protein human Sigma

Tubilin from bovine brain Sigma
Laminin Sigma

Nimodipine Sigma
Galanthamine HBr Sigma

LB Agar Powder Sigma

LPA-Na-salt Sigma
Triton X-114 Sigma
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Guanosine-5’-diphosphat-Na-salt Sigma

Poly-L-Lysine Hydrobromide Sigma

LPA-Na-salt Sigma
PBS-Tabletten Sigma

Trypton Sigma
Fibronectin, 0.1% Solution Sigma

Natriumfluorid Sigma

Aluminiumchlorid Sigma
Tetraethylorthosilicat Sigma

Cholera Toxin B subunit, Biotin Sigma
Heparin, wt 6000 mol Sigma

Recombinant Mouse Netrin-1 R&D Systems

Recombinant Human Semaphorin 3A/Fc Ch R&D Systems
Triethoxyphenylsilane Fluka

4-Aminobenzamidine x 2 HCl Fluka

LAURDAN Fluka
Kaliumiodid Fluka

Guanosine-5’-g.triphosphat-Na-salt Fluka
Ammoniaklösung (28%) Fluka

Biotin Fluka

Natriumhydroxid, p.A. Roth
Methanol, gradient grade HPLC Roth

Ethanol, vergällt Roth
Iso-Propanol Roth

Ethanol, p.A. Roth

Borsäure, p.A. Roth
Tris HCl, p.A. Roth

Wasser, steril Roth
Ethanol, vergällt Roth

Natriumhydroxid, p.A. Roth

Methanol Roth
Methanol, gradient grade HPLC Roth
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Ethanol, vergällt Roth

Tissue-Box (30 Stk.) Roth

Vinyl-Gloves, Gr.S Roth
Vinyl-Gloves, Gr.M Roth

Vinyl-Gloves, Gr.L Roth
Nitril-Gloves, Gr. S Roth

Nitril-Gloves, Gr. M Roth

Nitril-Gloves, Gr. L Roth
Wischtüscher T (28 Rollen) Roth

Essigsäure, p.A. Roth
Titriplex III, EDTA Roth

Borsäure Roth

Ethanol, p.A. Roth
Ethanol, vergällt Roth

Wasser, steril Roth

IPTG Roth
Hefeextrakt Roth

MES pufferan Roth
EGTA, p.A. Roth

Ethanol, vergällt Roth

Methanol, p.A. Roth
Rotipuran Aceton, p.A., ASC Roth

Precision Plus Protein Marker Bio-Rad
Empty Econo-Pac Columns Bio-Rad

MiniProtean3-short plates Bio-Rad

Precision Plus Protein (all blue standards) Bio-Rad
Protein Assay Dye Reagent Bio-Rad

2.2. Cell culture medium, inhibitors and chemicals

DMEM Invitrogen

RPMI1640 Invitrogen
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BME Invitrogen

Ionomycin  Calbiochem

b-Nerve growth factor, human  Calbiochem
ML-7 Hydrochlorid  Calbiochem

Colchicine  Calbiochem
Cytochalasine D  Calbiochem

Jasplakinolide  Calbiochem

Latrunculin A  Calbiochem
Micotubule-Interfering Agents Set  Calbiochem

Lactacystin  Calbiochem
Roscovitine  Calbiochem

Pepstatin A  Calbiochem

Leupeptin hemisulfate  Calbiochem
LnLL

Chymostatin

E-64L
Heat shock protein70 inhibitor

Heat shock protein27 inhibitor
Bcl-xL BH44-24 (human)

    Calbiochem

    Calbiochem

    Calbiochem
    Calbiochem

    Calbiochem
    Merck Biosciences

Calpastatin Peptide     Merck Biosciences

Caspase Inhibitor I     Merck Biosciences
Caspase Inhibitor, neg.control     Merck Biosciences

2.3. Molecular biology chemicals, competent cells and vectors

Stbl2 comp. Cells    Invitrogen

One Shot GeneHogs Comp cells    Invitrogen
One Shot Top 10 Comp cells    Invitrogen

One Shot BL21(DE3) Comp cells    Invitrogen
p-EYFPn1 vector BD Biosciences

p-EGFPn1 vector BD Biosciences

p-ECFPn1 vector BD Biosciences
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p-EGFPC1 vector BD Biosciences

p-EGFPC3 vector BD Biosciences

pd2EGFn1 vector BD Biosciences
pd2ECFPn1 vector BD Biosciences

MinElute Reaction CleanUp Kit Qiagen
MinElute Gel Extraction Kit Qiagen

QiaQuick PCR Purification Kit Qiagen

Collection tubes, 2 ml Qiagen
N-Terminus pQE-Vector-Set Qiagen

MinEltue Gel Extraction Kit Qiagen
QiaPrep Spin MiniPrep Kit Qiagen

TransMessenger Transfection Reagent Qiagen

Rneasy Mini Kit Qiagen
Omniscript RT Kit Qiagen

Rnase-Free Dnase Set Qiagen

2.4. Enzymes

Not I New England Biolabs
EcoR I New England Biolabs

Dpn I New England Biolabs

Sac II New England Biolabs
Vent(exo-)-DNA-Polymerase New England Biolabs

Bst-DNA-Polymerase New England Biolabs
Klenow fragment 3’ to 5’ exo- New England Biolabs

Streptavidin New England Biolabs

Hind III New England Biolabs
BamH I New England Biolabs

Kpn I New England Biolabs
DeepVent-DNA-Polymerase New England Biolabs

Xho I New England Biolabs

Xba I New England Biolabs
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Bgl II New England Biolabs

Sac I New England Biolabs

Apa I New England Biolabs
Sma I New England Biolabs

Nhe I New England Biolabs
Vent-DNA-Polymerase New England Biolabs

Nco I New England Biolabs

Pst I New England Biolabs
Sal I New England Biolabs

Sac II New England Biolabs
Nde I New England Biolabs

Taq-DNA-Polymerase New England Biolabs

T4-Polynucleotide Kinsase (PNK) New England Biolabs
Sma I New England Biolabs

Vent-Polymerase New England Biolabs

BspE I New England Biolabs
Nru I New England Biolabs

GM 2163, Dam Neg. Stamm New England Biolabs
T4-DNA-Polymerase New England Biolabs

Age I New England Biolabs

T4-Polynucleotide kinase New England Biolabs
BsiW I New England Biolabs

Pml I New England Biolabs
Pst I New England Biolabs

Afe I New England Biolabs

BsmB I New England Biolabs
BsrG I New England Biolabs

Pme I New England Biolabs
Sac I New England Biolabs

BsrG I New England Biolabs

Taq-DNA-polymerase New England Biolabs
T4-DNA-Ligase Roche Diagnostics
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Alcaline Phosphatase, calv Roche Diagnostics

SspB I Roche Diagnostics

Nhe I Roche Diagnostics
Bgl II Roche Diagnostics

Ksp I Roche Diagnostics
PinA I Roche Diagnostics

FuGene 6 Transfection Reagent Roche Diagnostics

Klenow Enzyme Roche Diagnostics
Caspase-3 (CPP32) BD Biosciences

Jump-Start Taq DNA-Polymerase Sigma

2.5. Antibodies

Anti-Ubiquitin bovine (rabbit) Calbiochem
Anti-Proteosome 19S-Subunit S2 hm (rabbit) Calbiochem

Anti-tau AB, phosphos pecific (Ser262) Calbiochem

Anti-tau-phospho-specific (Ser422), Hman(rabbit) Calbiochem
Glia Fibrillary Acidic Protein DAKO

Sek. AB, goat-anti-mouse, cy3 conjugated Dianova
IgG (ab’)-2-Fragment (Kaninchen, Maus) Dianova

Poly AB Goat-anti-mouse, cy5 Dianova

Poly AB Goat-anti-rabbit-FITC Dianova
Poly AB Goat-anti-rabbit Dianova

Poly AB Goat-anti-mouse Dianova
IgG F(ab)2-fragment, Goat anti Rabbit - Cy5 Dianova

IgG F(ab’)2-fragment, Ziege, Maus, poly AB - FITC Dianova

Mouse X TAU (CT) Antibody Zytomed
Mouse-Tau-AB-c-treminal (T46) Zytomed

Monoclonal Anti-a-tubulin clone B-5-1-2 Sigma

Monoclonal Anti-a-tubulin clone DM 1A Sigma
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Monoclonal Anti-beta-tubulin III Sigma

Anti-Ezrin monoclonal AB clone 3C12 Sigma

Anti-HA-tag, polyclonal AB MoBiTec
Antikörper monoclonal, HA tagged .11 HISS Diagnostics

Anti GFP antibody                                                                     Roche diagnostics
Anti HSP70 antibody                                                                Chemicon international

Anti HSP27 antibody                                                                Chemicon international
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Chapter 3: METHODS

3.1. MOLECULAR BIOLOGY PROTOCOL

3.1.1. Buffers and solutions

3.1.1.1. Luria Bertani medium (LB) 10 g Bacto-trypton
5 g   bacto-yeast extract

5 g   Nacl

3.1.1.2. LB ampicillin agar plates 1.5 % agar in LB medium

100 ug/ml of ampicillin
Poured at 55°c to 10cm Petri plates

3.1.1.3. Transformation buffer 1 (TFB1) 30 mM calcium acetate, ph 5.8

100 mM rubidium chloride
10 mM calcium chloride

50 Mm manganese chloride

15%glycerol (w/v)

3.1.1.4. Transformation buffer 2 (TFB2) 10 mm MOPS, ph 6.5
75 mm calcium chloride

10 mm rubidium chloride

15% glycerol (w/v)

3.1.1.5. Glycerol stock buffers 10 % v/v of glycerol in water
100 % glycerol for frozen stock
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3.1.1.6. SOC medium 0.5 % yeast extract

2 % bacto-tryptone
10 mm sodium chloride

2.5 mm potassium chloride
10 mm magnesium sulphate

10 mm magnesium chloride

20 mm glucose

3.1.1.7. Buffer p1 50 mm Tris/Hcl ph 8.0
10 mm EDTA

100 ug/ml RNase A

3.1.1.8. Buffer p2 0.2 M NaOH

1 % SDS

3.1.1.9. Buffer p3 3 M potassium acetate ph 5.5

3.1.2. Restriction digestion Buffers

3.1.2.1. NEB1 10 mm Bis tris propane-hcl ph 7.0,
10 mm mgcl2, 1 mm DTT

3.1.2.2. NEB2 10 mm tris-hcl ph 7.9,
10 mm mgcl2, 50 mm Nacl, 1 mm DTT

3.1.2.3. NEB3 50 mm Tris-hcl ph 7.9,

10 mm mgcl2, 100 mm Nacl, 1 mm DTT

51



3.1.2.4. NEB4 20 mm Tris-acetate ph7.9,

10 mm magnesium acetate,
1 mm DTT, 50 mm potassium acetate

3.1.3. Gel loading buffer 0.25 % w/v bromophenol blue

40 % saccharose in 1x TAE

3.1.4. PCR buffers 10 reaction buffer NEB thermopol

DNTP mix Roche
Deep VENT polymerase NEB

3.1.5. Cloning buffers CIP 10x de-phosphorylation buffer (roche)
SAP 10x de- phosphorylation buffer (roche)

Klenow fragment enzyme (NEB)

CIP or SAP enzymes (Roche)

3.1.6. Chemical competent cells preparation

Stocks of competent bacteria were streaked on to a LB agar plates and kept at 37°c

overnight and a single colony is picked for inoculating in 5 ml of starter culture, unless
and otherwise mentioned and cultivated for 12 hours or more. 1ml of starter culture was

inoculated into 99ml of pre warmed LB medium without any antibiotic, until and
otherwise mentioned by providers of competent bacteria with internal resistance gene.

Cultures were grown at 37°c until it reaches OD 0.6.cells were pellet down at 5000X g

for 15 min at 4°C, the bacterial pellet was re suspended into 0.2 ml culture volume of

buffer TFB1 and incubated on ice for 5 min. Cells were pellet down at 3000X g for 15

min at 4°C and re-suspended in 0.04 ml culture volume of buffer TFB2 and incubated for

30 min on ice before aliquot them as 50 ul fractions. The cells were quick frozen at
-80°C.
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3.1.7. Preparation of electro-competent cells

Stocks of competent bacteria were streaked on to a LB agar plates without antibiotic until

and otherwise mentioned and were kept at 37°C overnight. Single colony from bacteria

grown overnight was picked for inoculating in 5 ml of starter culture and cultivated for
12 hours or more. 1 ml of starter culture was inoculated into 99 ml of pre warmed LB

medium without any antibiotic until and otherwise mentioned by providers of competent

bacteria with internal resistance gene. Cultures were grown at 37°C until it reaches

Optical Density (OD) of 0.6. The cultured cells were pre chilled on ice for 15 min and
pellet down at 5000Xg for 15 min at 4°C. Pellet were resusupended in 500 ml of sterile

ice cold water and centrifuged for 15 min at 5000Xg, repeated for one more time. To the

pellet, desired volume of sterile distilled water is added to resuspend and aliquot into

100ul stocks. The stocks were quick-frozen with liquid nitrogen and were stored at –80°c.

3.1.8. Determining the concentration of DNA

DNA concentration was determined using a spectrophotometer by its principle of
absorbing DNA at 260 nm. DNA was diluted in water at appropriate dilution and was

measured for the absorption at 260 nm. Absorbance or OD of 1 at 260 nm corresponds to
approximately 50 ug/ml for double stranded DNA or 40 ug/ml for single stranded DNA

and RNA or 20ug/ml of oligo-nucleotides. The ratio between the OD at 260 and 280 was

counted to calculate the relative purity of nucleic acids. Pure sample will be of the OD
1.8 and 2.0 for DNA and RNA respectively and gives a measure for relative

contamination.

3.1.9. Transformation of DNA to chemical competent cells

The sample DNA of 50 –100 ng of DNA was mixed with 50 ul of competent bacterial

aliquot and incubated on ice for 30 min. Cells were subjected to heat-shock in a water
bath at 42°C for 45 seconds and incubated on ice for 5 min. To the heat-shock treated

transformation mixture, 1 ml of LB medium was added and incubated at 37°C for 1 hour.
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The transformed samples of desired volume was plated on LB-plates with appropriate

antibiotic.

3.1.10. Transformation of DNA to Electro competent cells

50 ng of DNA was added to an aliquot of 50 ul electro-competent cells, incubated on ice
for 5 min and the cells were transferred into disposable electroporation cuvette. The

electroporation mixture was electroporated by applying 2 times 2000 watt and the cells

were mixed with 1 ml of SOC medium, incubated for 1 hour at 37°c and the desired

volume of cells were plated onto a LB agar plate with appropriate antibiotic.

3.1.11. Preparation of Glycerol stock

Bacteria colonies harboring plasmids was grown in LB medium with respective antibiotic
at 37°c overnight. From the cultures grown overnight desired amount of amount of stock

were frozen at a concentration mixture of 0.3 ml of bacterial culture and 0.7 ml of 100%

glycerol in a cryo-preservation tubes. The cells were quick frozen by immersing them

using liquid nitrogen and stored at -80°c.

3.1.12. Agarose gel

The size and purity of DNA was analyzed using agarose gel electrophoresis, DNA of

multiple size can be resolved using agarose gels, based on their molecular size, shape and
net charge under the influence electrical field. The DNA can only be resolved

accordingly to their relative size and the gel was made according to the size of DNA to be

resolved. Molecular size of DNA ranges from few 100 bases to 20 Kb can be resolved in
differential proportion of gel mixture, lower the DNA size higher will be the percentage

of gel mixture.
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Agarose concentration (%) DNA size (kb)

0.5 20-1.5

0.7 12-1.0

1.0 7-0.5

1.2 4-0.4

1.5 3-0.2

2.0 2-0.1

3.1.13. Mini preparation of plasmid DNA

Plasmid DNA was purified using ready-made kit from qiagen, following the

manufacturers instruction. Single colony of desired bacteria was grown in a 5 ml of LB
medium with appropriate antibiotic at 37°c overnight. The cultured bacterial cells were

pelleted at 5000X g for 5 min, resuspended in 0.25 ml of resuspension buffer P1, lysed

with 0.25 ml of lysis buffer P2 and neutralized with 0.35 ml of neutralization buffer N3.
The cells after lysis were mixed thoroughly and centrifuged for 15 min at 12,000Xg. The

supernatant from the centrifuged fractions was loaded into spin column (qia mini prep)

and spun for 1 min at 12,000Xg and the DNA was bound to column using 0.5 ml of
binding buffer PB and centrifuged at 12000Xg for 1 min and washed with 0.75 ml of

wash buffer PE and centrifuged at 12,000X g for one min. previous step was repeated

again to remove the residual PE buffer. The spin column was air dried at RT for 2 min
and the DNA was eluted using water of 50 to 100 ul of water or elution buffer in an

eppendorf tubes depends on the need and storage.

3.1.14. Restriction Digestion DNA

Restriction enzymes are used in terms of measuring unit as number of ‘Units’ (U)
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One unit of restriction enzymes is the amount of enzyme required to digest 1ug of

substrate DNA in 1 hour

Plasmid DNA 0.5 – 3.0 ug
Reaction buffer (10X) 2 ul

Restriction enzyme 1-5 unit

BSA (if needed) 1ug/ul
Water to make up to 20 ul of reaction volume

Reaction mixture was incubated for 1 – 2 hour at 37°C and temperature was adopted or

changed accordingly, from the user instruction manual from the enzyme providers. The
restriction digestion was analyzed by loading the restricted samples on an agarose gel

ranging from 05-2 percent depending on the size of desired plasmid and insert released.

