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Every cell is faced continuously with the task of transducing a vast number

of external signals into appropriate intracellular responses. In mammalian cells,

membrane bound receptors modulate the production of secondary messenger

molecules, such as cyclic AMP (cAMP). Cell signaling through second

messengers relies on the diffusion of such second messengers from sites of

production to sites of intracellular action to modulate the activities of an

intracellular effector molecule, which in turn modulates a cellular response.

Protein kinase A is the primary sensor of intracellular concentrations of cAMP, and

protein kinase A (PKA)-mediated phosphorylation events are regulated by

fluctuations in cAMP concentrations. This thesis examines the mechanism by

which protein kinase A functions within fish melanophore to regulate intracellular

activities in response to cAMP.

A novel in situ assay to monitor protein kinase A-dependent

phosphorylation is described here. By using a fluorescent substrate, the activities

of protein kinase A are characterized in living cells as a function of

phosphorylation-dependent fluorescence decay. Physiologically manipulated cells

were microinjected with the fluorescent substrate to correlate the activities of

protein kinase A and the subsequent effects on melanosome distribution.

Cytoplasmic compartmentalization of protein kinase A is one means to

regulate the specificity of a multifunctional kinase. The physiologic effects of an
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overexpressed PKA anchoring protein, Ht3 1, demonstrated that protein kinase A

anchoring is required to direct the movements of melanosomes. Additional studies

demonstrated that protein kinase A redistributes with the stimulated movements of

melanosomes and interacts with proteins from a motor-protein complex. These

observations shed light on how a transduction complex, consisting of a group of

proteins, which localize components within the cell and provide motor activity, is

able to integrate signaling information that regulate melanosome movements. I

propose a model and suggest that protein kinase A is a component of the

transduction complex: the proposed PKA complex constitutes a molecular

servomechanism comprised of a sensor, an effector, and a regulator that function

together in feedback ioop to direct the motor-protein dependent transport of

melanosomes.
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The Spatial Resolution of Information in a Diffusive Cytoplasm

Chapter 1

The directed transport of pigmented organelles within the colorful skin cells

of lower vertebrates constitutes motile events that can be experimentally

manipulated through well-defined physiologic pathways. Under controlled

conditions, the localized application of an extracellular stimulant will create distinct

zones of transport. Within the cytoplasm, stationary zones of organelles are

adjacent to zones that are actively being cleared of organelles by motor-protein

directed transport. In terms of signaling information, pigmented organelles

stimulated by a diffusible message in one part of the cell are moving into a region

devoid of that message. Given the present state of knowledge, these observations

are paradoxical, as we do not understand the cellular mechanisms that create these

spatially-defined responses. The studies herein investigate how diffusible

molecules and dynamic effectors are able to create spatially distinct signaling

domains within a cell.

1.1 The transmission of extracellular information to sites of intracellular action

The methods by which cells are able to monitor and receive information are

similar in most eukaryotes. Primary messages are received at the cell membrane

and transduced to the cytoplasm by several classes of membrane bound receptors.
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cz2-adrenergic receptors are a subclass of G-protein coupled receptors

(GPCRs)(O'Dowd et al., 1989) with structural and functional similarities that

transduce signals across the cell membrane after interacting with their extracellular

ligand (norepinephrine) (Hem and Kobilka, 1995). Norepinephrine induces the

receptor to undergo a conformational change to modify the function of a

heterotrimeric guanine nucleotide-binding protein (G protein) that is associated

with the intracellular face of the receptor. The binding of GTP causes the trimeric

complex to dissociate and form complexes of GaGTP and G1 The activated G

protein subsequently interacts with a downstreamenzyme to regulate the

concentration of an intracellular second messenger, which in turn modulates the

activities of intracellular effectors (Levitzki, 1988). In this fashion, the ligand-

induced conformational change of the receptor transmits or transduces an

extracellular stimulus to a site of intracellular action.

With the exchange of GTP for GDP, activated Ga subtypes modulate the

activity of intracellular enzymes to affect the production of intracellular second

messengers. For example, is coupled to a,-adrenergic receptors (Lefkowitz and

Caron, 1988). Upon binding norepinephrine,
G1 exchanges bound GDP for GTP,

which in turn causes Gto dissociate from the complex. The activated GIaGTP

subsequently interacts with adenylyl cyclase, a downstream target molecule. When

active, adenylyl cyclase catalyzes the hydrolysis of adenosine triphosphate (ATP)

to produce cAMP, an intracellular secondary messenger (Cerione et al., 1986);

however, GiaGTP inhibits adenylyl cyclase and thus attenuates cAMP production.



Additionally, G, activation stimulates a cyclic-nucleotide phospho-diesterase (PDE)

to catalyze the degradation of intracellular cAMP. In this fashion, through the

concerted actions of G1 activation, a primary message (norepinephrine) is

communicated via the reduction of intracellular pools of cAMP, which modulate

the activities of a downstream intracellular effector.

There is great interest in the mechanisms that enable the integrated actions

of G protein coupled receptors to regulate specific intracellular responses, despite

the degenerate nature of the signaling cascade. Many signaling pathways can be

conceptualized in a linear fashion (hormone receptor G protein second

messenger effector) where cross-talk between signaling pathways is avoided if a

specific receptor activates a single G protein, to produce a specific second

messenger in turn to activate a specific effector. However, this sort of rendition is

oversimplified and maintaining highly restricted interactions at each step would be

the only way to confer specificity. Yet, it is known that a single hormone is able to

bind multiple receptor subclasses, single G proteins can be activated by different

receptor subtypes to modulate the production of a finite variety of second

messengers, which then modulate the activities of an effector molecule with

multiple cellular functions (Raymond, 1995). Thus, the question of how

multifunctional proteins regulate specific cellular responses persists.



1.2 Melanophores as a model system to study PKA physiology

Chromatophores are a class of cell that allows cold-blooded animals the

ability to regulate skin coloration. Chromatophores change their appearance via the

transport of thousands of pigment granules (e.g. melanosomes) in response to

environmental and hormonal cues. Of the several classes of chromatophores the

best studied are the dendritic melanophores, these cells confer the ability to adjust

patches of skin color from dark black, to shades ofgray, and nearly white (Fujii,

1993; Murphy and Tilney, 1974). In the course of changing an animal's color,

melanosomes will move centrifugally (distally) along a radial cytoskeletal

framework and disperse throughout the cytoplasm, or melanosomes be transported

centripetally to the cell center to empty the cell dendrites (Schliwa and Bereiter-

Hahn, 1975). In both instances, the stimulated movements of melanosomes are

regulated by the actions of membrane G protein coupled receptors. Therefore,

melanosome movements can be stimulated and redirected through well established

physiological pathways, which makes melanophores an excellent model to study

the activities and dynamics of the effectors that regulate bi-directional melanosome

transport (McNiven and Porter, 1984).

Pioneering work in the early 1970's demonstrated that melanosome

movements were dependent upon the integrity and polarity of microtubules

(Murphy and Tilney, 1974; Schliwa and Bereiter-Hahn, 1973). Classified by the

rate of tubulin subunit addition, microtubules have a fast growing plus-end and a

slow growing minus-end (Heidemann and McIntosh, 1980; Summers and



Kirschner, 1979), which gives the tubule a directionality. Based on the polarity, the

microtubule cytoskeleton of the melanophore is arranged, as in other animal cells,

with the plus-end at the cell periphery and the minus-ends anchored at the

centrosome, in the cell center (Euteneuer and Mcintosh, 1981). Thus, the direction

of melanosome movements are characterized by the polarity of the microtubule

cytoskeleton, on which they are conveyed. Plus-end directed movements disperse

melanosomes throughout the cytoplasm, and minus-end directed movements result

in the aggregation of melanosomes into the cell body.

The model that described the mechanism of melanosome transport was

refined further by the characterization of force-generating enzymes (motor

proteins) that directed movements along a single microtubule (Vale et al., 1985).

Studies on ciliary movements had demonstrated that the sliding of microtubules in

an axoneme was due to the actions of a protein that utilized ATP to generate force.