3.1.15. Polymerase chain reaction (PCR)

Template (plasmid, cDNA) 50 ng
Reaction buffer (10x) 5.0 ul

DNTPs mixture (100 um) 1.5 ul

Primer FW (100 pm) 1.25ul
Primer RV (100 pm) 1.25 ul

Enzyme Deep VENT polymerase 1.0 ul
Water made up to 50ul total reaction volume

3.1.15.1. Temperature profile

Initial denaturation 95°c for 5 min

Final denaturation 95°c for 45 seconds

Annealing 55-60°c for 45 seconds
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Initial extension 72°c for 1min/kb DNA size

Final extension 72°c for 5 min

Reaction mixture was analyzed in agarose gel for the degree of amplification. The control
samples without enzyme or plasmid were used to check the product amplified, possible

cross reactivity and amplification error by buffer contamination.

Temperature Profile

      95°c        95°c              72°c          72°c      4°c

    5 min    45 sec 55°c          1min/1kb   5min         ∝

45 sec

3.1.16. Random Mutagenesis of EYFP

Plasmid DNA consist of YFP gene, approximately about 100 ng was transformed into

XL1RED strain of E.coli bacteria, which was known for containing mutant DNA

polymerase that lacks 3’ to 5’ exo-nuclease proof reading capacity. Since the mutant
DNA polymerase in XL1RED competent bacteria were incapable of proof reading the

DNA amplified, random mismatches were introduced in non-specific regions of DNA.
The transformed samples were incubated 1 hour at 37°C before plating them into a 60 cm

Petri dishes plates and kept overnight at 37°C. The bacterial colonies from whole plates

were scraped and dissolved in 100 ml of LB medium, which was further resuspended and

centrifuged at 5000X g for 15 min. The pelleted bacteria’s were used for isolating DNA

by following the standard qiagen ready kit protocol. From the DNA made, 10ng of it was
then retransformed into a BL21DE3 strain of E.coli bacteria, which was then plated onto

a LB medium with appropriate antibiotic and 0.2mm of IPTG /ml of LB agar. The
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colonies obtained was then subjected to manual inspection for their mutant phenotype,

since it was a fluorescent protein in our case, we inspect the colonies with UV-
illumination for the change in chromophoric phenotype

3.1.17. Site directed mutagenesis

Site directed mutagenesis is the alternative method to specifically mutate the DNA or

plasmid of interest at a desired nucleotide level. For this the PCR primers were designed
that can replace the desired nucleotide from the original nucleotide of the template DNA

by PCR amplification.

Template  50-100ng

Reaction buffer (10x) 5.0ul

DNTPs mixture (100 um) 1.5ul
Primer FW (100 pm) 1.25ul

Primer RV (100 pm) 1.25ul
Enzyme Deep VENT polymerase 1.0ul (added after initial denaturation)

Water made up to 50ul total reaction volume

3.1.17.1. Temperature profile

Initial denaturation 95°C for 5 min

Final denaturation 95°C for 45 seconds

Annealing 55-60°C for 45 seconds

Initial extension 72°C for 1min/kb DNA size

Final extension 72°C for 5 min

The product of the PCR amplification was confirmed with a control samples without

enzyme and cleaned with qiagen PCR purification kit. Bacterial DNA (original template)
was removed from the PCR amplified product, by digesting the samples with enzyme
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Dpn1. The enzyme Dpn1 selectively digest the bacterial DNA bearing methylated bases

at the beginning of template.

3.1.18. Dpn1 digestion

PCR sample template 2-4 ug of DNA
10X buffer 2ul

Enzyme Dpn1 1-2ul
Water made up to 20ul reaction volume

Reaction samples were incubated at 37°C for 1-2 hours and checked for template

digestion in gel. (If required) From the 20 ul of reaction mixture 5ul of amplified product

was then transformed into BL21DE3 E.coli bacterial strain. (See transformation

protocol). The colonies were picked for plasmid preparation and the DNA was confirmed
by sequencing for desired mutation.

3.1.19. Molecular Cloning and Vector construction

DNA for Vector backbone 1-3ug

DNA for Insert 2-3ug

DNA for vector backbone and insert are digested with respective restriction endonuclease

and checked for appropriate vector and insert size in an agarose gel (See agarose gel
protocol) and further ligated.

59



3.1.20. Ligation

Gel extracted vector backbone and insert are mixed in a ratio of 1:4 for Vector: Insert,

and further ligated using enzyme T4 DNA ligase

Vector 50-200ng

Insert 150-600ng
Ligase buffer (10x) 2ul

T4 DNA ligase 1ul
Water to make the reaction mixture to 20ul

Kept at RT or 16°C for 2 hours and 2-5ul of ligated DNA was transformed into an XL1

Blue E.coli bacterial strain for plasmid preparation and DNA analysis.

3.2. BIOCHEMICAL METHODS

3.2.1. Buffers and solutions

3.2.1.1. Wash buffer for bacterial cell pellet Ph 7.5

Tris-Base 50mm
Nacl 300mm

3.2.1.2. Lysis buffer for protein extraction

Tris-Base 50mm

Triton X-100 1%
Or lysozyme 1ug/ml
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3.2.1.3. Equilibration buffer pH 8.0 (talon)

Tris-Base 50mm

Nacl 300mm

3.2.1.4. Wash buffer pH 7.0 (talon)

Tris-Base 50mm

Nacl 300mm
Imidazole 5mm

3.2.1.5. Elution buffer pH 7.0 (talon)

Tris-Base 50mm

Nacl 300mm
Imidazole 300mm

3.2.1.6. Dialysis buffer (PBS or TRIS ph 8.0)

Phosphate buffered saline (Ph 8.0) KH2PO4
K2HP04

Nacl

TRIS Hcl (Ph 8.0) 0.1M TRIS base

0.3M Nacl
3.2.1.7. Strip buffer

Tris-Base 20mm

Nacl 300mm

EDTA 100mm
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3.2.1.8. Charge buffer 50mM Niso4 in 1 liter of water

3.2.1.9. Sample buffer 125mm TRIS-Hcl, pH 6.8

             (Laemmli buffer 2X) 4% SDS
0.004% Bromophenol Blue

20% (w/v) Glycerol

20 mm DTT

3.2.1.10. Stacking gel (buffer) 1.0M Tris-Hcl Ph 6.8

3.2.1.11. Separating gel buffer 1.5M Tris-Hcl pH 8.8

30% Acrylamide, 
29.2g acryl amide, Bis-Acrylamide mixture

0.8g bis-acrylamide, 100ml of water

3.2.1.12. Ammonium per-sulfate (APS) 10%(w/v)

3.2.1.13. Sodium Do-decyl Sulphate (SDS) 10% w/v

3.2.1.14. 10x Running buffer: 1 L 30.3 g Tris base (= 0.25 M)
144 g Glycine (= 1.92 M)

10 g SDS (= 1%)--add last

3.2.1.15. 10x Blotting buffer: 1 L 30.3 g Tris base (= 0.25 M)

144 g Glycine (= 1.92 M), pH 8.3

1x Blotting buffer: 2 L To make 2 L of 1x Blotting buffer:
400 ml Methanol

200 ml 10x Blotting buffer

1400 ml with water
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3.2.1.16. Blocking buffer 5g skimmed milk powder (cholesterol free)

100ml of PBS

3.2.1.17. PBST phosphate buffered saline
0.1% Tween (v/v)

3.2.1.18. Stripping buffer 0.5 L 0.2 M Glycine, pH 2.5
0.05% Tween 20

(Sterile filter solution at 4°C) 

3.2.1.19. Gel staining solution 50% (v/v) Methanol

10% (v/v) Acetic acid
50% (v/v) water

0.5% Coomassie brilliant blue

3.2.1.20. Gel de-staining solution 50% (v/v) Methanol

10% (v/v) Acetic acid
50% (v/v) water

3.2.2. Protein expression and purification

Respective wild type and mutant plasmids in bacterial expression vectors PRSETB 6x

HIS tag was transformed into a BL21DE3 E. coli bacterial expression system. Single

colony was picked and inoculated into a starter culture of 25ml LB amp and were grown
at 37 degree overnight. Mass culture of 500 ml LB amp was made by inoculating 1 % v/v

of starter culture. The cultures were kept at 37 °C and Optical Density (OD) of the culture

medium was measured every hour until it was 0.6 OD. The bacterial cultures at 0.6 OD
were induced with 0.4 mM IPTG (constitutive inducer for lactose promotor) for 2 hour at

37 °C. The induced cultures were ethanol shocked by mixing it with 2% v/v ethanol

premixed in 500 ml of LB amp and transferred into incubation temperature of 20 °C for 5
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hours to initiate slow expression and better folding. Further the cells were harvested by

pelleting them at 5000X g for 20 min. The sample was then processed for protein
extraction using Bug buster lysis kit as follows.

Bacterial pellet was resuspended in a bug buster lysis solution at a concentration of 1

gram of cells/5ml of solution and were incubated for 30 min at RT. The lysed samples

were centrifuged at 12000X g for 45 min and the supernatant of it was mixed with metal
affinity (Cobalt) talon resins. The resins were pre- equilibrated with equilibration buffers,

which allows the binding of protein to column. The samples bound to bead were loaded
into Econopack-column (Bio-Rad) and allowed to flow by gravity flow. Column was

washed with twice the column volume using wash buffer and eluted in a desired volume

using elution buffer.  Eluted samples were further analyzed for the characteristic protein
either by SDS-PAGE gel or by western blot analysis (is discussed in the later section of

methods). For long term use proteins were dialysed (in appropriate buffer), concentrated

(to desired volume) and frozen for cryo preservation

3.2.3. Protein quantification using BIORAD reagent

Standard BSA stock of 1mg/ml 

Working standard range 2-20ug

Standard BSA curve was made using the concentration range of 2-20ug in a series of

tubes and unknown protein concentration were measured by using 10ul of concentrated
unknown protein sample, The diluted series of standard and unknown protein sample

were made up to 0.8ml with water and 0.2ml of BIORAD reagent was mixed and
incubated for 5 min at RT, 0.2ml of each sample was used to measured at 595 nm in the

ELISA reader.
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3.2.4. Spectro-photometry

Protein sample of equal concentration were diluted in Tris buffer ph 8.0 and measured for

their absorption characteristic in a spectrophotometer with a absorption range of 200-
600nm

3.2.5. SDS-PAGE (Poly Acrylamide Gel Electrophoresis)

Comp/% Gel For 10ml 6 8 10 12 15 Stacking For 5ml

30% Acryl amide 2.0 2.7 3.3 4.0 5.0 0.83

Separating Gel Buffer 2.5 2.5 2.5 2.5 2.5 0.63

Water 5.3 4.6 4.0 3.3 2.3 3.4

Temed 0.008 0.008 0.008 0.008 0.008 0.008

10% APS 0.3 0.3 0.3 0.3 0.3 0.15

SDS PAGE is a biochemical technique preferably used to analyse the quality and

quantity protein of interest based on the principle of charge to mass ratio, when the
protein where charged with the anionic detergent SDS and resolved using a gel matrix of

different porosity they get separated by their difference in the molecular size and

migrates towards the anode with a unique charge. Two glass plates of preferred thickness
were sealed by a spacer or adapter were used to pour a gel of different composition,

initially separating gel were poured and left for 15 min until the gel gets polymerized and
the upper layer was covered with iso-propanol to get a uniform layer and leave it un-

dried. Iso-propanol was discarded and washed with water to remove the trace of alcohol.

Stacking gel was poured over the separating gel and covered until the top gel plate to
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place a comb (10-15wells) with desired volume (40-25ul) and number of lanes without

air bubble. After 30 min combs were removed and washed with water to remover the
trace of unpolymerised gel. Samples boiled with sample buffer of desired volume were

loaded and separated at a power range of 100-150 voltages depending on the size of the
protein and percentage of polymerised gel.

3.2.6. Spectro-fluorimetry

Proteins of YFP mutants were diluted in TRIS Hcl buffer of ph 8.0 at equal concentration

and was measured for their excitation and emission behavior, Spectrofluorimetric cuvette

of 1nm slit width is used for all the measurement (Studies were carried out in)

Excitation scan was obtained by keeping a constant emission of 540nm with excitation

range of 400-535nm and emission scan was obtained by keeping constant excitation of
490nm with emission range of 495-600nm

3.3. CELL CULTURE METHODS

3.3.1. Buffers and solutions

3.3.1.1. CHO cells medium BME
10% FCS

1% p/s (100U/ml)

1% Glutamine filter sterilized

3.3.1.2. Neuroblastoma cells medium RPMI 1640
10% FCS

1% p/s (100U/ml),

1% Glutamine filter sterilized
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3.3.1.3. Neuronal medium BME

1% neuronal serum
2% B27 growth factor

1% glucose filter sterilized

3.3.1.4. Pc12 cells medium DMEM
10% FCS

5% horse serum
1% p/s (100U/ml)

3.3.1.5. Hela cells medium DMEM
10% FCS

1% p/s (100U/ml)

1% Glutamine filter sterilized

3.3.1.6. MCF-7 cells medium DMEM
10% FCS

1% p/s 100U/ml)

1% Glutamine filter sterilized

Cells were cultured in a tissue culture flask for about 70-90% density and split into

second generation or propagation in a fresh culture flask, depends on the cell type CHO,

Hela, MCF-7, were split with trypsination and other types like neuroblastoma, pc12 were
simply disrupted with mechanical force from pipette. Seeding in the cover slips will be

used in a preferential density depends on the type of work, for live cell measurement and
imaging about 20-30 percent before transfection and for western blotting, protein

preparation about 60-80 percent before transfection
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3.3.2. Coating and seeding neurons for collapse assay

The culture dishes were coated with PLO and laminin in the following order, first with

PLO (poly-l-Ornithine) in PBS and let coat for overnight at 37°c, washed with PBS

before coating with laminin in PBS. Neurons used for collapse assay were seeded in a
culture dishes coated only with PLO and no laminin.

3.3.3. Fixing cell’s with PFA or METHANOL

Cells for immunocytochemistry or imaging were rinsed in PBS and fixed with 4% PFA
for 20 min at RT or 100% methanol for 5 min at 4°c. Washed once with PBS and

quenched using quenching buffer Tris Nacl pH 8.0 and mount using 5-10ul mowiol with

or without antibleaching agent at RT for three hours.

3.3.4. Transfection

Cells seeded in culture dishes were transfected using the Effectene transfection reagent a
ready kit from qiagen. Cover slips of diameter 25mm were sterilized and placed in the

bottom of desired culture dish. The culture dish were seeded with 30-50% cells and

grown at RT for 16 hours before transfection. DNA concentration of 0.6ug were used for
each well of 6 well plates and mixed with 4ul of enhancer reagent and incubated for 5

min at RT, spun for 1 sec before adding 12.5ul of Effecteene reagent and allowed to form
a complex at RT for 15 min.

3.3.5. PC12 cells differentiation and transfection

PC12 cells were grown in DMEM medium supplemented with 5% horse serum and 10%
goat serum with 100ng/ml of NGF for differentiation. Culture dish or cover slips used to
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grow PC12 cells were pre coated with collagen 1mg/ml stock to be diluted 1:100 before

coating. Cells of 40% density are let grow for two to three days and medium is changed
with fresh differentiation medium. The differentiation protocol was complete after 7 to 9

days and the cells were split by simple resuspension before coating again.

3.3.6. Cryo-preservation of cells

Cell lines of all kinds were stored for years in frozen aliquots. Cells of 70 to 90%

densities were split or resuspended in a suitable buffer and centrifuged. The pellet can be
stored into 3 to 4 ml frozen aliquots with a medium supplemented with 10% DMSO. The

cells were cooled down slowly in –70°c freezer before quick-freeze them in a liquid

nitrogen cryo cans

3.4. WESTERN BLOTTING

Western blotting is a biochemical method commonly used to analyze the quality and

quantity of protein. It is a precise and substrate specific method of analyzing protein. It

works by the principle of affinity-labeling and antigen-antibody interaction. This method
is applied to detect the protein or antigen, which are synthesized or expressed in time

with a specificity of its interacting first antibody raised against the specific protein or
antigen of interest. The antigen –antibody complex were detected by a double labeling of

second antibody tagged with an enzyme which is species specific where in the first

antibody was produced. The antigen –antibody complex tagged with a substrate specific
enzyme was treated against the colored substrate to detect the protein of interest resolved

by their size in a PAGE gel electrophoresis.

69



3.4.1. Preparation of cell lysate

Medium in the culture dish were removed and the cells were washed twice with PBS,

scraped in required volume and centrifuged at 12,000Xg for 5 min at 4°c. Pellet was then

resuspended in a lysis buffer or RIPA buffer and passed through a 21-gauge needle 3-4
times to shear the DNA and membrane. Partially lysed cells were incubated on ice for 30-

60 min and spun at 15,000Xg for 20 min at 4°c. Supernatant were removed and mixed

with 4X loading buffer and 1ul of DTT or mercapto-ethanol. Samples were boiled for 10-

20 min at 95°c in a heating block.

3.4.2. Blot transfer

Filter papers wattMann no-1, approximately 6 to the right size of gel and membrane to
make a cassette. Nitrocellulose membrane and filter papers were soaked in transfer buffer

for 15 min before start. Western cascade was made by placing 3 filter papers over the
cathode (red), Membrane on top of it followed by gel and three more filter papers. The

cassette is protected by western cushion on either side to provide an air tight sealing to

membrane and gel. Western blot cassette was prepared in a following order as
represented in the picture below 

+ Cathode
Pads
Papers

Membrane
Gel

Paper
Pads

_  Anode
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Western cascade was inserted into a transfer block and placed in an appropriate

orientation. Transfer of protein to membrane was carried out at a constant voltage ranging
from 100-120 for 2 hours at 4°c with an ice block to avoid over heating of buffer and in

turn the membrane. Membrane with protein was washed in PBS and blocked with 5%

BSA in PBS or 5% skimmed milk powder (cholesterol free) for 1 hour at RT or 4°c

overnight. Primary antibody of dilution ranging from 1:1000-3000 was added to the

blocked membrane after washing it with PBST for 3 times 5 min each. Membrane was
incubated at RT for 1 hour or overnight at 4°c. Membrane was washed again with PBS

three times for 5 min each before adding secondary antibody HRP conjugate at a dilution

ranging from 1:5000-10,000 for 1 hour at RT or 4°c overnight. Treated membrane was

washed again for three time 5 min each with PBST and visualized with a
chemiluminescent substrate ECL- plus for 2 min after developing the bands in a

photographic film by simple fixing and developing procedure.