Later, in 1987, Richard Vallee and colleagues were able to reconstitute minus-end

directed microtubule-based movements with a protein complex isolated from brain

extracts (Paschal et al., 1987; Paschal and Vallee, 1987). As Vallee later

demonstrated, the directed movements along microtubules were due to the actions

of a cytoplasmic motor protein, dynein: the protein responsible for the

mechanochemical thrust produced in cilia. Just prior to the characterization of

dynein' s role in organellar transport, two labs identified a novel force-generating

axoplasmic protein, kinesin, that was involved in microtubule-based movements

(Brady et al., 1986; Vale et al., 1985). Since their initial characterization, dynein



and kinesin have been shown to direct the microtubule-based movements of

melanosomes (Ogawa et al., 1987; Rodionov et al., 1991).

The physiological basis of melanosome movements had been studied

extensively prior to the described roles of motor proteins. In a 1935 publication, F.

B. Sumner described the selective advantage that color regulation imparted on fish,

and with those studies demonstrated the effects of adrenaline on coloration and

how color changes affected the survivability of fish being preyed upon by penguins

(Sumner, 1935). Since those observations, the effects of several hormones and

neurotransmitters have been characterized based upon how chromatophore

movements were affected (Oshima et al., 1986a; Oshima et al., 1986b). With the

description of how adrenaline affects intracellular messengers, investigators began

to test the effects of cAMP on melanosome movements. Initially, ATP was

proposed to mediate frog melanophore movements because of its conversion to

cAMP by adenylyl cyclase (Lerner, 1971). After the initial confirmation of cAMP-

mediated melanosome dispersion in fish (Novales and Fujii, 1970), it was not until

1986 that the effects of cAMP, in directing melanosome transport, were attributed

to the activation of protein kinase A. In detergent-permeablized fish scales,

Rozdzial and Haimo provided evidence to suggest that a cAMP-dependent

phosphorylation event coincided with plus-end directed melanosome movements,

which led to the proposal that bi-directional melanosome movements were

modulated by a cycle of protein phosphorylation and dephosphorylation (Rozdzial

and Haimo, 1986). Combined with subsequent studies on protein phosphatases, the
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directed transport of melanosomes has been attributed to the regulation of a

PKAlprotein phosphatase-mediated phosphorylation cycle (Reilein et al., 1998;

Rozdzial and Haimo, 1986; Thaler and Haimo, 1990)

Initially, second messengers were thought to diffuse throughout the

cytoplasm from the plasma membrane. In this fashion, a diffusible message can

emanate from a point of production to activate a cytoplasmic effector molecule.

Upon activation, the diffusible effectors could then regulate the function of a target

substrate. The specificity of signal transduction, from reception to action, was

conceived as a process regulated by diffusion and relative affinity. However, as the

knowledge of cell signaling continues to expand, the evidence has begun to show

that effectors, such as PKA, are not freely diffusing within the cytoplasm. Instead

the cytoplasm is thought to be highly compartmentalized, sequestering second

messengers (Hoffman and Cerione, 2000) and kinases within close proximity to

their target substrate. Due to the dynamic nature of melanosome movements, the

models of a diffusive or compartmentalized cytoplasm cannot account for the

transport events observed in melanophores. A diffusive cytoplasm predicts that

signaling molecules freely diffuse throughout the cytoplasm to a site of action (a

random process), whereas melanosome movements are highly ordered and

stringently regulated events. A compartmentalized cytoplasm would predict that

signaling molecules are sequestered to specific sites in the cytoplasm to affect local

actions, but melanosomes transport throughout the cytoplasm, and the ability to

regulate transport exists throughout the cell. Consequently, fish melanophores are



[.]
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an excellent model system to investigate the physiology an effector molecule, such

as PKA, to determine how cells resolve distinct signaling domains within a

diffusive cytoplasm.

1.3 Adenosine cyclic 3 5 -monophosphate as a second messenger

Early studies on signal transduction were performed in labs by investigators

trying to understand how cells in multicellular tissues were able to respond to a

stimulant that was not cell permeable, yet the stimulant was able to regulate

activities of an enzyme within the cell. In 1956, Earl Sutherland and his colleagues

described a heat-stable factor in the particulate fraction of liver homogenates that

stimulated the formation of active liver phosphorylase (Rail et al., 1957). Rall and

Sutherland went on to describe the heat-stable factor as cyclic adenosine 3 , 5'-

monophospate (cAMP), and further studies on the mechanism of action of

adrenaline and glucagon led to the discovery of a membrane associated enzyme that

catalyzed the hydrolysis of ATP to cAMP, which they named adenylyl cyclase

(Sutherland et al., 1962). Later, Earl Sutherland went on to propose that cAMP

was acting as a second messenger; based on two principles, many hormonal and

paracrine factors could activate adenylyl cyclase, and cAMP could stimulate the

activities of many cellular proteins (Sutherland et al., 1962).

Other studies, by Posner and colleagues, on the activation of phosphorylase,

demonstrated a 2- to 3-fold increase in rabbit muscle phophorylase kinase activity

in response to cAMP (Posner et al., 1965). Despite the hypothesis of a small-



molecule second messenger, investigators were unable to demonstrate appreciable

binding between cAMP and phosphorylase kinase to account for the increases in

ATP-dependent activation of the enzyme due to cAMP supplementation in vitro

(DeLange et al., 1968). The work in Edwin Krebs lab continued and demonstrated

that a different kinase exhibited complete dependence on cAMP for its activity. In

1968 publication, Walsh et al, described the partial purification of an enzyme

from rabbit skeletal muscle that bound cAMP, catalyzed the phosphorylation of

casein and protamine, and augmented the phosphorylation of phosphorylase kinase

(Walsh et al., 1968). Since, the initial characterization of its activity, adenosine 3',

5 '-monophosphate-dependent protein kinase (protein kinase A) has been

characterized as the primary sensor and effector of intracellular fluctuation in

cAMP (Taylor, 1989).

The characterization of a cAMP-dependent protein kinase was a substantial

milestone in signal transduction research. The idea of a second messenger that

diffused throughout the cytoplasm to activate the kinase activities of a protein was

the first example of an intracellular sensor mechanism, which established a

paradigm. Investigators were now provided with a model of signal transduction

that could be tested: upon reception of a primary signal, a diffusible secondary

message is produced, or destroyed, to regulate in turn the activities of a

downstream effector molecule. However, with the model came more questions,

and investigators began to probe into how cross-talk (input from one pathway

influencing another) and signaling specificity were accomplished.
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1.4 The regulation ofprotein kinase A activation

Enzymatic studies in the late 1950's were able to demonstrate that the

activities of liver phosphorylase could be modulated by a cycle of protein

phosphorylation and dephosphorylation (a phosphorylation cycle) (Rail et al.,

1956). The work out of Sutherland's lab demonstrated that the inactivation of

phosphoryiase was proceeded by the protein mediated release of inorganic

phosphate (Sutherland and Wosilait, 1955; Wosiiaitm and Sutherland, 1956), while

reactivation required magnesium ions and ATP and proceeds with the transfer of a

phosphate to the enzyme (Rail et al., 1956). Since that time numerous proteins

kinases have been described, and a variety of in vitro methods have characterized

the dynamics and kinetic mechanisms by which kinases and phosphatases catalyze

the transfer of phosphate groups to regulate the activities of a protein (target

substrate). As described above, the studies on liver phosphorylase activation

ultimately lead to the purification and description of a regulatory kinase, by Edwin

Krebs and his colleagues. Since that time, protein kinase A has been the subject of

many investigations into the regulation, action, and cellular distribution of this

multifunctional kinase.

The activities of protein kinase A (PKA) are stringently regulated by

cAMP. The PKA holoenzyme consists of four subunits, two catalytic subunits and

a regulatory subunit dimer. The catalytic subunits, when active, are able to catalyze

the transfer of a phosphate group to a target substrate, and the regulatory subunits

are able to bind cAMP (two molecules per subunit) to modulate the function of the
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holoenzyme. Therefore, the major function of the regulatory subunits is to bind to

and inhibit the activities of the catalytic subunits in the absence of cAMP. In the

presence of cAMP the inactive holoenzyme dissociates into a regulatory subunit

dimer and two active catalytic subunits (Ogreid and Doskeland, 1981; Taylor,

1989). The release of the catalytic subunits occurs when the regulatory subunits

bind cAMP, which results in a conformational change in each subunit and in turn

lowers the binding affinity for catalytic subunits (Takio et al., 1984; Titani et al.,

1984). In this fashion, the regulatory subunits sense changes in intracellular

concentration of cAMP to regulate the covalent modification of an intracellular

PKA target substrate.