3.5. Imaging Techniques

3.5.1. Confocal and flourescence microscopy

Imaging was done using the Leica SP-2 microscope with single-photon excitation in

confocal mode. The microscope is equipped with an acousto-optical beam splitter

(AOBS) for custom emission wavelength selection.

Colours and Dyes Excitation (nm) Emission Range (nm)

CFP 456 465-500

GFP 488 495-530

YFP 514 520-560

CY3 563 570-630

Cy5 633 640-750
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3.5.2. Immuno-cytochemistry or Immuno-fluorescence

Cell culture medium was aspirated from the dish, washed with PBS once and fixed with

4% PFA/0.25% glutaraldehyde for 15-30 min at RT, washed again in PBS for 2 min and
permeablised with 0.1% triton X-100 for 30-45 min at RT. The permeabilisation mixture

were aspirated and cells were washed with PBS two times at 2 min interval, blocked with

2% BSA dissolved in PBS for 1-2 hours at RT. Cells were washed again with PBS for
three times and incubated with primary antibody diluted in PBS of dilution ranging from

1:1000-3000 for 2-3 hours at RT or 4°c overnight. Further probed with secondary

antibody tagged to fluorescent dyes, in a dilution ranging from 1:100-300 for 1-3 hours at

RT or overnight at 4°c. Extensive washing in PBS were required before mounting the

samples in a mowiol with or without anti-bleaching reagent depending on the
requirement of the samples and imaging technique.

3.5.3. FqRET analysis

Images of the GFP and Cy5 emission intensities were acquired using the Leica SP-2

confocal microscope with single-photon excitation in confocal mode. The microscope is
equipped with an acousto-optical beam splitter (AOBS) for custom emission wavelength

selection. GFP was excited using the 488 nm argon laser line; Cy5 was excited using the

633 nm HeNe laser line. Fluorescence emission was collected in spectral windows of
495-530 nm and 640-750 nm for GFP and Cy5, respectively. Ratios were calculated from

the intensity division of GFP/CY5.

3.5.4. Fluorescence Lifetime Microscopy: TD-FLIM

The fluorescence decays were time-resolved by time-correlated single-photon counting

(TCSPC) by the use of a SPC830 acquisition boards and SPCimage software (both from
Becker&Hickl GmbH, Berlin, Germany). Two-photon excitation of GFP was performed
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at 900nm by a Ti:Sapphire Mira900F laser pumped by a Verdi-V8 laser (both from

Coherent Inc.) and working in the femto-second mode-locked regime with a repetition
rate of 76MHz. The laser beam was fed to the scanning head of a Leica TSC SP2 AOBS

confocal microscope and the fluorescence light was collected by a multi channel plate
photomultiplier (R3809U-50 by Hamamatsu Photonics) through a band-pass GFP filter

515±30nm (EGFPHQset by AHF Analysentechnik AG) hosted on a custom-built filter-

wheel connected to the output optical port of the scanning-head. This allowed the filter to
be removed to perform experiments on the complete emission spectral band. Analysis of

the fluorescence transients was performed with the SPCimage software, which results
were exported and analysed using an in-house developed Matlab toolbox.
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Chapter 4: RESULTS

4.1. Generation of biosensors for the study of local protein

       turnover in the growth cone

To analyse the growth cone local protein turnover mechanisms, we used FRET based

technologies to create biosensor that can detect relevant biochemical reactions in

single cell. These biosensors are sensitive toward:

1. Protein transport

2. Protein degradation

3. protein synthesis

4. protein folding

In the following part of the results section, I will discuss about the local protein

turnover machinery related biosensor that were created.

4.1.1. Biosensor to analyse protein transport

In order to study the role of axonal transport, a biosensor is needed that report the rate

and directionality in which protein are transported along axons. We created a sensor

that can address local turnover hypothesis with respect to transport. For this we

construct an axonal transport marker based on the principle of FRET, which can

optically mark specific population of protein with high spatial and temporal

resolution. This construct is an Intramolecular FRET tag comprises of CFP donor and
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YFP acceptor flurophore tagged next to each other by a small flexible linker of Gly-

Gly-Arg-Gly-Gly residues and we call this biosensor as FLAP tag (Fluorescence

Localization After Photobleaching) named after its properties as FRET sensor

Figure A: FLAP tag

4.1.1.1. FRET by FLAP Principle

FLAP-based FRET sensor works by the principle of acceptor photobleaching. The

steps involve in is, by exciting the donor flurophore CFP by 456 nm argon laser and

collecting the fluorescence of both CFP (460-500nm) and YFP (520-560nm) (Figure

1A). Given the sensitized emission from the YFP channel indicates the occurrence of

FRET between CFP donor fluorophore and YFP acceptor fluorophore (Figure 1B). By

bleaching the YFP molecule by direct excitation at 514nm using 100% laser

illumination for 5 to 10 seconds, recover the fluorescence of CFP which was

quenched due to FRET (Figure 1B). By comparing the ratio of CFP over YFP before

and after Photobleaching we could get a visual experience of the amount and

movement of the bleached protein fraction. The efficient FRET between CFP and
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Cpre
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FLAP TAG PHOTOBLEACHING EXPERIMENT

CFPexcitation

YFPemmision

YFP bleach

CFP emmision

Figure1: FLAP tag photobleaching experiment for transport assay:
(A) Figure represents the scheme of acceptor photo-bleaching experiment performed 
using the CFP-YFP-FPAP tag. (B) Figure representing the FRAP experiments performed in 
neuroblastoma cells (SHSY5Y)using FLAP tag. Observing YFP emission upon CFP 
excitation indicates FRET in the FLAP tag. This can further be viewed on removing the 
YFP emission by bleaching, completely recovers the FRET induced quenching of CFP 
(Figure B Cpost).The ratio image of CFP over YFP before and after photbleching gives the 
quantitative measure of FRET efficiency in FLAP tag.(calculated 60% spproximately).
By following the bleached over unleached FLAP tag in a cell gives a measure for 
directionality of transport ad total protein transported in time.

A

Figure1: Principle of FLAP tag based transport assay
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YFP is independent of concentration of flurophore because FLAP tag is a single

moiety tagged one next to the other. The subsequent emission of CFP and YFP, upon

CFP excitation and following the population in time provides us with the possibility

to indicate the directionality and rate of protein transport.

4.1.2. Biosensor to analyse protein ubiquitin machinery

A current difficulty in genetically expressable FRET pairs is the simultaneous demand

for a large spectral overlap between donor emission and acceptor excitation spectra.

The other concern is to spectrally seperate the FRET donor and acceptor emission. In

this section I will discuss the process by which we created the spectrally seperable,

high efficiency FRET sensor, which can efficiently be used as an ideal acceptor for

FRET based measurement.

4.1.2.1. Generation of REACh by mutating the Yellow Fluorescent Protein (YFP)

We introduced mutations in the GFP variant YFP to create a dark chromoprotein,

which eventually loses its fluorescence emission and maintains the absorption

characteristics. Using the point mutation approach by PCR based precise insertion of

nucleotides, we replaced the coding sequenc of YFP to mutants. To create a GFP

variant with low quantum yield.

The mutations in the GFP RS8/ORG18 mutant was followed up (Kummer, A.D. et

al), we chose the point mutations at the following positions in the  coding sequences

of YFP gene Y145W, I148V (Figure A) and subsequently cloned into bacterial
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pRSETA (Invitrogen) and mammalian pEYFPN1 (clontech) vectors for characterising

them in bacteria and cell line respectively. We further called these mutant YFP as the

(Reasonance Energy Accepting Chromoprotein) REACh1(Y145W) and REACh2

(Y145W, I148V) there after.

Figure A : REACh Mutant

4.1.2.2. Spectrofluorimetric and Lifetime analysis Of Mutant Protein

We examined the YFP mutants, REACH1 and REACH2, for the mutants with

reduced quantum yield. Of these mutants, the mutation at position Y145W (REACh1)

reduced the fluorescence emission by 98% and caused a blue shift of the emission

maximum from 533 nm to 530 nm, I148V reduced the emission by 82% as compared

to EYFP. Combination of both mutations reduced the emission by 97%, accompanied

by a slight red shift of the emission to 538 nm (Figure 2A,B). The excitation

maximum of the Y145W mutation shows a blue shift from 514 nm to 495 nm, a blue-

edge broadening from 50 nm to 62 nm half-width, and the spectrum is less structured

due to an increase in the low-wavelength shoulder. The excitation spectrum of the

REACh Mutantion and structure
YFP structure as given by ribbon model
shows the beta barrel of 7 parallel beta
sheets as arrow (Yellow)  and the
chromophoric region of GFP resposible for
fluorescence emission is shown in ball and
stick, representing the atom (Blue). The
mutations chosen for creating the
chromoprotein, were depicted in atomic
configuration by ball and stick model
(Green). REACh1 and REACh2 are the
mutants of the combination of amino acid
residues (Green). Namely, REACh1
Y145W and REACh2 Y145W,  I148V
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Figure 2. Spectrofluorimetric analysis of recombinant REACh mutants and 
intramolecular FRET construct. (A) Emission spectra of wild type YFP (black), I148V mutant 
YFP (blue), REACh1 (red) and REACh2 (green) upon excitation at 490 nm. (B) The emission 
spectra shown in (A) with the fluorescence intensity (AU) inlog-scale for visualization of the 
low-intensity REACh1 and -2 mutants. All spectra in (A,B) were corrected for protein 
concentration. (C) Excitation spectra of wild type YFP (black), I148V mutant YFP (blue), 
REACh1 (red) andREACh2 (green) with emission set at 540 nm. Spectra were normalized to 
the excitation maximum of wild type YFP for comparison of spectral shape. Fluorescence 
intensities are given in arbitrary units (AU). (D) FRET experiment on the GFP-(TEV linker)-
REACh1 construct. The emission is shown for excitation at 457 nm. The construct was 
incubated with 10 U TEV protease /µg protein for 16 h (green) or without TEV protease (red). 
Emission spectra are normalized to the maximum emission of the treated sample. Inset 
shows the ratio of emission spectra of treated overuntreated protein samples. The GFP 
emission is unquenched by the removal of the acceptor and shows a ratio of 2.2 indicating 
55% FRET. The ratio is not dependent of wavelength, showing that there is no contribution 
from REACh1 to the emission spectra.
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Figure 2: Spectrofluorimetric characterisation of REACh mutants
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I148V mutation shows a slight narrowing at the higher wavelengths to 46 nm half-

width due to a slight decrease in the low-wavelength shoulder. The combination of

both mutations partially corrected the red-shift of the excitation maximum by the

Y145W mutation to 510 nm but still exhibits blue-edge broadening of the excitation

spectrum of 65 nm half-width and decreases the low-wavelength shoulder that was

caused by Y145W (Figure 2C).  The absorption of these mutants was not significantly

affected when compared to YFP and even increased slightly for the double mutant.

Y145W absorption was 106% (at 510 nm), I148V absorption was 85% and the double

mutation has an absorption of 120% of wild-type YFP absorption. These differences

most likely reflect folding properties of the recombinant proteins.

4.1.2.3. Lifetime analysis on REACh protein in solution at different wavelengths

Mutant and wild type recombinant proteins purified from bacteria’s were subjected to

lifetime analysis through time correlated single photon counting measurement

coupled to two-photon laser MIRA 2000. The measurements were performed at two

different wavelength to excite the proteins samples in their excitation maximum

namely, 500±40 nm and 550±40 nm (Figure 3). The corresponding lifetime at

different wavelength for the entire mutant protein collections were recorded in table

below (Table1)

On the basis of their spectral characteristics, we have chosen the Y145W mutant and

the Y145W/I148V double mutant as FRET acceptors for the spectrally similar GFP.

A loss of fluorescence is generally caused by a reduced quantum yield, which is in

agreement with the short fluorescence lifetimes obtained for the REACh mutants. By

extended photon counting of the faint fluorescence from cells expressing extreme

amounts of REACh mutants, we determined a lifetime of REACh1 of 319 ps and
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WTyfp
REACh1
REACh2
S2 Half Bright

FIGURE 3: FLIM measurements of protein in solution at multiple wavelengths : Protein in solution are characterised for 
their lifetime and brightness at different wavelength.lifetime distribution of each mutant and wildtype are given for two 
different wavelegth 500 nm and 550 nm.direct excitation of YFP and their flurescent decay distribution in nano second (ns) 
scale given in plot A, B, C, D, FOR WT, REACh1, REACh2, and S2 Half Bright respectively. see inside for excitation and distribution 
at different wavelegth of light at 2P mode and colour coding of respective Fluorescent varient.The lifetime distribution and 
mean lifetime of each mutant were calculated and presented in a cummulative table (TABLE1 of results)

A B

C D

Figure 3: Lifetime analysis of REACh mutants in solution
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REACh2 of 320 ps (Figure 2 B, C), as compared to the lifetime of 2.9 ns for YFP

(Figure 3 A) and half bright S2 mutant of 1.5 ns and was also confirmed by the

lifetime measurement of REACh1 protein mammalian cells (Figure 4). In the case of

the RS8/ORG18 GFP mutant, a quantum yield reduction was showed to be caused by

the occurrence of fast internal conversion (Kummer, A.D. et al). This is most likely

explained by mutation-induced spatial relaxation of the beta-barrel inner core, which

allows the fluorophore to release its excited state energy to its environment, and we

assume that the same mechanism is responsible for the loss of fluorescence in

REACh. From the obtained spectra, the Förster distance (R0) of the REACh1/2-GFP

FRET pairs, (the distance at which 50% of the molecules undergo FRET), was

calculated (Harpur, A.G. et al a laboratory manual). The R0 distance for the Y145W

mutant is 5.6 nm, identical to the R0 for the GFP-YFP pair, 5.4 nm for the I148V

mutant and 5.9 nm for the Y145W/I148V double mutant. The higher R0 value for

REACh2 is due to its broader excitation half-width, thereby causing a larger spectral

overlap with GFP emission. REACh1 loses this advantage due to the concomitant

blue shift of the excitation maximum (Table 2).

We demonstrate the usefulness of this novel REACh-GFP FRET pair by fluorescence

spectroscopy on a recombinant intramolecular FRET construct. To this end, GFP and

REACh1 were fused by a peptide sequence that is specifically recognized by the TEV

protease. FRET, present in the intact construct was lost upon cleavage of this linker

sequence. The GFP emission increases 2.2-fold upon incubation with TEV protease,

indicative of the presence of 55% FRET in the intact construct (Fig. 2D). This

increase was not present upon TEV treatment of a construct lacking the TEV site.

Importantly, the emission of the TEV construct was increased two-fold over the entire

emission spectrum (see the ratio of emission spectra in the insert Figure 2D), showing

that the emission originates exclusively from the GFP donor without contribution of

residual YFP emission.
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Figure 4: Fluorescent Lifetime analysis of REACh mutants

(A)Fluoresent emission distribution of REACh1 shows a homogenous distribution in 
MCF-7 cells and the corresponding lifetime image in a pseudo colur map.(B) Fluorescent 
emission imagee of REACh1-ubiquitin shows a aggregated worm like distribution of 
protein around the perinuclear structures with no change in lifetime when compared to 
REACh without ubqiquitin, shows no change in lifetime by tagging ubiquitin (C) FLIM 
images of REACh2 mutant witout ubiquitin tag show similar fluorescence distribution to 
REACh1(A) with no change in lifetime compared to the REACh2-ubiquitin shown in(D). 
Green patches around the cell with lower lifetime is due to low signal to noise ratio 
contributes to lifetime

 0.3           ns            0.8	

REACh1 in MCF-7 cells 320PS 

     0.5             ns           2.2

REACh1 ubq in MCF-7 cells 320PS 

A B

       0.5           ns            2.2      0.5              ns           2.2
REACh2 in MCF-7 cells 320PS REACh2 ubq in MCF-7 cells 320PS 

C D

Figure 4: Lifetime analysis of REACh mutants in mammalian cells
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Table1. Lifetime analysis with protein in solution

Wavelength2photon(nm)

Mutant protein Name

Mean Lifetime
@500±40

Mean Lifetime
@550±40

WT 3.13 3.26

S1 0.32 0.4

S2 1.48 1.23

T2 0.26 0.23

Table2. Spectral characteristics of REACh mutant’s

Mutation

(Position)

Name Excitation
maximum

(nm)

Excitation
bandwidth
FWHM*

(nm)

Emission
maximum

(nm)

Relative
fluorescence

Relative
absorption

R0
GFP
Donor
(nm)

Wild type EYFP 514 50 533 1.00 1.00 5.6

I148V Single2 515 46 532 0.18 0.85 5.4

Y145W REACh1 495 62 530 0.02 1.06 5.6

Y145W+
I148V

REACh2 510 65 538 0.03 1.20 5.9

(FWHM: full width at half maximum).
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4.1.2.4. A REACh-based single-cell FRET sensor for protein ubiquitination

Since our dark REACh mutants no longer emit fluorescence, as it avoids the spectral

blead through REACh mutants can be used as an ideal acceptors for FRET

microscopy with GFP. We designed a FRET assay for the activity of the protein

ubiquitination machinery that relies on the interaction between GFP- and REACh-

labeled proteins inside cells. For this, the GFP donor was fused to the efficient PEST

ubiquitination substrate (GFP-PEST) and was co-expressed with REACh2-labeled

ubiquitin. FRET occurs when REACh-ubiquitin molecules are covalently attached to

GFP-PEST. This poly-ubiquitination modification then targets the GFP-PEST to

active proteasomes where the protein is digested (Figure 5,6,7).

4.1.2.5. Biochemical and immuno-cytochemical characterisation of REACh

  protein ubiquitination

REACh-ubiquitin was accepted as a substrate for the ubiquitination machinery, since

western blotting of protein samples from cells, expressing REACh2-ubiquitin (~35

kDa) showed high-molecular weight adducts (ladder with prominent enrichment at

~250 kDa and higher) with anti-ubiquitin (Fig. 5E) and anti-GFP antibodies (Fig. 5F)

and there was also a fraction of proteolytically liberated REACh chromoprotein (~27

kDa) which escaped complete proteasomal degradation (Fig. 5F). The band at ~8 kDa

in (Fig. 5E) represents endogenous ubiquitin. The GFP-PEST was distributed

throughout the cell cytosol and, due to its small size, passively enters the nucleus. In

addition, small punctate clusters with higher intensity can be observed in the peri-

nuclear region (Figure 5A). The latter staining most likely indicates that the GFP-
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Figure 5: REACh-ubiquitination of the GFP-PEST substrate in cells. 

(A) Fluorescence emission distribution of GFP-PEST shows a homogeneous distribution in the 

cytoplasm in addition to a passive enrichment in the nucleus and punctate/wormlike higher 

intensity structures throughout the cytoplasm (arrowheads). (B) immunofluorescence staining 

with anti-ubiquitin antibodies identifies the high intensity GFP structures in (A) as ubiquitin-rich 

particles, most likely proteasomes. Shown are cells co-expressing GFP-PEST andREACh2-ubiquitin, 

4 surrounding cells do not express the GFP-PEST. (C) Overlay of GFP-PEST (green channel) and 

REACh2-ubiquitin (red channel) indicates co-localisation (yellow signals) in proteasomal structures.

(E) FLIM image of the same cell using 2-photon TCSPC imaging shows the presence of low-lifetime 

signals in cytoplasmic structures, indicative of FRET between GFP-PEST and conjugated 

REACh-ubiquitin. (F) Western blot of cells expressing GFP-PEST and REACh-ubiquitin with 

anti-ubiquitin antibody showing free ubiquitin (~8 kDa), REACh-ubiquitin (~35 kDa) and 

high-molecular weight adducts (ladder with prominent enrichment at ~250 kDa and higher). (G) 

Western blot of cells expressing GFP-PEST and REACh-ubiquitin with anti-GFP antibody showing 

free REACh (~27 kDa), REACh-ubiquitin (~35 kDa) and high-molecular weight adducts (ladder with 

prominent enrichment at ~250 kDa).

Figure 5 : Antibody colocalisation of REACh ubiquitination of GFP-PEST 
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PEST kinetically accumulates in proteasomes during its degradation. The co-

localisation of anti-ubiquitin immunoreactivity (Fig. 5B,C) in these clusters confirms

the accumulation of ubiquitinated GFP-PEST and further establishes these structures

as likely proteasomes. Note the comparable distribution of ubiquitin immunoreactivity

in untransfected neighboring cells (Figure 5B), which shows that the distribution of

proteasomes in cells expressing GFP-PEST is not disturbed. To demonstrate that this

co-localisation represents covalently ubiquitinated GFP-PEST, we measured FRET

between GFP-PEST and REACh2-ubiquitin by FLIM. As can be seen in (Figure 5D),

punctate structures with clearly reduced fluorescence lifetimes (1.5 to 1.7 ns) can be

observed in the cytoplasm (as visualised in the pseudo color loolup table for lifetime),

indicative of the occurrence of FRET at these sites. Fluorescence emission was never

detected by two-photon microscopy of cells expressing only REACh-ubiquitin or

unfused REACh mutants under the imaging conditions used by us for the detection of

ubiquitination.

4.1.2.6. Lifetime analysis of REACh-FRET sensors in multiple spectral windows

One major advantage of REACh is that FLIM measurements can be performed on all

emitted photons as they only originate from the donor. Therefore, we compared the

FLIM analysis of FRET in two spectral emission windows to confirm again the

absence of REACh fluorescence contribution to the donor lifetime measurements.

(Figure 6) shows the fluorescence lifetime distribution of the FRETting GFP-

PEST:REACh2-ubiquitin complex using a GFP narrow band-pass emission filter in

front of the single photon detector. This was compared with a measurement where an

emission filter was omitted (Fig. 7) to sample all emitted photons. Reduced lifetimes
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can be seen in peri-nuclear structures (Figs. 6A,D, 7A,D) that are similar to the

ubiquitin-containing structures in Fig. 5, showing the accumulation of ubiquitinated

GFP-PEST in proteasomes. In fact, with the localisation of these proteasomes

revealed by the reduced lifetime, it should be possible to recognize these structures

also in the GFP fluorescence intensity images shown in panel A of (Figures 6 and 7),

even in the background of homogeneous cytoplasmic GFP-PEST. Furthermore, a

slight reduction of the fluorescence lifetime can be observed in the cytoplasm,

indicative of ubiquitination of GFP-PEST that has not yet been targeted to the

proteasomes. In contrast, avoiding of REACh-ubiquitin coexpression produced GFP-

PEST emission with typical non-FRETing GFP lifetime, demonstrating that

proteasomal processing did not affect the GFP lifetime (Figs. 6B,E, 7B,E).

A contamination with possible residual short lifetime YFP-REACh fluorescence

would cause an obvious additional global reduction in lifetime in the measurement

lacking the GFP emission filter. In agreement with our spectroscopic measurements,

the results are identical (Fig. 6,7), indicating the exclusive dependence of the

measurement on GFP emission. This is especially clear from the typical non-FRET

GFP lifetimes that could be observed in the control sample where PEST-GFP is

substituted with eGFP (Figs. 6C,F, 7C,F).

To further increase the stringency of these control measurements, we have selected

examples from a small population of cells, that shows aggregates in the GFP emission

window (most extreme case shown in (Fig. 6C). We reasoned that possible co-

clustering of high levels of GFP and REACh-ubiquitin in these aggregates would

provide an extreme condition in which some of the residual fluorescence of REACh
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Figure 6: FRET measurement of GFP-PEST REACh-ubiquitination by FLIM and FqRET. 
Fluorescence lifetimes were determined using time-correlated single-photon counting on a 
2-photon microscope with fluorescence detection without any emission filter. FqRET was 
performed on a confocal microscope. (A-C) GFP fluorescence intensity images of HA-GFP-PEST 
(A,B) or non-PEST GFP (C) in the presence of REACh2-ubiquitin (A,C). (D-F) Corresponding 
lifetime maps showing the presence of ubiquitination of GFP-PEST in (A) as judged by lower 
GFP lifetimes. The cells expressing HA-GFP-PEST without REACh-ubiquitin (E) and non-PEST GFP 
in the presence of REACh-ubiquitin (F) show similar homogeneous lifetimes. Corresponding 
FqRET ratio images of GFPand Cy5 emission for cells expressing HA-PEST-GFP in the presence 
(D,G) and absence (F,H) of REACh-ubiquitin. Also here, a lower lifetime (D) and GFP/Cy5 ratio (G) 
can be observed in the cytoplasm. From the lifetime values, again FRET efficiencies between 
GFP-PEST and REACh2-ubiquitinwere calculated to range from 25-40%, confirming that the
lifetime results are not influenced by possible residual REACh emission. Warm colors indicate 
high FRET (low lifetime and ratio), light blue colors indicate the absence of FRET..
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FIGURE 6: FRET measuremnts of REACh ubiquitination using  filter free system
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Figure 7: FRET measurement of GFP-PEST REACh-ubiquitination by FLIM and FqRET. 
Fluorescence lifetimes were determined using time-correlated single-photon counting on a 2-photon 
microscope with fluorescence detection through a GFP emission band-pass filter. FqRET was 
performed on a confocal microscope. (A-C) GFP fluorescence intensity images of HA-GFP-PEST (A,B) 
or non-PEST GFP (C) in the presence of REACh2-ubiquitin (A,C). (D-F) Corresponding lifetime maps 
showing the presence of ubiquitination of GFP-PEST as judged by the lower lifetime in punctate 
structures, indicative of active proteasomes (A). The cells expressing HA-GFP-PEST without 
REACh-ubiquitin (E) shows a homogeneous lifetime (E) that is comparable to the lifetime of non-PEST 
GFP in the presence of REACh-ubiquitin (F) demonstrating that the GFP fluorescence lifetime is not 
affected by proteasomal targeting due to the PEST sequence and the absence of lifetime contribution 
of possible residual REACh fluorescence. Corresponding FqRET ratio images of GFP and Cy5 emission 
for cells expressing HA-PEST-GFP in the presence (D,G) and absence (F,H) of REACh-ubiquitin show the 
same structures as identified by lower lifetimes by FLIM. Small differences are explained by the 
fundamentally different imaging methods: 2-photon excitation for (D-F) and 1-photon confocal 
imaging for (G,H). Furthermore, the apparent higher ratio in the nuclear areas is caused by 
underrepresented Cy-5 immunostaining due to lower penetration into the chromatin. Note that in 
addition to the punctate FRET structures, a lower lifetime (D) and GFP/Cy5 ratio (G) can be observed in 
the cytoplasm that is indicative of cytosolic REACh ubiquitination of PEST-GFP. From the lifetime values, 
FRET efficienciesbetween GFP-PEST and REACh2-ubiquitin were calculated to range from 25-40%. 
Warm colors indicate high FRET (low lifetime and ratio), light blue colors indicate the absence of FRET.
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could be detected by the lowered lifetime. In fact, in none of the control cells and the

selected cells shown in panel C of figures 6 and 7 could any significant lifetime

reduction be observed. This might be due to the fact that overexpression of GFP may

also be targetted to proteasome clusters for clearence, which obviously have no or

little interaction figure (6 C, F, 7C, F).

4.1.2.7. Donor Photobleaching kinetics as a indicator for the occurence of FRET

The use of the REACh acceptor proteins implies a FRET detection method based on

donor fluorescence properties. Besides FLIM, REACh acceptors can also be used for

intensity-based FRET detection. FRET protects fluorophores against photobleaching

since FRET reduces the lifetime of the excited state, on which the photochemical

reaction of photobleaching acts.  FRET can therefore be measured by analysis of

donor fluorescence photobleaching kinetics (Jovin, T.M et al) in a conventional

microscope. Figure 3 shows a cell expressing GFP-PEST and REACh1-ubiquitin

(Figure 3A).

The bleaching rate of GFP-PEST under continuous illumination resulted in a lower

bleaching rate as can be clearly observed in peri-nuclear structures that correlate to

high-intensity GFP-PEST structures representing active proteasomes (Figure 6A, see

also Figure 4G,J). This results in a higher relative amount of residual GFP

fluorescence in these structures (Figure 8C) during the photobleaching procedure.

Cells expressing GFP-PEST without REACh-ubiquitin (Fig. 8B) show a

homogeneous bleaching rate (Figure 8D). We compared the bleaching kinetics of the

bleach-protected structures in Fig. 8A (Figure 8A box 1, 8E ), the FRET situation,

with a control region in the same cell (Figure 8A box 2, 3E ) and a region in a

control cell lacking the REACh-ubiquitin acceptor (Figure 8A box 3, 8E ). As can

be seen in Fig. 8E, only the proteasomal structures show a significantly slower
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Figure8: FRET measurement of GFP-PEST REACh-1-ubiquitination using donor photobleaching kinetics. (A) GFP-PEST 
fluorescence emission intensity before donor photobleaching. This cell was subjected to continuous illumination by 
repeated scanning with the 488 nm Argon laser line of a Leica SP-2 confocal microscope. White numbered boxes show the 
regions in which the photobleaching rate was investigated. An area containing a typical peri-nuclear structure where 
GFP-PEST accumulated (box marked 1), comparable to the proteasomal staining in Figure 2G was compared with an area 
where the presence of proteasomes is not expected (box marked 2). (B) Fluorescence intensity image of a cell expressing G
FP-PEST but lacking REACh-ubiquitin. Region indicated with a white box marked 3 was used for photobleaching kinetics 
analysis. (C) Map of relative residual fluorescence after photobleaching 50% of the initial intensity of the same cell. The 
peri-nuclear GFP-PEST signals exhibit FRET as judged by the apparent protection against photobleaching. (D) The same 
analysis performed on the cell expressing GFP-PEST, but lacking REACh-ubiquitin (B) shows a homogeneous residual 
fluorescence fraction to the same amount as the control region in the cell shown in panel (C). This is indicative of the lack of 
FRET. Small variations in absolute amounts are due to the choice of the 50% bleaching dose which does not always 
correspond exactly to an acquired image, therefore, attention should be given to contrast in residual fluorescence within 
cells. The color bar indicates a range from a low (blue, 0.4) to a high residual fluorescence fraction (red, 0.75) within the 
images, corresponding to fast and slow photobleaching kinetics, respectively. (E) Average fluorescence intensity in the 
marked regions in (A,B), relative to the initial fluorescence intensity. Region 1 (o) bleaches considerably slower than region 
2 (o) in the same cell and region 3 (square) in the control cell. Bleaching rates follow a exponential decay and are identical for 
regions 2 and 3, demonstrating the lack of FRET in region 2 of the GFP-PEST/REACh2 cell (A,C).
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photobleaching rate. This contrast in bleaching kinetics between structures exhibiting

FRET in a non-FRET background allows the visualisation of the occurrence of FRET,

as in Fig. 8C.

4.1.2.8. FqRET Fluorescence quenching Reasonance Energy Transfer

FqRET is a alternative tool for measuring FRET between two flurophores when they

interact. It follows the principle of fluorescence quenching of donor by FRET, which

can be directly correlated with the intensity of the  reference fluropore that emits far

from the FRET spectral window. Using the intensity of donor and reference

flurophore and the corresponding ratiometric analysis of donor fluorescence over

reference fluorescence. Figures 6 and 7 also show an additional and independent

donor fluorescence intensity-based method for the determination of FRET (Figs

6G,H, 7G,H). These two sets of experiments were performed on HA-tagged GFP-

PEST in the presence of Cy5-immunofluorescence detection of the HA tag. The Cy5

emission is well-separated from the absorption wavelength of REACh by its spectral

high-wavelength position and its emission is therefore not affected by FRET coupling

in this system.

This allows the Cy5 signal to be used as an optically inert concentration reference for

the quantitation of FRET-quenched GFP-PEST fluorescence emission by division of

the GFP emission upon GFP excitation by the Cy5 emission upon Cy5 excitation. The

reduced GFP-PEST emission due to FRET with the REACh-ubiquitin, is detected by

a decrease of the emission ratio in this concentration-independent measurement. As

can be seen from Figures 6D,G and 7D,G, the low lifetime clusters match the reduced

GFP/Cy5 emission ratio in the same cell. The presence of ubiquitinated PEST-GFP in
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the cytoplasm can also be observed in the emission ratio maps in the presence and

absence of REACh2-ubiquitin (Figs. 6G, 7G and 6H, 7H respectively). Small

deviations are caused by the difference in focal size and position between the lifetime

images (Figs 6D, 7D: 2-photon microscopy) and the ratio images (Figs 6G, 7G:

confocal microscopy). The increased emission ratio in the nucleus is caused by

incomplete penetration of the anti-HA antibody in the dense chromatin structure of

the nucleus. Cy5 does not give rise to significant FRET with the GFP, as can be seen

by comparison of fluorescence lifetimes in panel E of Figures 6 and 7 where a non-

PEST GFP served as inactive REACh-ubiquitination substrate.

The lifetime maps of GFP lacking the PEST sequence, when co-expressed with

REACh2-ubiquitin (Figures 6,7 panel F) and REACh1-ubiquitin (not shown), show a

homogeneous distribution of approximately 2.4 ns that is typical for EGFP. We have

purposefully selected GFP-expressing cells that exhibit a clustered appearance as a

result of high expression levels (most extreme case shown in Figure 6C) to be able to

show the selectivity and concentration-independence of the assay. No lifetime

reduction could be observed in these clusters, indicative of the absence of covalent

ubiquitination. These high-intensity GFP clusters either represent insoluble aggregates

and/or proteasomal structures clearing the cell from an excess of GFP. If REACh co-

clusters in these structures, then their local high concentration by itself is not

sufficient to contaminate the GFP lifetime by their possible residual fluorescence.

More importantly, they do not exhibit FRET, indicating that the FRET signals

observed for PEST-GFP and REACH-ubiquitin is not likely explained by simple co-

inclusion in proteasomes. The same lifetime distribution is obtained from GFP-PEST

fluorescence in the absence of REACh-ubiquitin (Figures 6,7 panel E). This set of
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experiments proves that the measured fluorescence lifetimes correspond to GFP and

that a possible contribution of REACh residual fluorescence can be neglected under

the conditions used. In conclusion, we demonstrate by different methods the

suitability of the REACh acceptor in determining FRET between proteins in a

physiologically relevant setting. In its current use, the ubiquitination assay reports on

the local activity of the ubiquitination machinery, but can easily be converted in a

cell-based screening assay for candidate protein substrates for ubiquitination.

Although the REACh acceptor is not visible in cells, the meaningful readout of FRET

measurements is the visualisation of the donor-acceptor complex. This is inferred

from the occurrence of FRET as judged from the donor fluorescence properties. In

fact, the acceptor is commonly present in excess over the donor, to saturate the donor

binding event for optimal and quantitative detection of the interaction. The

localisation of the acceptor was established in a separate experiment with antibody

against Ubiquitin tagged to the acceptor flurophore, which is practically invisible. It

can be visualised with a reference fluoroprotein far apart from the donor and acceptor

emission for example CY5.1 fluorescent dyes.