As the number of cellular activities and protein functions regulated by PKA

has grown, researchers have investigated the means by which a pleiotropic enzyme

can exert localized effects in response to the numerous hormones that modulate

intracellular cAMP concentrations. One model to explain how a hormone is able to

activate the correct pool of PKA was a targeting hypothesis, which proposed that

kinase specificity could be controlled by localization of the kinase to specific

subdomains within a cell. (Hubbard and Cohen, 1993). In 1990, John Scott et al.

described an amino acid domain within the microtubule-associated protein (MAP2)

that, once mutated, prevented the PKA mediated phosphorylation of MAP2. Upon

further analysis, the mutation was shown to abolish the interactions between the

PKA regulatory subunit dimer (Ru) and MAP2. Consequently, the authors

proposed that the RIIIMAP2 interaction functioned to tether MAP2 within close
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proximity to PKA, and thus, because of diffusional limitations, permitted the

preferential phosphorylation of MAP2 upon activation of PKA. Scott and

colleagues characterized other Ru-binding proteins and defined an amphipathic

helix that permitted proteins to anchor PKA (Can et al., 1991). This led to the

characterization of a family of A-kinase anchoring proteins (AKAPs), which have

been shown to play a vital role in the subcellular localization of PKA as a means to

regulate its specificity (Colledge and Scott, 1999).

The discovery of proteins that coordinate signaling molecules into

architecturally defined complexes has been a recent corner-stone to understanding

how cells ensure the specificity and selectivity of signaling. A-kinase anchoring

proteins represent a class of scaffolding and adaptor proteins that provide the

molecular architecture necessary to coordinate signaling components into

complexes that form microdomains (Klauck et al., 1996). In this fashion, through

the association of signaling molecules, cells are able to elicit rapid and specific

responses following the generation of a generic and diffusible message.

Nevertheless, the question of how a compartmentalized transduction complex is

able to regulate dynamic motility events, within a cell, remains to be answered.
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Chapter 2

Fluorescent Visualization of Phosphorylation Signaling in Single Cells:
Evidence For Ultrasensitive Regulation of Organelle Transport by Protein

Kinase A.

Drew L. Sellers and Philip N. McFadden

Formatted for Publication
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2.1 Summary

To study the magnitude by which a protein kinase cascade must change in

order to activate a cellular event, we developed a fluorescent assay to monitor

protein kinase A signal activity during the regulation of organelle transport in fish

melanophores. Individual melanophores were microinjected with a fluorescent-

peptide substrate (rhodamine-Kemptide). We placed melanophores under various

physiological conditions to invoke the transport of pigmented melanosomes. A

dramatic change in microtubule-based transport correlated with only an

incrementally small step over a threshold in the in situ measure of PKA-dependent

phosphorylation. A small change in PKA-mediated phosphorylation from the basal

state had a dramatic effect on cytoplasmic distribution of melanosomes. Thus,

ultrasensitive mechanisms that magnify small ratio changes between

phosphorylation and dephosphorylation are in operation in the directionality control

of organelle transport in the melanophore model system.

2.2 Introduction

Signaling cascades rely on protein kinases to regulate the activities of many

proteins by covalent modification, in response to fluctuations in secondary

messengers (Lefkowitz, 1992). The biochemical mechanisms, kinetics, and
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molecular dynamics by which kinases are able to transfer phosphate groups to

target substrates have been characterized by various in vitro studies. However, the

in vivo activities of kinases have proven difficult to characterize. In this study, we

developed an assay that permits the visualization of protein kinase A (PKA)

activity in situ, to investigate how kinase activities correspond to the regulated

movements of organelles.

Within eukaryotic cells, PKA is the major sensor of intracellular cyclic

adenosine 3', 5'-monophosphate (cAMP) (Doskeland et al., 1993; Walsh et al.,

1968). The PKA holoenzyme (R2C2) is composed of two catalytic (C-subunits) and

two regulatory subunits (R-subunits), and each R-subunit contains two non-

cooperative cAMP binding sites (Taylor, 1989). Upon binding four molecules of

cAMP, the R-subunits dissociate from the R2C2 complex, and subsequently enable

the activated C-subunits to bind and phosphorylate target substrates. In this

fashion, the binding-affinities of the R-subunits allow PKA to sense changes in

cAMP and to affect the activities of downstream effectors.

Functional studies have demonstrated that PKA participates in the

regulation of various processes in numerous cell types. In melanophores, PKA

regulates the microtubule-directed transport of pigment-filled organelles,

melanosomes, permitting lower vertebrates to regulate their skin coloration. The

experimental increase of cAMP pools or microinjected PKA C-subunits stimulate

the directed transport of melanosomes along microtubules in other vertebrate

melanophores, in cultured cells (Sammak et al., 1992). Complementary studies
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have shown that an antagonist phosphatase or protein kinase inhibitor (P1(I) is able

to induce retrograde melanosome transport (Reilein et al., 1998). Consequently,

the coordinate regulation of a protein phosphorylation and dephosphorylation (a

phosphorylation cycle) can account for the bi-directional movements of

melanosomes: PKA-mediated phosphorylation stimulates plus-end directed

movements, whereas PKA attenuation and increased phosphatase activities

stimulate minus-end directed transport (Fujii, 1993; Rogers et al., 1997; Thaler and

Haimo, 1990; Tuma and Gelfand, 1999).

Melanophores are excellent for studying the cellular functions of PKA

activities, because the state of melanosome transport is readily discernable and

reports the modulation of PKA activities by well-characterized physiological

pathways. Adrenergic agonists (such as norepinephrine) or adenylyl cyclase

activators (such as forskolin) can experimentally manipulate second messenger

cAMP transients to direct the transport of melanosomes (Fujii, 1993). Previously,

cyclic AMP transients have been characterized at the single-cell level by

microinjection of fluorescently labeled PKA holoenzyme into melanophores.

Fluorescent imaging of the association between R- and C-subunits was used to

infer that a 27% shift in cAMP1 below the basal state was an event sufficient to

stimulate minus-end directed melanosome movements. However, that study did

not assess how cAMP concentrations concomitantly affect PKA activities, or how

the PKA phosphorylation cycle varies in order to affect the distribution of

melanosomes.
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Using a fluorescent PKA substrate as a reporter of phosphorylation, we

have characterized the PKA pathway changes under pharmacological conditions

that change melanosome distribution. These studies exploited a previously unseen

effect of phosphorylation on the fluorescence of the peptide substrate. Therefore,

we also characterized the mechanism by which the fluorescent reporter non-

covalently associated with PKA to give a quantitative picture of the real-time state

of protein phosphorylation in a single cell. In this fashion, we have examined how

PKA activity varies to regulate the hi-directional movements of melanosomes.

2.3 Materials and Methods

2.3.1 Tissue Culture

Melanophores were cultured in vitro on 13mm round glass coverslips

(Warner Instrument Corporation) that had been pretreated with 20 g/ml collagen

TV (Sigma) and 15 jig/mJ fibronectin (Sigma) in 50 niM HC1.