4.1.3. Biosensor to analyse protein folding and chaperone activity

4.1.3.1. Creation of folding mutant and Recombinant protein characterisation

The chaperone dependent folding activity sensor was identified from a random

mutagenesis screen of YFP by visual inspection of the bacterial phenotype of the

colonies. The Bacterial pRSETB EYFP gene was mutated by using random

mutagenesis Kit with XL1red strain (Stratagene). This experimental step uses the

mutated DNA polymerase, which lack the proof reading activity. Plasmid DNA were

made from total colonies and re-transformed into BL21DE3 (Stratagene) bacterial
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expression strain. Individual colonies were then inspected manually for their

fluorescent phenotype. The phenotype indicative of folding impairment is a colony

with combined fluorescent and non-fluorescent bacteria. Due to the expression-

dependent upregulation of the bacterial chaperone program (Jürgen et al. 2000) and

the continuous bacterial division in the colony, one or more fluorescent “zigzag”

lines, corresponding to a contorted fluorescent colony slice is formed, that can easily

be recognized by eye (See Figure 9A). Based on this phenotype, 17 colonies were

picked from ±15.000 colonies screened and plasmid DNA was isolated.  These 17

cDNAs were re-transformed into Bl21 bacteria for detailed and statistical evaluation

of their phenotype. Of these 17 candidates, 5 were selected that showed significant

proportions of fluorescent protein, similar folding between colonies, an early folding

response (streaks originate from the core of the colony) and recovery of high

fluorescence intensities upon folding. These 5 candidates were then subjected to

bacterial chaperone induction by a low-temperature ethanol shock (Thomas et al.

1996) in liquid culture. The purified protein fractions were then analysed using a

Pharmacia Biotech Ultrospec-3000 spectrophotometer and a PTI Quantamaster

spectrofluorometer.

The typical and obvious heterogeneous distribution of fluorescence in the colonies

expressing foldase-sensitive mutants (Fig. 9A) is explained by the spontaneous

upregulation of the bacterial chaperone program due to the presence of high

concentrations of unfolded YFP in the bacterial cytoplasm (Jürgen et al. 2000). It is

known that GFP folding in vivo involves chaperones and that different GFP variants

follow different folding trajectories (Sacchetti et al. 2001).
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Figure 9: Characterization of cdYFP folding efficiencies in bacterial and mammalian cells

x10
-3

12

10

8

6

4

2

0

86420

fr
eq

u
en

cy

cdYFP fluorescence (AU)

emission wavelength (nm)
cd

Y
FP

 fl
u

o
re

sc
en

ce
 (A

U
)

A B

C

D

E

2

4

10
3

2

4

10
4

2

4

600580560540520500

4

0

(A
U

)

FIGURE 9:  Characterization of cdYFP folding efficiencies in bacterial and mammalian 
expression systems. (A) Bacterial folding phenotype as observed in Bl21-DE3 bacterial 
colonies of retransformed cdYFP mutant cDNA. Marble-like distribution of fluorescent 
bacteria in the background of low/absent fluorescent bacteria is caused by the induction of 
the bacterial chaperone program which is transferred to daughter cells. (B) cold ethanol shock 
increases the generation of fluorescence in liquid bacterial culture by a factor of 40. Excitation 
was performed at 480 nm, shown is the emission spectrum in the indicated spectral range. (C) 
Distribution of different levels of fluorescence expression in CHO cells maintained at 37 deg. 
(green trace) or 25 deg. (red trace). Shown is the cumulative histogram for 10 cells for both 
traces. The curves were normalized to the sum area of the cells investigated, so that the area 
under the curve is equal to one. cdYFP fluorescence was normalized so that the maximum 
emission of the cdYFP at 25 deg. is equal to one. (D) Generation of fluorescent cdYFP by the 
foldase activity in representative cells grown at 37 deg. (E) Generation of fluorescent cdYFP 
emission in a representative cell grown at 25 deg. Color coding is shown in the bar, 
fluorescence emission normalization is equal to (C). 98



The increased dependence of cdYFP folding on chaperone activity was confirmed by

the fact that the fluorescence yield was greatly increased by the induction of

chaperones in liquid bacterial culture after cold ethanol shock (Thomas et al. 1996),

which gave rise to an ±40 fold increase in fluorescence yield (Fig. 9B) and the

appearance of a clear peak at the YFP chromophoric position (514 nm) in the

absorption spectrum of the treated bacteria that was undetectable in the uninduced

situation. The YFP mutant that showed the largest increase in fluorescence during this

treatment was chosen for the construction of the folding sensor.

This mutant showed a 40-fold increase in fluorescence and a clear peak at 514 nm in

its absorption spectrum, indicative of efficient formation of the chromophore. Final

fluorescence yields were comparable to those of unmutated EYFP, indicating that

chaperone upregulation can rescue the loss of fluorescence due to folding impairment.

4.1.3.2. Response of Mammalian cells for Foldase sensor under stress related

 conditions

This folding mutant cDNA (cdYFP) was subcloned into a mammalian expression

vector pEYFPN1 (Clontech), to allow expression in mammalian cells, Transient

expression of this clone at 37 degrees in CHO cells showed a homogeneous

distribution of low fluorescence intensities between different cells (Fig. 3C green

trace, D). This shows that Overexpression of poorly folded cdYFP by itself is not

sufficient to significantly up regulate mammalian chaperone activity. When expressed

at low temperature (25 degrees), in order to relax folding constraints, a 3-4-fold
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increase in fluorescence was observed, which confirms the impaired folding pathway

of cdYFP (Fig 9C, red trace, E).

4.1.3.3. Structural characterisation of folding mutant

Sequencing analysis of cdYFP clone (clone number 5 out of 17) selected for our study

revealed a Glycine to Serine substitution at amino acid position 32 of YFP. This

position is located near the end of the second beta-strand of the barrel. The 11 beta-

strand barrel surrounding the central alpha helix that contains the chromophore

represents a difficult folding task. The correct conformation of the second beta-strand

end and presumably the transition into the third beta-strand through only a small loop

is apparently critical for correct formation of the entire barrel that shields the

chromophore and provides the proper amino acid side-chain context for the chemical

formation of the chromophore. Chaperone-mediated folding at this critical initial part

of the YFP polypeptide corrects the gross structural defect in the barrel and allows the

YFP structure to settle into a form that can accommodate fluorescence.

Figure B: Mutation site of folding mutant

gly35ser

2nd beta 
sheet

YFP Beta Barrel
Folding mutant of YFP:
Yellow Fluorescent Protein used for
folding sensor illustrated in a picture
shows the amino acid substitution
Gly35Ser (yellow) at the 2nd Beta sheet
marked ( Blue ribbon), which
presumably incrases the folding
constraint for the YFP molecule and is in
need of chaperone assisted folding for the
active chromophore formation inside the
folded Beta barrel responsible for
fluorescence emission and high quantum
yield.
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4.1.3.4. Measuring the folding efficiency of folding mutant in mammalian cells

To be able to determine the concentration-independent folding efficiency of the

cdYFP under the different experimental conditions, a concentration reference

fluorophore was introduced. In one implementation, an HA antibody epitope was

introduced at the cdYFP C-terminus, to yield HA-cdYFP. The total concentration of

expressed fluorescent and non-fluorescent cdYFP can be determined from the

fluorescence emission intensity of a Cy5 fluorescently labelled secondary antibody.

This is used to obtain the distribution and relative concentration of folded cdYFP by

image division. In an alternative implementation of the folding sensor, CFP can be co-

expressed to serve as a reference fluorophore. The advantage of using CFP reference

over antibody staining is that this assay can be used in living cells, however, at the

cost of quantitation accuracy as the levels of translated CFP and cdYFP cannot be

precisely controlled. We used the quasi-quantitative co-expression method of magnet-

assisted transfection and found essentially identical results for the measurements

described below, but with higher noise content and cell-to-cell variation In case of the

antibody reference, the reference is on the same molecule as the folding fluorophore,

giving rise to robust and sensitive signals.

4.1.3.5. Chaperone-mediated folding assay of foldase sensor in mammalian cells

To show the sensitivity of the HA-cdYFP folding biosensor towards the major

mammalian chaperone Hsp70, we compared the folding efficiencies of the sensor in

wild type CHO cells with those obtained upon transient co-expression of CFP-Hsp70.

In the wild type cells, a single prominent folding peak can be observed (Fig. 10A,
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Figure 10:  cdYFP folding in mammalian cells is dependent on Hsp70.
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Figure 10: cdYFP folding in mammalian cells is dependent on Hsp70. 
(A) Generation of fluorescent cdYFP in wild type CHO cells (green trace) and CHO cells 
transiently expressing Hsp70 (red trace). Shown is the cumulative histogram for 16 cells for 
both traces. The curves were normalized to the sum area of thecells investigated, so that 
the area under the curve is equal to one. cdYFP folding efficiency, as expressed by the ratio 
of cdYFP fluorescence and Cy5- anti HA immunofluorescence, was normalized to the 
position of the major folding peak representing partially folded cdYFP in wild type, 
untreated cells, as identified by comparison with the other experiments. This intermediate 
can be seen as separate peak in the red trace and high-end shoulder in the green trace at a 
folding efficiency of one. (B) Two-dimensional histogram of the distributions of folding 
efficiency versus the distributions of CFP-Hsp70 expression, as judged by the fluorescence 
emission of the conjugated CFP fluorophore, on a cell-by-cell basis for all 16 cells used to 
construct the red trace in (A). (C) cdYFP folding efficiency in a representative wild type 
CHO cell. (D) cdYFP folding efficiency in a representative cell expressing Hsp70. 
Color coding is shown in the bar, folding efficiency normalization is equal to (A).
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green trace C). Co-expression of Hsp70 in CHO cells shows a dramatic increase in the

folding ratio (Fig. 10A, red trace, D) with a skewed distribution to very high ratios.

The use of a CFP-labelled Hsp70 allowed us to relate the expression levels of the HSP

to the folding efficiency on a cell-by-cell basis. The emission of the CFP-Hsp70 can

be collected without interference from the higher wavelength fluorophores used in

foldase sensor experiments (YFP and Cy5) and gives a information for the expression

levels of the chaperone. The distributions of folding activity and expression levels

were plotted against each other to reveal a clearly correlated relationship (Fig. 10B).

This demonstrates that the foldase assay reports on the level of the Hsp70 chaperone

foldase activity.

4.1.3.6. Foldase sensor in sensing the activity HSP70 using BAG1 a co-chaperone

 expressing stable cell lines

We then proceeded to compare the effect of stable overexpression of BAG1 and its C-

terminal deletion mutant, BAGΔC in CSM14.1 Nigral cells (Fig. 11B). Wild-type

CSM cells exhibit the same narrow distribution of relatively low cdYFP fluorescence,

as the wild-type untreated CHO cells (Fig. 11A, green trace). overexpression of full-

length BAG1 protein dramatically changes this distribution to a new broad and high

folding efficiency distribution being detected in these cells (Fig 11A, red trace). The

majority of folded cdYFP exhibits±2.5 fold increase in fluorescence, but the folding

efficiency ranges to a 7-fold increase over the wild type situation. This shift is, in

magnitude, comparable to the effect obtained with transient, high-level

overexpression of Hsp70, implying a possible regulatory effect of BAG1 on Hsp70

and or other chaperones.
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This broad folding efficiency distribution is due to the presence of differently folded

intermediates in the different analyzed cells. The insert in Fig. 11A shows that the

BAG1-overexpression intensity distribution traces is composed of discrete

intermediate distributions. These consist of species with ±2-fold (blue curves), 3-4

fold (green curves) and 4-5 fold average increase in folding activity. The stably

expressing BAGΔC mutant, lacking Hsp70 binding capacity sites fails to produce this

increased folding response in stably expressing CSM14.1 cells (Fig 11A, blue trace).

This demonstrates the critical importance of the integrity of the BAG-binding domain

for its chaperone upregulation activity. In fact, the folding efficiency distribution of

the BAGΔC mutant shows a bi-modal distribution with a small peak overlapping with

the position of untreated and wild-type cells (green traces in Figs. 9C, 10A, 11A) and

a new, major peak at lower folding efficiencies (±0.8). We assign the recurring

prominent peak in untreated and native cells to a stable folding intermediate towards

properly folded cdYFP (which we normalize to 1). The new low-efficiency peak

observed in the BAGΔC mutant, which is also present as shoulder in the untreated and

native folding traces, represents the most poorly folded intermediate that can be

assigned in cells. We assign folding ratios greater than 2 to more fully folded forms.

These forms are only observed upon active induction of cellular folding activities,

indicating that the endogenous chaperone activity apparently does not suffice to

process the cdYFP beyond the first partial folding step.

The foldase activity needed for further folding obviously exceeds the natively present

one. Upon induction of chaperone activity, both by Hsp70 overexpression or by

modulation of endogenous Hsp70 by BAG1 overexpression, the folding pathway
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Figure 11: Foldase sensor characterisation in BAG1 expressing stable cell line
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Figure 11: cdYFP folding sensor demonstrates the increase in chaperone activity by over

expression of BAG1 in CSM cells. (A) Generation of fluorescent cdYFP in wild type CSM cells 

(green trace), CSM cells stably expressing BAG1 (red trace) and CSM cells stably expressing

BAGdelC (red trace). Shown is the cumulative histogram for 10 cells for all traces. Normalization 

of folding efficiency and frequency are the same as in Figure 4. Insert shows the individual traces 

for the 10 cells that were used to construct the red trace. These traces were color coded to 

discriminate cells exhibiting lower folding (blue), intermediate folding (green) and high folding 

activity (red) in the population of stably BAG1 expressing CSM cells. (B) cdYFP folding efficiency 

in a representative wild type CSM cell. (C) cdYFP folding efficiency in a representative CSM cell 

stably expressing BAG1.(D)cdYFP folding efficiency in a representative CSM cell stably expressing 

BAGdelC. Color coding is shown in the bar, folding efficiency normalization is equal to (A). 
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apparently diverges to allow graded “tuning” of folding forms giving rise to a broad

folding efficiency spectrum with different forms representing low, intermediate and

high folding efficiencies. Only ±25% of cdYFP is partially folded in BAGΔC

expressing cells, in comparison to >90% for the wild type cells. This implies that

truncation of the HSP70 binding domain of BAG generates a strong dominant-

negative phenotype with respect to folding since folding activity is almost completely

impaired.

In our experimental paradigm, the wildtype CSM-cells, as well as CHO-cells show a

single prominent peak of folding activity. By comparison with the different

treatments, this peak could be assigned to a stable folding intermediate. The

experiments with the BAGDC cells showed the presence of a further folding

intermediate of lower efficiency. In retrospect, the lower efficiency shoulders of the

folding efficiency distributions of wild type and untreated cells could be seen to

contain a fraction of this poorly folded “base” condition of the sensor (Fig. 11A green

versus red trace and Fig. 11A). Wild type cells are not able to overcome the ‘second’

step in protein refolding. In contrast, cells stably overexpressing BAG1 or Hsp70

directly show a prominent high-efficiency distribution indicating further advanced

protein refolding. This distribution is broader and less symmetrical as the poorly and

initially folded distributions.

These high-folding activity distributions, when compared on a cell-by-cell basis,

demonstrate the progressive dependence on the folding threshold on Hsp70

expression levels (Fig 10B) and on discrete ‘fine tuning’ steps at more advanced

refolding activities, e.g. upon BAG1 overexpression (Fig. 11A insert). Surprisingly
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BAGDC, which is lacking Hsp70 binding C-terminus, does not yield similar results to

wild type cells, but seems to even further impair protein refolding. This observation is

in line with results by others, where the influence of BAG1 and a C-terminal deletion

mutant of BAG1 on HSP70 ADP turnover were measured. They found a ±900-fold

increase in ADP turnover in cells transfected with BAG1, whereas cells transfected

with the deletion mutant displayed a four-fold decrease (Gässler et al. 2001). This

effect was explained by the presence of an additional domain situated N-terminally of

the BAG domain which is apparently important for binding and activation of

chaperones and which acts in a dominant negative manner on chaperone foldase

activity.

4.2. Analysis of growth cone protein transport, degradation,

  synthesis and folding in neurons and neuron-like PC12 cells

In the following section I describe how we analysed the local protein turnover

machinery of growth cones in neurons and in neuron like cells PC12 cells, using the

above mentioned biosensors for transport, synthesis, degradation and folding of

protein, We primarily used the PC12 cell line to investigate the aspect local

machineries, because they are considered to be good model system to study neuronal

processes, which simulate the neuron like properties and produce neuron like

processes, upon NGF treatment (Greene LA et al 1976 and Tischler AS et al 1978).

PC12 cells treated with NGF and differentiated for 5 to 9 days for complete

differentiation. These differentiated cells were transfected with the respective
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constructs for the ubiquitination , protein synthesis and HSP70 induced protein

folding, to asess their relevance in growth cone local protein turnover.

4.2.1. Analysis on protein transport machinery in neuronal growth

cone.

4.2.1.1. Synaptophysin p38 tagged FLAP Sensor in transport assay

We chose synaptophysin p38 as the transport marker, since it is well characterised

(Kaether C et al 2000) in hippocampal neurons as axonal transport marker. For this

construct we used cDNA of rat synaptophysin p38, C-terminally tagged with FLAP

CFP-YFP tag. The construct was subcloned into the neuron specific synapsin

promoter to allow neuron specific expression of tagged protein. Constructs were

transfected and cells were grown for 7 days until there is extended axonal growth.

FRAP experiments were performed with synaptophysin p38 FLAP tag as described

above (see principle of FLAP tag in biosensor for transport) The experiment with

synaptophysin p38 by FRAP analysis, we observed interesting features of transport.

We observed synaptophysin in proto vesicles along the axon and synaptic vesicles of

the presynaptic compartment. Further we calculated the net directionality of

synaptophysin FLAP tag as bidirectional and Synaptophysin p38 was primarily

distributed along the axon and in distal regions of axon, representing growth cone

branching point (Figure 12A). Therefore, a net anterograde transport of newly

synthesized protein would be expected, which is observed in our system of about 60%

peak intensity (Figure12B) indicated by a peak (tall red peak in Figure12B).
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Figure12: FLAP tag based FRET assay on axonal transport-Using synaptophysin p38

Distribution analysis on FRAP image
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Figure 12: FLAP tag based FRET assay on axonal transport-Using synaptophysin p38:
(A) Figure representing the steps of FRAP analysis protocol using synaptophysin P38 tagged 
FLAP microscopy. Upon exciting CFP we see both CFP and YFP  in the (FigureA,  panel1,2) indicates 
FRET. By bleaching YFP fluorescence on the marked region(Box panel2) we see the recovery of 
CFP(FigureA panel3,4). On creating the mask of CFP post bleaching with YFP post bleaching gives 
the information of local change in fluorescence ratio as it is give for before bleaching also
(FigureA panel 5,6). By calculating the ratio of CFP quenched due to FRET over and CFP after 
recovery gives the ratio of protein flow in the axon due to the mixing of fractions of CFP quenched 
over recovered (FigureA panel 7,8 ). (B) Distribution analysis of protein fraction in FRAP analysis 
with the peak intensity. Picture represents the directionality (anterograde to retrograde) and peak 
intensity of protein in motion at any particular direction (Red peak represents maximun intensity 
and the the decrease in ratio flow represented by yellow to blue in (FigureB lookup table). 
Net anterograde movement of synaptophysin p38 FLAP tag calcuated from CFPpost and YFP post 
bleaching is 65% and net retrograde was counted as 35%, see wave front of motion in (Figure B) 
indicated by arrow.
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The presence of predominant net anterograde measured in our system is not

surprising, since the synaptic vesicles (predominantly tagged with synaptophysin p38)

target the presynaptic vesicles primarily to the distal end of axons (Nakata et al.,

1998; Prekeris et al., 1999). Therefore switching the fluorescence emission in FLAP

tag synaptophysin from YFP to CFP spectrum upon bleaching, presumably converts

the population of tag at a given time along the axon (Figure12A CFPpost/YFPpost) when

compared to CFPpost/CFPpre. This experimental stratergy allow us to determine the

direction, wave front of movement, peak intensity of gradient and steepness in the

gradient of presynaptic deposition (Figure 12B, red peak in distribution durve ). It

might as well be speculated that, population labelling in the presynaptic compartment

could provide valuable information on synaptic vesicle deposition and protein

trunover phenomenon.

4.2.2. Analysis on protein degradation machinery in the growth cone.

4.2.2.2. Ubiquitination of growth cone like structures in PC12 cells

The transfected cells were checked for the localisation, activation and interaction of

proteasome complex by lifetime based FRET and ratiometric FqRET analysis. For

these experiments we used the GFP fused with PEST efficient ubiquitin signal

sequence, which acts as a target sequence for proteasome-mediated degradation and

REACh2 labelled Ubiquitin as a constitutive ubiquitination signal. Lifetime

measurement was performed on GFP-PEST as donor flurophore and REACh-Ubq as

a dark acceptor (ubiquitination assay). The results were found to be similar in terms of

ubiquitination and antibody localisation to the finding we obtain from the
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Figure 12:  Protein ubiquitination assay in Neuron like PC12 cells

Figure 12: Protein ubiquitination assay in Neuron like PC12 cells
(A) FqRET image of PC12 cells coexpressing GFP-PEST AND REACh2-ubiquitin shows an increased ratio 
at punctuates near the axonal branches and in the growth cone like structures (fig A green arrowhead). 
(B) FLIM image of the corresponding cell using TC-SPC 2p microscopy indicates the punctate 
structures at the same places with reduced lifetime. (C) PC12 cells showing antibody localization of 
REACh2 ubiquitin for Ubiquitin antibody in the micro clusters (yellow arrowhead). (D) Lifetime image 
of the corresponding antibody localization image, green arrowhead shows the complete matching 
between Ubiquitin aggregates and reduced lifetime (hot colours indicates high ratio and lower 
lifetime). (E) PC12 cells expressing PEST-GFP with REACh-ubiquitin, shows micro aggregates at the 
growth cone like structures with reduced lifetime(green arrowhead) matches at the pointed yellow 
arrowhead for antibody localization using proteasome specific antibody in (figure F)
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ubiquitination assay (see also results in section 4.1.2.6). The growth cones of PC12

cells as measured by FLIM, shows an active ubiquitination machinery with a lower

lifetime and higher ratio FqRET (Figure 13A and B). The pointed arrow indicates the

axonal branching point and growth cone like structures represents lower lifetime and

higher ratio (Figure 13 A and B warm colour in lifetime and ratio). To verify that the

structures we see are actually an active ubiquitin targetted proteasome complex we

used antiobody based immuno localisation and lifetime measurement(ubiquitination

assay section 4.1.2.6).

The localisation with anti ubiquitin antibody shows striking similarities to the

structures representing the reduced lifetime and the active ubiquitination machinery

was mostly in the axonal branches and nerve endings of differentiated PC12 cells see

pointed arrow in ( Figure 13C and D). Reduced lifetime in untransfected cells which

may be due to the sytem error or instrumental noice, can be elliminated by extended

photon counting or by stringent masking. Our attempt to visualise the localisation of

the proteasome complex in the active growth cones using antibody against 26s subunit

of active proteasome complex, failed to show any significant match to the structures

corresponds to lower lifetime (Figure 13E and F). It might be due to the intrinsic

proteasome machinery which is formed but is not active or inturn are not completely

formed and interacting with the destabilised proteins (Figure 12E and F). Arrows in

Figure E and F indicates the regions of reduced lifetime with no significant increase in

the ratio of GFP/CY5 of FqRET analysis (see materials and methods for FqRET

method).
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4.2.2.3. Growth cone of PC12 cells show decrease in protein content

In our experiments with NFM-GFP (Neurofilament-M) constructs transfected in PC12

cells, we noticed the presence of protein degradation machinery in the growth cone

like structures. In this experiments we used differentiated PC12 cells, transfected with

NFM-GFP in the mammalian expression vector driven by the C M Vpromotor.

Confocal based Fluorescence Recovery After Photobleaching (FRAP) analyses were

performed on living cells, where in cells expressing GFP proteins in growth cone like

structures were bleached with 100% laser dose using Argon ion laser at 488nm. The

bleached region was followed within 30 min with 30 sec intervals under temperature

and buffer controlled conditions. The transport of protein from the cell soma was

blocked using two inhibitors, namely

A. Nocodazole, which non-specifically inhibit both anterograde and retrograde

transport of molecules toward and away from growth cone like structures due

its microtubule depolymerising properties.

B. Taxol, which is specific for promoting microtubule destabilising properties

and inhibiting anterograde transport to the distal end of nerve.

Differentiated PC12 cells were transfected with NFM-GFP cDNA and cultured for 18

hours in-vitro. The protein transport was blocked by adding 100ng/ml nocodazole and

50ng/ml of taxol for 15min before performing the FRAP experiments. In Comparison

with control experiments (Figures 14 picture 1,2,3, Graph 1,2,3) which is not treated

with any inhibitors, the growth cone like structures of samples treated with

Nocodazole that demonstrating collapsed morphology shows a decrease in total
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Figure 14: Growth cone like structures of PC12 cells synthesize protein - FRAP analysis. (1, 2, 3) Graph and pictures of growth cone 
like structures in PC12 cells showing protein synthesis in short duration of time ranges from 0-30 min at 5 min interval.FRAP analysis on 
growth cone protein synthesis shows growing growth cone like structures have local protein synthetic machinery and also indicate an 
increase in protein content at polarized regions of growth cone showing protrusion (Pointed arrowhead pic2,3). Graph (1,2,3) shows 
relative frequency distribution and fold increase of protein content in the growth cone at each time point from 0 to 30 at 5 min interval. 
(Green-0min, Blue-5min, Brown-10min, Pink-15min, Violet-20min, Black-25min, Red-30min).Protein content increases upto 5 fold after 
30 min when compared to the control level at 0 min, can be seen from hot colors in the  lookup table (LUT)

Figure 14: FRAP analysis on growth cone protein synthesis - control cells untreated
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Figure 15: FRAP analysis of growth cone protein synthesis -Nocodazole treated cells 
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Figure 15: Growth cone structures of PC12 cells after Nocodazole treatement  shows translation and degradation machinery 
(1, 2, 3) Graph and pictures of growth cone like structures in PC12 cells showing protein synthesis and degradation in short duration of 
time ranges from 0-30 min at 5 min interval.FRAP analysis on growth cone protein synthesis shows growing growth cone like structures 
have translation and degradation machinery and also indicate an decrease in protein content at coallapsing growth cone (Pointed 
arrowhead pic2,3). Graph 2,3) shows relative frequency distribution and fold decrease and (pic 1, Graph 1) fold decrease in protein 
content in the growth cone at each time point from 0 to 30 at 5 min interval. (Green-0min, Blue-5min, Brown-10min, Pink-15min, 
Violet-20min, Black-25min, Red-30min). Fold increase or decrease of protein content is represented in pseudo colour map LUT.115



Figure 16: FRAP analysis of growth cone protein synthesis - Taxol treated cells
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Figure 16: Growth cone structures of PC12 cells after Taxol treatement shows protein synthetic machinery 
(1, 2, 3) Graph and pictures of growth cone like structures in PC12 cells showing protein synthesis in short duration of time ranges from 
0-30 min at 5 min interval. FRAP analysis on growth cone protein synthesis shows growing growth cone like structures have local 
protein synthetic machinery and also indicate an increase in protein content at polarized regions(Pointed arrowhead pic2,3). 
Graph (1,2,3) shows relative frequency distribution and fold increase of protein content in the growth cone at each time point from 
0 to 30 at 5 min interval. (Green-0min, Blue-5min, Brown-10min, Pink-15min, Violet-20min, Black-25min, Red-30min).Protein content
increases upto 5 fold after 30 min when compared to the control level at 0 min can be seen from hot colors in the LUT.116



protein content up-to 2-fold (Figure 15 picture 2,3 and graph 2,3) also was observed

in taxol treated cells at some localized spots (Figure 16 picture 1, Graph1) and also

can be seen from distribution at 30 min (red trace in graph 1 Figure 16). The relative

distribution of protein content is plotted in frequency distribution graph of ratio

images at each time point ranges from 0-30 min with 5 min interval. From the results

we obtain, it is evident that the collapsing growth cone tends to maintain the internal

protein content by locally degrading them in a relatively short time frame. The extent

in which protein degraded in growth cone is purely dependent on the activity of

growth cone and the total pool of unused (toxic) proteins. To our knowledge, this is

the first indication that NFM proteins are selectively degraded in collapsing growth

cone like structures.

4.2.2.4. Growth cones of Cortical Neurons show chemotropic response to

 protease and proteasome Inhibitors

Protein turnover hypothesis was validated with the behavioral response of neurons

under the effect of different stimuli and inhibitors. To show the inherent properties of

the growth cone to change its the morphology upon applying different guidance cue,

the reversibility of guidance in the presence and absence of inhibitors. We used Lyso

Phosphatidic Acid (LPA) as guidance molecule and Lactacystin, Protease Inhibitor

Cocktail (PIC) as inhibitor system. To study the chemotropic response of growth

cone, we used embryonic cortical neurons in dissociated primary cultures as the

model system. The growth cone collapse assay was performed with LPA, which is

known to collapse many neuronal populations and was not tested in cortical neurons.
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As a positive control we used sema3a and Netrin1, which are known (campbell. DS et

al 2001) for their collapse and repulsion in cortical neuron system.

4.2.2.4.1. Collapse assay

To perform the collapse assay we used cortical neurons from the embryonic mouse

E18 which was seaded a day before treatment with LPA. Culture dishes were coated

with PLO and no laminin, since laminin is known to inhibit the collapse of growth

cone. Compared to control neurons at 18 hours after growth in culture, about 80% of

the cortical neuron show collapsed growth cone morphology, (Figure 17) under the

effect of treatment with 100 um/ml LPA for 15 min. In order to study the effect of the

proteasome and the protease in the LPA induced growth cone collapse, cells were

additionally treated with lactacystin (100um/ml) and PIC (1x/ml), before adding the

LPA.

We analysed several parameters for the the growth cone like morphology, neurite

length and number of collapsed and intact growth cones. The analysis showed that

growth cone collapse massively for LPA (60%) and the was inhibited partially by

lacatacystin (30%) and PIC (50%), while PIC treatment show a extended neurite

length when compared to lactacystin (plot D , Figure17 and18). We further compared

the effect of other guidance cues Sema3a (Figure 19) and Netrin1(Figure 20) on

growth cone morphological behaviour. The results indicates that sema3a induced

collapse (50%) was inhibited by proteasome inhibitor lacatacystin (40%) and PIC

(50%), but the Netrin1 mediated growth or repulsion does not show any significant

difference with inhibitors. (Plot E of Figure 20 and pic A,B,C,D).
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Figure 17: Inhibitory effect of proteasome and Protease inhibitors in LPA induced 
growth cone collapse :
(A,B,C) Pictures of cortical E18 embryonic mouse neurons in culture   untreated for control shows 
normal growth cone morphology .(D,E,F) Representative neurons treated with LPA  for 15 min in  
neuronal culture, showing collapsed morphology in 60% of neurons in comparison with control. 
(G,H,I) Pictures showing inhibitiory effect of protease inhibitor on growth cone collapse induced 
by LPA, PIC treatment shows  extended neurite length in 30% of the rescued neurons as can be 
seen in (G,H) . (J,K,L) Pictures showing the inhibitory effect of proteasome inhibitor Lactacystin, 
50% of the recued neuron show normal growth cone morphology and no change in neurite 
length when compared to PIC treated neurons.

Figure 17: Effect of protease and proteasome inhibitors on LPA induced collapse

119



GFAP Staining for Astrocytes in counting

Protease Inhibitor Cocktail (PIC)
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Figure 18: LPA induced collapse and the effect of inhibitors on growth cone collapse

Figure 18: Inhibitory effect of LPAinduced growth cone collapse by proteasome and 
protease inhibitors
(A) Pictures of neurons representing control experiments on the effect of Protease (PIC) 
and proteasome (Lactacystin) inhibitors and in maitaning growth cone morphology with 
extended neurite length (A, 1,2). (B) Lactacystin treated control neuron showing fine 
growth cone morphology with extensive branching (B, 1,2) when compared to PIC treated 
neurons. (C) Control sample neurons showing no induced effect of collapse to DMSO 
treatment (C1,2),which was used to dissolve inhibitors of proteasome and LPA. 
(D) Histogram demonstrating the percentage of neurons with normal growth cone 
morphology under differeent stimulus. (E) Control staining for Astrocyte specific antibody 
Glial Fibrillary Acidic Protein (GFAP), which was excluded in the counting for growth cone 
morphometry to correct for the neuronal populations in total.
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Figure 19: Effect of Inhibitors for proteasome and protease on Sema3a induced collapse

Figure 19: Effect of Inhibitors for proteasome and protease on Sema3a induced collapse

(A) Untreated control neurons showing Normal growth cone morphology (A,1,2). (B) Inhibitory 

effect of lactacystin on sema induced growth cone collapse fig(B,1,2) shows rescued 

morphology when compared to the neurons collapsed upon sema 3a treatment (C,1,2)

(C1,2) Neuronal pictures showing collapse induced by sema 3a after 15 min of treatment. 

(D,1,2) images of Neuronal population treated with PIC 15 min before adding Sema 3a shows 

a complete reversal of collapse induced by sema 3a and most of the neurons upon PIC 

treatment shows extensive axonal branching and prominent growth cone. (E) Cummulative 

histogram showing the relative % of normal neuronal growth cone upon treatment with 

Sema 3a and the relative inhibitory effect of protease and proteasome inhibitors on sema 3a 

induced collapse (Arrow head shows the growth cone morphology upon different treatment)

Effect of inhibitors on Sema 3a induced collapse
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Figure 20: Effect of Inhibitors on Netrin1 induced
growth or repulsion  
(A) Untreated control neurons showing 
non collapsed growth cone with extended axons 
(B) Neurons treated with Netrin1 a repulsive or 
growth promoting guidance cue showing 
increased axonal branching and multiple axonal 
growth cones or of normal morphology see arrow 
head in (B, 1,2). (C) Inhibitory effect of protease 
inhibitor PIC on netrin induced growth or repulsion,
arrow head shows pronounced axonal branching 
and fine growth cone structures (C, 1,2)
(D) Lactacystin treatment on netrin induced 
repulsion shows extended neurite (D,1) and 
branching (D,2) similar to netrin mediated effect
(E)Cummulative histogram showing the relative%
normal growth cones effect of inhibitors on 
Netrin induced growth or repulsion   

NETRIN1 NETRIN+LactacystinNETRIN1+PICCONTROL

Netrin1 Induced Growth or repulsion

Figure 20: Effect of Inhibitors on Netrin1 induced growth or repulsion
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4.2.3.  Analysis on protein synthetic machinery in the growth cone

4.2.3.1. Growth cone like structures of PC12 cells has protein synthetic

 machinery

Growing and extended growth cone like structures of PC12 cells have proteins

synthetic machinery. From the FRAP experiments we perfomed on PC12 cells with

and without transport inhibitors (Nocodazole and Taxol) showed a concluding

observations that the growing structures at the tip of the PC12 cells demostrating the

growth cone like morphology (Figure 14 pic 1,2,3, Figure 15 pic 1 and Figure 15 pic

3 ) synthesize proteins locally and the net synthesis ranges from 2 to 4 fold. FRAP

experiments and image processing were performed same as explained above (see

results section 4.2.2.3). By comparing the net protein synthesis in the growth cone

like structures from control experiments with cells treated using inhibitors, there is a

clear evidence that the protein synthesis is enhanced in the growing tip which is

locally regulated and higly polarised depends on the activity status of the growing

structures (Figure 14 pic 2,3, Figure 15 pic 1 and Figure 16 pic 3) see pointed arrows

indiacte the growth cone protrusion with increased ratio. The net increase in protein

content upto 5 fold under untreated control condition (Figure 14 A,B,C) is partly due

to net anterograde transport. It is also evident from the analysis on nocodazole treated

sample (Figure 15 A) showing only 2 to 3 fold increase, indicates the inhibition of

protein contribution through transport. On the contrary the FRAP analysis of taxol

treated (known to cause inhibition of anterograde transport) sample cells, showing 3

to 4 fold increase in net synthesis of protein explains beyond doubt, the presence of

local protein synthetic machinery.
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4.2.4. Analysis on protein folding in cells and in the growth cone.