The chromatophores were isolated from Oreochromus niloticus (Nile

Tilapia) with the following tissue-dissociation protocol and maintained in primary

cultures. Initially, Tilapia fins were dissected from the fish and rinsed in skinning

solution (1 mM EDTA, 5.6 mM glucose in PBS: 140 mM NaCl, 2.7 mM KC1, 10

mM Na2HPO4, 1.5 mM KH,PO4, pH 7.4) for 20 minutes with media changes at five

minutes intervals. The fins were then incubated with a tissue-dissociation cocktail



of collagenase I (930 units/mi Worthington Scientific) and hyalouronidase (208

units/mi, Worthington Scientific) in PBS containing 5.6 mM glucose. The cells

were harvested from the dissociation cocktail by centrifugation (clinical centrifuge,

2500x g, two minutes) at 30 minute intervals, and the pellets were resuspended in

PSS (10mM Tris, 128 mM NaC1, 2.7 mM KC1, 1.8 niM CaCl,, and 1.8 mM MgC1,

pH 7.4). In order to obtain a partially pure melanophore population the harvests

were pooled and centrifuged at 1500x g (10 minutes) on a self-formed Percoll

(Sigma) gradient (50% Percoll/PSS solution spun at 26,000g for 10 minutes).

Isolated melanophores were washed with PSS to remove remaining Percoll. The

partially pure population of melanophores was resuspended in L-15 growth media

(Life Technologies) supplemented with fetal calf serum (5% V/ HyClone) and

Antibiotic-Antimycotics (Life Technologies) and then plated on glass coverslips.

Chromatophores were maintained in primary culture for two days at 25°C before

their use in experiments.

2.3.2 In situ Protein Kinase A activity

PKA activity was monitored in live cells using a Lissamine Rhodamine-B

labeled Kemptide (R-Kemptide, Pierce) PKA substrate. R-Kemptide was diluted

with injection buffer prior to its microinjection. Melanophores were treated with

forskolin (li.tM, 0.1% DMSO, RBI), norepinephrine (100 nM), or buffer alone (5-

10 minutes). R-Kemptide (20 !JM, needle concentration) was then microinjected

into the cytoplasm (-10% of the cell volume). Changes in fluorescence intensity
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were monitored at one minute intervals for 15 minutes with a fluorescence

microscope (as described in Microscopy). Time-lapsed images (ImagePro Plus 4.0,

MediaCybemetics) were captured and analyzed to determine the integrated

intensity over the whole cell on a single focal plane. Intensity measurements were

normalized against initial fluorescence intensity (F0) to determine the time-course

of the change in fluorescence (F/F0). The data were analyzed by nonlinear least

squares curve fits to the binding mechanisms described in "Results" (Microcal,

Origin 5.0 software) to determine the apparent rate constants (kapp) for each

treatment.

2.3.3 AlexaTM 488-labeled Calmodulin Microinjection

AlexaTM 488 labeled bovine brain calmodulin (Molecular Probes, mc) was

diluted to 8.0 !JM (needle concentration) with injection buffer (20 mM HEPES, 110

niM potassium acetate, 5 mlvi sodium acetate, 2 niM magnesium acetate, 5.6 mM

glucose, pH 7.4) for injection into melanophores. The Alexa 488-CaM (A-CaM)

was microinjected cytoplasmically (5 to 10% cell volume) and imaged (described

below). Borosilicate glass pipettes (Freiedrich and Dimmock, Inc.) were pulled on

a Flaming/Brown micropipette puller model P-87 (Sutter Instruments Co.) prior to

their use for microinjection.
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3.3.4 Preparation ofcells for indirect immunofluorescence

Melanophores in L- 15 media were treated with norepinephrine or forskolin

and then fixed, washed, and stained with the following protocol. The cells were

fixed with 3.7% formaldehyde, 0.1% gluteraldehyde for 15 to 20 minutes. After

several rinses with PBS (3 to 5 times), the cells were permeablized with 0.2%

Triton X-100 (Sigma Chemicals) in PBS for 20 minutes on a rotating platform.

The cells were rinsed several times with PBS and blocked with 2% BSA in PBS for

60 minutes. Monoclonal antibodies against calmodulin (Chemicon) were added

(1:300 in PBS) and incubated for 60 minutes. The cells were rinsed three times and

exposed to secondary conjugates: FITC-Iabeled anti-mouse (1:300, Sigma

Immunochemicals) for 30 minutes. Finally, the cells were rinsed with PBS (three

times) and mounted onto glass slides with Cytoseal 60 (Molecular Probes, mc).