4.2.4.1. Folding Mutant (FM) can induce Heat Shock Protein 70 in Bag1
 transfected CSM cells

We tested the sensing and induction capability of FM on different cell lines to show

the possibility of using FM as a heat shock sensor using a standard biochemical

methods. For this experiments the FM YFP driven by CMV promotor was transfected

in different cell lines like CHO, CSMwt, CSM BAG1 stable cell line, and CSM

BAG1ΔC mutant stable cell line. The cells were grown at 37°C for 18 hours and lysed

for crude protein lysate. Equal amount of lysate was loaded in a SDS PAGE gel and

Western blotting was probed for the total protein using GFP antibody and induction

level of HSP70 using Monoclonal HSP70 antibody (Figure21, Blot B). When

comparing the level of FM expression to the HSP70 induction, there is a marked

increase in HSP induction only in the cells expressing BAG1 but not the BAGΔC.

The stress response crated by an aggregating FM was mild in the control cells, which

was observed slight increase in HSP 70 induction and was observed to be different for

the cells like CHO and CSMwt. (Figure 21, Graph A). The basal level is marked with

the control cell line CHO (Green line Graph1), which show the marked characteristics

of CSM cells with and without BAG1 and BAGΔC mutants. The results indicate that

BAG1 a co chaperone stably expressed in CSM cells show a dramatic increase in

HSP70 induction of 30 fold, which presumably restores the folding capability of FM

mutant. The cells expressing BAG del mutant show a negative regulation in HSP70

induction, which was explained in the literatures that BAG del mutant without c-

terminal HSP binding site acts as a dominant negative regulator of HSP induction

(Kermer et al). There is a basal increase in HSP70 level of CSMwt cells as compared
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(A) Comparative histogram showing the relative increase in ratio of HSP70 
induction with respect to FM over expression in different cell lines
(B) western blot of total cell lysate expressing Folding mutant at various 
cell lines, probed against total protein with GFP anti body and HSP70 
induction with HSP70 anti body. The relative intensity ratio of GFP over 
HSP70 from the blot (Figure C) was plotted in histogram (plot A). 

   CHO	 CSMwt       BAG1     BAGdel	 	

HSP70

GFPab

Base line control of cell line (CHO)

A

B

Figure 21: Response of Folding Mutant induced HSP70 expression  in BAG1
expressing cells 

Figure 21: Response of Folding Mutant induced HSP70 expression  in BAG1
expressing cells 
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to the CHO cells, explains the variability in the internal gene expression system and

by comparing the level of HSP70 induction with the control of CSMwt cells, BAG1

expressing CSM cells show 10 fold increase in HSP70 induction (Figure 21, Graph

A). These results further provide a link that BAG1 is a co-chaperone that induces the

level of HSP70 and prevents the degradation of HSP70 immediately after synthesis.

4.2.4.2. HSP70 overexpression has no effect on local protein folding at the PC12
 cells growth cone

Our attempt to study the local folding machinery in the growth cone like structures

failed to show any indication that there is a heat shock mediated folding in

differentiated PC12 cells. The PC12 cells were transfected with HA tagged folding

mutant driven by the CMV promotor. CFP-tagged HSP70 was co-transfected folding

mutant as a positive control to check for foldase activity.  The cells after transfection

were grown at 37°C for 18 hours and fixed. The HA tagged FM was immuno labelled

with CY5 tagged 2’ antibody for monoclonal primary HA antibody. To measure the

folding efficiency images were taken for YFP emission upon YFP excitation and CY5

emission upon CY5 excitation. By image division of YFP emission with CY5

emission and processing the ratio images of YFP/CY5 for localised folding response.

The observation we made, indicated that there is no net difference in folding with and

without HSP70. We were unable to find any significant difference in the folding

efficiency either in growth cone or in whole cell (Figure 22 graph 1,2 and pic 1,2).

The possible argument may be that PC12 cells after differentiation might have a

altered response for the induction of heat shock protein and to our surprise there was a

supporting evidences came from the work of (Dwyer et al 1996), claims that

differentiated PC12 cells fail to respond for the induction of HSP 70 after treatment
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Figure 22: Local response of HSP70 at the growth cone of PC12 cells
(A, B)Frequency distribution graph of HSPresponse on folding mutant at growth cone and at 
whole cell respectively, showing fold increase of positive(Red trace)incomparison to control 
Green trace). (C,E) Representative pictures plotted in graph for control and positive respectively  
showing nosignificant increase in positive cells (E) in comparison to control (C). Figures 
(D,F) Representative pictures of whole cell for HSP induced folding response of folding mutant,
showing no significant increase in folding response for positive (F) in comparison with control(F)
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with NGF, while undifferentiated cells induce heat shock response upon brief

exposure to elevated temperatures or by addition of ethanol to the cultures.

4.2.5. Functional analysis of HSP70 in aggregation induced

neuropathology

4.2.5.1. HSP 70 overexpression prevents aggregation induced cell death

To explain over expression of HSP70 in preventing aggregation induced cell death.

We used aggregation prone proteins Tau and α Synuclein with and without HSP70

under CMV promotor in CHO cells. To this extent we tested the effect of HSP70 in

preventing protein aggregation and cellular toxicity. The GFP tagged cDNA were

cotransfected with HSP70 and cultured for 24 hours at 37°c and fixed with PFA. We

used an In house developed automated Screening methodology (Esposito A et al), to

calculate the number of cells for several parameters namely, cell survival,

morphology, and increase in intensity. This method allowed us to measure over 6000

cells in each samples and the results are extrapolated with control cells, which is

transfected only with normal GFP. The results obtained on the cell count were plotted

against the control sample as a ratio of rescue in cell death (Figure 23, Graph A), and

it showed a significant rescue ratio for both wt Tau and wt α Synuclein, about 4.5 and

2.5 fold respectively, By looking at the rescue ratio of Mutant situation is rather less

significant with respect to α Synuclein mutants and mild or less dramatic with Tau

mutant when compared to wild-type situation. These differences in rescue ratio can

further be counted as a indication of severity in toxicity of mutant with respect non

aggregating wild type and their response to stress signal activation.
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Figure 23: Effect of protein aggregation in HSP70 induction and cell survival

Figure 23: Effect of protein aggregation in the HSP70 induction and cell survival
(A) Bar graph showing effect of protein aggregation in cellular toxicity and the resultant 
rescue ratio of HSP70 over expression on cells expressing aggregting proteins. control line 
indicates the base line with GFP and HSP70 co-expression condition (Figure A  black line)
(B) western analysis on strength of  protein phosphorylation with aggregating Tau mut 
protein in comparison with Tau wt,proteins are probed with T46 (C-terminal antibody) and 
PHF-1 (phosphorylation antibody) to show the amount of protein and relative 
phosphorylation (C) Western analysis of Tau mut protein aggregation in comparison with 
Tau wt, probed using C-terminal anti tau antibody showing multimeric tau aggregates in 
supernatant and pellet fraction of Tau mut but not in the wt Tau or mock situation 
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4.2.5.2. Protein aggregation and cyto-toxicity are induced by phosporylation

We further tested the strength, physiology and the severity of fast aggregation in Tau

pathology. We performed western blot based biochemical analysis on the Tau wt and

Mutant protein expressed under physiological cell system. To perform the experiment

we choose the CHO cells, which lacks the endogenous source of Tau and hence the

aggregation and toxicity is mainly based on the extracellular source of Tau expressed

under a controlled mammalian CMV promotor. Western blot analysis was performed

on protein samples, expressed and harvested from CHO cells. Fractions were

separated into soluble supernatant and insoluble pellet fraction; this is to show the

level of aggregation and their soluble properties upon aggregation. Samples were

probed with primary antibody against C-terminal 41 aa sequence of Tau. From the

results to our surprise the Tau mutant was found primarily on the soluble fraction with

a tetramer adduct of Tau protein with small fraction of it in the monomer form. It was

also quite clear from the blot that there is a significant proportion of multimer Tau

protein in pellet fraction (Figure 23, Blot B), which indicate that the aggregation is

due to increased specific protein to protein interaction induced by phosphorylation

than a non specific hydrophobic interaction and it might have a link with hyper

phosphorylation of Tau protein with aggregation. This idea was supported by the

evidence came upon the western blot analysis of Tau protein for phosphorylation, by

using classical Tau antibodies, which labels the phosphorylated amino acids.

Antibody against Tau paired helical filament (PHF)  (Figure 23 Blot C) showed a high

molecular weight adducts with strong antibody labelling when compared to wild type

Tau protein, The strength of phosphorylation would be atleast 10 fold excess in Tau

mutant when compared to Tau wt.
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Chapter 5: DISCUSSION

5.1. The use of biosensor for the study of local events of

      protein transport, ubiquitination, folding and synthesis.

5.1.1. Development of axonal transport marker to study the

contribution of cell soma for local protein pool in the growth

cones

From our current investigation, it is clear that the transport of synaptophysin (p38)

FLAP tag in the axon is bidirectional and the total protein as a bulk is transported both

in  anterograde and retrograde direction. By looking at the amount of protein

transported, we record that about 60% of the protein from the bleached region is

primarily transported in the anterograde direction and 30% of it in retrograde

direction. This enable us to measure the amount of protein transported locally toward

the distal region of axons for instance the growth cones.

Above all, by looking at the relative location of synthesized protein and the protein

transport using this assay, we record the directionality, bulk of protein in specific

direction, and the relative time frame in which protein transported. This assay

suggests that FLAP tag based transport marker can be used as a relative index for the

proteins transported,  the direction in which they are transported and the amount of

protein transported in specific time. By tagging the candidate protein to FRET based

FLAP sensor, we have an ideal tool to study the subjective contribution of cell soma

to the protein pool of the growth cone and these informations discussed above may
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eventually contribute for the information of local protein turnover mecanism in

growth cone navigation.

5.1.2. REACh-based FRET sensors for protein ubiquitination

We demonstrate by different methods the suitability of the REACh acceptor in

determining FRET between proteins in a physiologically relevant setting. The novel

FRET pair GFP-REACh was used to construct a very sensitive assay for the

visualization of protein ubiquitination in single cells, both by FLIM-based method and

by a modified FqRET method on a dual-dye ubiquitination substrate. In its current

use, the ubiquitination assay reports on the local activity of the ubiquitination

machinery, but can easily be expanded to detect the ubiquitination of other GFP-

fusion proteins and can be converted into a cell-based screening assay for candidate

protein substrates that possibly be ubiquitinated

5.1.2.1. REACh-Based Ubiquitination assay in biological systems

Our study using REACh based ubiquitination assay has innumerable advantages like,

detecting ubiquitination of proteins involved in physiological signalling cascade,

measuring the recycling rate of protein targeted to ubiquitination and the

physiological interaction (protein assisted-protein degradation) of the proteins

targetted to the proteasome mediated degradation. In the current assay we measured

the protein ubiquitination by using de-stabilised GFP with REACh labelled ubiquitin.

By simply replacing the GFP-PEST with other known or possible protein

ubiquitination substrate with GFP donor, it is possible to measure the active protein

ubiquitination of any candidate protein. With this we also provide two independent
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possibility of FRET measurement namely, FRET as measured by FLIM in time

correlated single photon counting (TD-FLIM) and intensity dependent measurement

of donor quenching using confocal based FqRET. Furthermore this protein

ubiquitination probe can be used in cultured neurons to detect and locate the

functionally active protein ubiquitination machinery in vitro.

5.1.2.2. Spectral advantages of REACh

Most of the spectral and practical advantages are due to the loss of detectable

fluorescence from the acceptor. It should be noted, however, that with the current

mutants this holds true only for two-photon excitation. When imaged under single

photon excitation conditions, very weak residual fluorescence from these REAChes

can be observed. This has no practical consequences for the ratiometric FqRET

method, but does contaminate the lifetime measurements on our other, wide-field

frequency-domain, FLIM setup. Apparently, the absorption characteristics of REACh

under one- and two-photon conditions differ dramatically and the two-photon cross-

section appears to be very low in comparison. In this respect, contribution of lower

lifetime emission from the residual fluorescence of REACh can only be caused by

direct excitation as sensitized emisssion follows the decay characteristics of the longer

lifetime GFP donor.

Since most commercially available and practically implemented FLIM equipment in

use today is based on the femto-second-pulsed nature of an available two-photon

laser, allowing an existing scanning two-photon microscopy setup to be easily adapted

for FLIM measurements by relatively inexpensive photon counting electronics and an

additional sensitive photon point detector, the REACh mutants described here will be
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of direct use for most FLIM users. Although the REACh acceptor is not visible in

cells, the meaningful readout of FRET measurements is the visualization of the donor-

acceptor complex. This is inferred from the occurrence of FRET as judged from the

donor fluorescence properties. In fact, in many FRET assays, the acceptor is

commonly present in large excess over the donor in order to saturate the donor

binding event for optimal and quantitative detection of the interaction.

For most questions, as for our ubiquitination assay, the localization of non-interacting

acceptor-labeled proteins does not carry much information. When required, the

localisation of the acceptor can be established either in a separate experiment with a

fluorescent acceptor or in a post-acquisition determination e.g. using antibodies

against an epitope-tagged acceptor construct similar to our additional fluorescent

modification of the donor-labeled molecules for the FqRET implementation.

Alternatively, the acceptor could be doubly tagged with the spectrophysically superior

REACh acceptor and a (far-) red emitting fluorescent protein for the simultaneous

establishment of its localization in a FLIM experiment. Our experiments demonstrate

the applicability and the advantages of the use of dark chromoproteins as FRET

acceptor for GFP. This FRET pair GFP-REACh is superior to the currently favoured

CFP-YFP combination due to its larger overlap between donor emission and acceptor

absorption spectra and enables the use of fluorophores that are not separable

otherwise. REACh also has a number of advantages over previously reported FRET

methods and pairs.

135



REACh: Resonance Energy Accepting Chromoprotein

GFP tagged 
ubiquitination

substrate ) 

GFP

non-fluorescent
FRET competent
YFP

poly-ubiquitin
chain

construction of a live-cell ubiquitination assay

Bright    Half Bright   REACh

136



5.1.2.3. Advantages of REACh acceptors for FRET based measurements

Since our dark REACh mutants retain their absorptive properties, they are ideal

acceptors for FRET. The advantage of REACh acceptors in donor-based FRET

measurements like FLIM and donor photobleaching FRET, is that every emitted

photon from the pair contributes to the FRET measurement, thus obviating the need

for strict spectral filtering and thereby increasing the signal-to-noise ratio. In our

FqRET assay, the Cy5 reference fluorophore is positioned in a part of the optical

spectrum that effectively also allows the collection of the entire emission band of

GFP. Furthermore, REACh acceptors allow a larger spectral overlap of donor

emission and acceptor absorption, thus increasing the separation distance over which

FRET can be detected. This is obvious from the calculated R0 distances of the

REACh-GFP pair (5.6 and 5.9 nm) which exceed the R0 distance of the currently

favored CFP-YFP couple (4.9 nm) (Harpur, A.G., et al 2001) .

The extremely short excited state lifetime of the REACh acceptor provides an

additional advantage to FRET measurements. Since an acceptor molecule in the

excited state cannot accept energy from a donor, the lifetime of the acceptor limits the

rate of FRET16. Dark, short-lifetime fluorophores, i.e. chromoproteins, are therefore

photophysically preferred as FRET acceptors over their fully fluorescent counterparts.

Finally, another advantage of the extremely short fluorescence lifetime of the REACh

chromoproteins is that acceptor photobleaching via FRET-mediated excitation is

abolished. High FRET rates and an unfavourable photostability balance between the

donor and acceptor can lead to serious degradation of the measured FRET efficiency.

Because the use of a dark acceptor liberates a large part of the optical spectrum, an

additional advantage of REACh is that it enables the use of fluorescence-based
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detection of additional cellular components or even multiple FRET pairs

simultaneously (FRET multiplexing). In the latter case, the multiple donors need to be

suitably spectrally separated and used with suitably corresponding dark REACh

acceptors. An increasing number of non-bioluminescent coral-derived chromoproteins

have been described that were rendered fluorescent by mutagenesis. However, the far

red-emitting variants could be used in their original non-fluorescent forms as

acceptors for red-emitting VFPs to form a second FRET pair alongside GFP-REACh

in the same cell. Other spectrally isolated combinations will likely become available

from alternative sources for novel spectral variant fluorescent proteins with improved

spectral properties (Fradkov, A.F. et al., Yanushevich, Y.G. et al 2002).

The possibility to correlate a FRET effect with the behavior of another fluorescently

labeled cellular component allows the generation of sophisticated bioassays that will

be needed to probe causal connections in the biochemical network that governs cell

behavior. Furthermore, in the case of the currently popular donor-acceptor chimeric

FRET sensors, our approach can transform ratiometric methods into a simple single-

wavelength intensity measurement. In addition, the use of only one spectral band in

the determination is of advantage to simplified instrumentation for FRET detection,

e.g.  in high-throughput screening. The unique possibilities that the REACh method

offers will expand the applicability of current FRET biosensors by improving the

sensitivity, design and flexibility of both FLIM-based and intensity-based FRET

assays.
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5.1.3. Biosensor to detect the chaperone assisted local protein folding

5.1.3.1. Protein folding-dependent foldase sensor

In the current study to detect the local event of structural instabilty of proteins as the

mechanism of regulation of growth cone navigation, we created a novel biosensor that

can sense the folding discrepancy and stress induced heat shock protein induction.

This sensor work with the principle of folding dependent increase in the fluorescent

intensity and we call it as Foldase sensor. To study the functional role of foldase

sensor we used a system that induce the heat shock protein expression that inturn

results in folding of foldase sensor and it has the direct relevance to neuronal injury

and cell survival.

5.1.3.2. Foldase sensor in sensing BAG1 induced HSP70 induction

BAG1 has been characterized as a regulator and marker of neuronal differentiation

exhibiting neuroprotective properties in vitro as well as in a transgenic mouse model

in vivo (Kermer et al.  2002 and 2003). This multifunctionality has been suggested to

be dependent on the binding partners interacting with BAG1 (Takayama and Reed

2001). To explore the influence of the known binding partner HSP70 on the above

mentioned features of BAG1, in the present study, we stably overexpressed a BAG1

deletion mutant (BAGdelC), lacking Hsp70 binding capacity. We used CSM14.1

cells, which originate from rat nigro-striatal neurons immortalized by expression of

temperature-sensitive SV40 large T antigen. These cells show a high proliferation rate

at permissive temperature, while inactivation of large T antigen at non-permissive

temperature induces neuronal differentiation (Zhong et al. 1993).
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5.1.3.3. Foldase sensor in sensing the differences of inducibility of chaperone

It is known that chaperones interact with misfolded or partially folded polypeptides in

order to prevent interactions that would result in aggregation. Chaperones belonging

to the Hsp- and Hsc70 (70-kDa heat shock protein and cognate protein) family handle

the majority of substrates within the eukaryotic cytosol. The main function of these

chaperones is to fold newly synthesized proteins or to refold proteins after stress

denaturation through ATP binding and hydrolysis (Bukau and Horwich 1998; Hartl

and Hayer-Hartl 2002; Young et al. 2001). The subcellular localisation as well as the

substrates of such chaperones are predominantly determined by a number of

regulatory or accessory co-chaperones. In general, such co-chaperones consist of a

chaperone-binding domain and other domains which supply different activities or

localisations within the cell. BAG1 is one of those known co-chaperones. It has a C-

terminal BAG-domain which interacts mainly electrostaticly with Hsp70

(Sondermann et al. 2001). BAG1 binds to the ATPase domain of Hsp70 resulting in a

strong acceleration of ATPase activity (Höhfeld and Jentsch 1997). Further

investigations revealed that this acceleration is due to stimulation of ADP release via

opening of the nucleotide binding cleft of the Hsp70 ATPase domain (Höhfeld and

Jentsch 1997; Gässler et al. 2001; Sondermann et al. 2001). BAG1 thereby acts as

nucleotide exchange factor for Hsp70, triggering substrate unloading from the

chaperone. Though the mechanisms of BAG1/Hsp70 interaction were studied

extensively, the influence of BAG1 on chaperone ‘foldase’ activity is still a subject of

controversy and debate. While some studies suggested BAG1 to be an inhibitor of the

ATP-dependent Hsp70 activity (Gebauer et al. 1997; Takayama et al. 1997; Zeiner et

al. 1997), others presented strong opposing evidence for BAG1 as a positive co-
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chaperone (Terada and Mori 2000; Gässler et al. 2001). These opposing findings were

attributed to differences in co-factor expression, but also by the expression of

different BAG1 isoforms with the short forms of BAG1 acting as positive, and longer

forms as negative regulators of chaperone foldase activity  (Lüders et al. 2000).

In this study, we demonstrate that the short isoform of mouse BAG1 dramatically

increases chaperone foldase activity. To our knowledge, we are the first to

demonstrate and quantify BAG1-dependent chaperone activity inside single cells.

5.2. Observations on protein turnover in the growth cone

Protein turnover or recycling as a regulatory mechanism in the axonal growth cone

navigation is still considered to be a premature field of research. Though there are

many research publications, supporting the theory of axonal protein synthesis and

degradation, there is no systemic evidence yet, to support the role local protein

turnover mechanism in regulating the growth cone navigation. In this study we

investigated the combined roles of local protein turnover mechanisms namely

transport, synthesis, degradation and folding in regulating the axonal growth cone

morphologic behaviour in the context of axonal pathfinding.

5.2.1. Protein translation and degradation occurs locally in the

growth cone

In this work, we investigated the combined roles of local translation and degradation

during growth and collapse of neuronal growth cones. We observed that when
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microtubule mediated transport is inhibited in cells using taxol or nocodazole, the

bleached regions of  growth cone like structures of pc12 cells expressing NFM-GFP

indicated a marked increase in total protein content of GFP-tagged NFM protein

content within 30 min. The fold increase in protein content can be taken into

consideration as a rough index for growth cone protein requirement under different

stimuli and the net synthesis of protein in use upon specific stimulus. In this work we

identified the independent activity of growth cone protein synthesis by blocking the

transport of protein from cell body towards growth cone or away from it. The rate in

which the protein synthesis occurs, provides the insight that the growth cone has its

own protein translation machinery and it continuously replenishes the local pool of

protein required during activity. It is also evident that growing axonal growth cone

tends to show a dramatic increase in protein synthesis at the leading edge in

comparison to the growth cone central domain suggesting that accumulation of newly

synthesized protein at the leading edge is needed for growth promotion. On the other

hand we also found that growth cones of pc12 cells with collapsed morphology show

reduction in their local protein level in short duration of titme. We found a significant

reduction in the total content of protein within 30 min after blocking the microtubule-

based transport, suggests that protein degradation is a local event and it indicates that

growth cone follows one of these recycling mechanism to make autonomous

decisions upon growth and collapse under different stimuli.

In the other findings with REACh ubiquitination assay performed in differentiated

PC12, we found it noteworthy that protein ubiquitination machinery can be a part of

local pool of growth cone protein recycling machinery. From the REACh-based

FqRET and FLIM measurement in PC12 cells for protein ubiquitination, most of the
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micro clusters positive for ubiquitin antibody are localised around axonal periphery,

along axons and in branches, indicative of the presence of ubiquitination machinery in

growth cone and hence activated and regulated in close proximity to the growth cone.

With all the convinsing evidences of local translation and degradation, it is still hard

to exclude the concept that axonal transport may play a major role in contributing for

the significant proportion of protein recycling. The anterograde transport of mRNA

and organelles is beleived to be responsible for sequestered synthesis of protein of

interest at any given situation during growth cone navigation (Roy et al., 2000; Wang

et al., 2000; Wang and Brown, 2001). On the other hand there is still a debate whether

retrograde axonal transport actually helps maintaining the local pool of recyclable

protein content at the growth cone. This leads us to the conclusion that transport

cannot be excluded completely from the local mechanism of regulation for

chemotropic growth cone guidance.

5.2.2. Chemotropic response of neuronal growth cone mediated by

 rapid local protein turnover

We have examined the role of protease and proteasome-dependent proteolysis in

mediating chemotropic responses of cortical neuronal growth cones. We found that

each of the three different cues investigated, namely sema3a, LPA and netrin1 elicits

responses through intracellular pathways that involve either translation or degradation

or a combination of both. Sema3A and LPA-induced responses require degradation,

while netrin-1-induced growth or repulsion is altered by protein degradation, but not

so significantly. Together, our data suggest that growth cone steering is likely to be

mediated by rapid local changes in protein levels.
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In our experiments, pharmacological inhibition of the proteasome blocks both netrin-

dependent growth cone turning and LPA and sema3a -induced growth cone collapse.

In our experimental conditions, inhibitors seem to increase the branching of cortical

neurons which are induced by Netrin1 and tend to stabilise the normal growth cone

morphology in the case of sema3a or LPA, that are known to induce collapse. Since

the local protein translation is also required for appropriate growth and dynamics of

the growth cone, the guidance cues may presumably induce chemotropic guidance

through the regulation of protein levels. Within the growth cone there must be a

protein turnover machinery to regulate the balance of protein synthesis and

degradation for a rapid changes in local protein composition. With all the above

evidences mentioned above, involving local protein turnover in the growth cone, it

provides us with the clue that local protein turnover can be considered a powerful

regulatory mechanism controling the growth cone behaviour locally. Furthermore our

findings reveal similarities between axonal guidance and synaptic plasticity through

the role of ubiquitin-proteasome system. Ubiquitin-proteasome system has been

implicated in axon guidance (Aguilera et al., 2000; Muralidhar and thomas, 1993; Oh

et al., 1994; Poek et al 2001),and synaptogenesis (Di Antonio., et al 2001). Our

findings suggests the presence of ubiquitin-proteasome system in the closed growth

cone compartments of PC12 cells and the possible role of it in the growth cone

guidance on chemotropic responses of the growth cone.

A similar study by Campbell & Holt using Xenopus retinal growth cones

demonstrates that ubiquitin-dependent proteasomal degradation is part of the answer

(Campbell & Holt 2001) for chemotropic response of growth cone. The growth cones
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of Xenopus retinal neurons in culture contain ubiquitin, the E1 ubiquitin-activating

enzyme, and proteasomes. Netrin-1, semaphorin, 1-a-lyso-phosphatidic acid (LPA) is

known to be the guidance molecules that use the ubiquitination machinery to regulate

the behavior of these growth cones. The work of Koenig 1967; Bassell et al. 1998;

Eng et al. 1999; Koenig et al. 2000 and Campbell and Holt 2001, demostrate that

within five minutes of encountering netrin1 or LPA, the levels of ubiquitin-protein

conjugates in the growth cone doubles.

5.2.3. Chaperone induction is required for neuronal survival

From the extensive use of foldase sensor in detecting HSP70 induction, we infered an

interesting finding that chaperone induction is responsible for cell survival and

morphological changes of cells under stress. Protein aggregation reponsible for stress

activation and cell death induces HSP70, thereby prevents the cell death. The

chaperone  protects cells by reducing the amount of cellular aggregate or increase the

accecibility of misfolded protein for proteasome mediated degradation. In other words

aggregation of protein prevents proteasome mediated degradation which inturn

increases cellular stress mediated HSP70 induction (Bence FN., et al 2001). In our

experiments with folding mutant, we designed an assay to check the local chaperone

activity; where in, the chaperone induction is sensed by the direct measure of intensity

changes either from Folding mutant or CY3.1 tagged antibody against HSP70. This

measure is a responsive index for the involvment of chaperone mediated stress

activation. In our assay system, we checked the roles of heat shock protein in

preventing aggregation induced cell stress, by the cytoskeletal and microtubule-

associated aggregation-prone proteins alpha-synuclein and tau respectively, we

observed the role of chaperone in preventing aggregation-induced local stress
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response. By dissecting the internode of chaperone activation and stabilisation using

BAG1 sensitive folding assay, we further provide a strong link for chaperone-induced

prevention of cellular toxicity via anti-apoptotic cascade. Since the chemotropic

response induced by growth cone guidance cue is one such phenomenon, which could

possibly influence the local folding machinery through stress related cascade, the

chaperone sensitive folding assay can further be used to check these local responses at

growth cone microenvironment. Furthermore by using the chaperone sensitive assay

for local changes in chaperone induction and folding, we created an essential tool to

study the stress-related activity induced by chamotropic guidance cues in neuronal

cell systems. To this effect we are yet to study the response of other heat shock

protein sub-families, that are presumably involved in heat shock response namely

HSP27 and HSP90. These observations on local protein transport, synthesis,

degradation, and folding, which are critically important to the growth cone responses

to chemotropic cues, we put forward the follwing interesting questions to be studied

in the future;

1.Which protein(s) other than NFM and spectrin are transported, synthesized, folded

and degraded? Candidates might be proteins such as the cytoskeletal-anchor proteins

or cytoskeletal-associated proteins

2.Which is the regulatory intermediate key component, maintaining the non-toxic

level of protein under different stimuli of guidance cues? (a) Ubiquitin-proteasome

machinery (b) Intrinsic protease-mediated degradation or (c) Chaperone-mediated

folding/unfolding

3.Which is the intermediate step between chemotropic response of  the growth cone?

(a) Synthesis vs Folding (b) Misfolding vs Degradation or (c) Transport vs Synthesis.
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5.3. Conclusions and implications of local protein turnover

        as a regulatory mechanism for growth cone function

1. As argued above, proteins are transported along the axons in a rather slow rate,

axonal transport can therefore not be sufficient to supply necessary proteins to the

growth cone in a time frame required to explain the morphological changes in the

growth cone. On the other hand, retrograde axonal transport could contribute to the

rapid clearance of the proteins as the growth cones represent a small confined volume.

Of course, we cannot exclude the anterograde delivery of proteins to the growth cones

from a distal axonal pool. Instead,

• We provided evidences for protein synthesis within the local growth cone

environment, independent of the transport. Since the local growth cone protein

synthesis rate is clearly detectable within very short time frames (5-10 min),

after blocking the transport, it might be the immediate adaptation response of

the growth cone to the effect of guidance cues. In contrast, the much slower

axonal transport-mediated response aids the long term fate of the growth

cone.

2. The presence of proteasome components in the growth cones suggests that proteins

can be recycled and cleared, depending on need. As both of these mechanisms;

ribosomal protein translation from axonally delivered mRNAs and the ubiquitin

proteasome system, present tonically active machineries, increased clearance,

production, or recycling rates of specific proteins demands the necessity for regulation

of the protein cycle at the level of chaperones. Chaperones are positioned at the ideal
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location to control protein levels as their inactivity would cause newly produced

nascent polypeptide chains to be shuttled to the proteasome directly, while their

activity would lead to the folding and therefore functional stabilization of specific

proteins. In order for this cycle to work properly in response to environmental cues

and to the metabolic status of growth cones, chaperones need to be regulatable other

than through their synthesis. This regulation necessarily has to be embedded in the

cellular signaling network in order to respond to external stimuli. To this speculation,

• We observed the local interaction (PESTgfp+REAChubq) in the growth cone-

like structures of PC12 cells. Furthermore our collapse assays experiment

showed a reversible response of collapse to growth for proteasome-mediated

chemotropic response in cortical neurons. This provides us a conclusive

evidence for proteasome and protease-mediated protein turnover machinery in

the growth cone.

3. Acute changes in chaperone activity would lead to the desired changes in the

composition of the local growth cone proteome. Given the morphological changes of

the advancing growth cone, the proteins that are likely under control of these

regulatory mechanism include, cytoskeletal associated and structural proteins. The

BAG1 protein is a regulatory protein that controls HSP70 activity, it signals

downstream through the RAF kinase, ERK pathway, which are involved in

differentiation, and is itself under regulatory control of an upstream anti apoptotic

signaling network through its connection to the Bcl-2 protein family. Disturbances in

this tightly regulated cycle are also likely to be involved in neurodegenerative

conditions, were aggregation of proteins like poly-glutamine proteins, microtubule
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binding protein tau, and alpha synuclein, lead to neurotoxicity in huntingtins disease,

Alzheimer’s disease, and Parkinson’s disease respectively.

• We observed in neuronal cultured cells, the role of BAG1-induced chaperone-

mediated processes like, protection, regeneration and degeneration under

stress-related conditions. Since chemotropic response is one of that kind yet to

be studied extensively, we link the role of chaperone-assisted folding as a

crossroad between protein synthesis and proteasome-dependent degradation.

This theoratical explanation could be applied to the role of local induction of

stress related proteins in mediating axonal growth guidance and neuronal

development.
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Summary and conclusion

Axonal growth cone of neurons contains protein synthetic and degradation machinery.

The growth cone synthesize proteins locally, which depends on their need and the

influence of local chemotactic response induced by guidance cues. The growth cone

collapse of cortical neurons induced by LPA and sema 3a require protein degradation

machinery and the collapse was completely reversed to growth, by inhibiting both

proteasome and protease mediated protein degradation. On the contrary, netrin1

induced growth or branching remains unaltered and showed no inhibition with

proteasome or protease inhibitors. All the evidence obtained from collapse assay,

suggests that growth cone guidance is mediated locally by several protein turnover

machineries, namely proteasome, proteases and translation machinery. The presence

of endogenous protein-synthesizing machinery in axons and nerve terminals creates

an entirely new perspective in studies of the biology and pathobiology of neurons.

Processes like, growth, differentiation, maintenance, plasticity, pathobiology of axons

and nerve endings should be viewed in the context of local mechanisms, which allow

axons and nerve terminals with the capacity to respond in a semi-autonomous manner

to local challenges.

The growing axonal growth cone contains protein synthetic machinery and the rate in

which protein is synthesised is purely based on the activity and need of the growing

axonal growth cones. Axonal growth cone contains protein ubiquitination machinery,

which provides the link for recycling of proteins after synthesis to maintain the local

pool of protein under non-toxic level. The functions of ubiquitin in the nervous

system is considered to be central for modifiying neuronal activity and is known that
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ubiquitin can alter the funtion of neurotransmitor receptors and ion channels. It is

likely that ubiquitin regulates short term plasticity and neuronal excitability and holds

the key to specificity in the nervous system by destryoing abnormal proteins, crucially

involved in development and fuction of the nervous system. Our ubiquitination-based

assay on FRET technology, provides a novel tool to study these functional role of

ubiquitin in the axonal guidance under the influence of guidance cues.

Our foldase sensor, with its ability to sense the heat shock protein induction, presents

a promising tool in the field of chaperone mediated  stress response. With the

combined use of folding mutant and the chaperone assay, it becomes possible to

identify the role of protein folding machinery in the context of local protein turnover

mechanism. In this current research, by identifying the role of BAG1 as an

antiapoptotic factor in regulating the level of heat shock protein and HSP70-mediated

cell survival we provide a strong link for chaperone induced protein folding and cell

survival. The chaperone assay provides a promising tool to study the role of

chaperones in preventing the aggregation, stability and folding of the proteins in the

growth cone microenvironment, which is altered by chemotropic guidance molecules.

By sensing the ability of guidance cues in promoting stress-related cascade and the

regulatory role of heat shock protein in the local protein regulation, it brings us a step

ahead to study extensively the role of heat shock protein in protein-folding,

preventing aggregation and aggregation- mediated neuro-degenerative diseases. With

these concluding remarks we further speculate that we are one step closer to the study

of chaperone-mediated local folding response as a key internode in chemotropic

guidance of axonal growth cones.
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