2.3.5 Microscopy

Cells were imaged using a Carl Zeiss Axiovert Vt 100S (Carl Zeiss, Inc.)

with a 63X/1 .40 Plan-APOCHROMAT with differential interference contrast

(D.I.C.). Fluorescence was stimulated with a 100 W HBO mercury lamp in

conjunction with standard 470 band-pass/495 long-pass and 546 band-pass/565

long-pass excitation and beamsplitter filter set, respectively (Chroma

Technologies). Darkfield and brightfield images were captured with a MicroMax-

5Mhz-1300Y cooled-CCD camera (Princeton Instruments) controlled by ImagePro

Plus 4.0 software (MediaCybernetics, Inc.). Following capture the images were
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processed digitally with Adobe PhotoShop (Adobe Systems, Inc.) or ImagePro

software.

2.3.6 Fluorescence studies

Rhodamine fluorescence was monitored with a Perkin Elmer LS5O

Luminescence Spectrometer with quartz fluorescence cuvettes (1-cm path) filled

with 2 mis of solution. R-Kemptide fluorescence emissions were monitored at 592

nm, with excitation at 568 nm. Fluorescence titration studies were carried out with

the excitation wavelength fixed at 568 nm, and the emission was monitored at 588

nm in MOPS buffer (0.10mM KC1, 10mM MOPS, /- 100 mM CaC12, pH 7.0).

The latter emission wavelength maximized the sensitivity for monitoring

caimodulin binding, since binding caused a shift in the emission maximum to the

shorter wavelength. Titration experiments were performed with unphosphorylated

and phosphorylated rhodamine-Kemptide (2.0 tiM). Caimodulin (gift from SR

Anderson) was added at 20 iM increments in the presence or absence of EDTA

(5.0 mM), as indicated.
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2.4 Results

2.4.1 Direct visualization ofPKA activity in live cells.

PKA activity is measured in vitro by the covalent attachment of radioactive

phosphorus onto a PKA specific substrate. As an alternative, fluorescent substrates

(e.g. rhodamine-labeled Kemptide) monitor kinase activity in a phosphorus-

dependent gel-shift assays, in which the fluorescence intensities of gel-separated

bands correlate to quantities of modified and unmodified peptide-substrate. In

order to test whether PKA activity can be visualized by fluorescence changes,

rhodamine-labeled Kemptide (R-Kemptide, a PKA specific substrate) (Kemp et al.,

1975) was microinjected into melanophores. Prior to microinjection, melanophores

were pretreated (5-10 mm.) in a manner known to modulate PKA activity using

norepinephrine (10 nM, NE), forskolin (1.0 riM, fsk), or buffer alone. Time-lapsed

images were taken to recorded the integrated fluorescence in the microinjected cells

(Fig. 2. 1A shows a representative series of images). Figure 2. lB plots these data as

integrated fluorescence, F, normalized to the fluorescence at time zero (F0), and the

averaged data from multiple trials were fit as exponential decays (15 melanophores

were evaluated for each condition), and apparent time constants (tapp) and apparent

rate constants (kapp= lit) were calculated (Gutfreund, 1998). Rhodamine

fluorescence in control and norepinephrine-treated cells decayed at a rate of 9.16 s_I

(I- 0.61) and 5.2 1 (V- 0.29), respectively. Melanophores treated with forskolin

exhibited decay curves with two first order components, which consisted of a fast
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Figure 2.1. Fluorescence-based visualization of protein kinase A activity in situ.

A. A representative series of six micrographs to demonstrate the in situ kinase
assay. B. The changes in Rhodamine fluorescence intensity (F) were normalized
against the initial fluorescence (F0). F/F0 for norepinephrine (NE)-treated controls
(open squares), forskolin (fsk)-treated controls (solid squares), and basal state cells
(basal PKA activity, solid circles) was plotted against time (N=15 melanophores
for each). The data fit as exponential decays. Melanophores treated with
norepinephrine (low PKA activity) or buffer alone fit as single component decays,
while forskolin treated cells (to stimulate PKA activity) had two components to the
curve.
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component = 40.19 s_I /- 5.17) and a dominant slow component = 9.20 s_I

/- 1.95) that accounted for 53.4% of the fluorescence decay.

Melanosome movements were used throughout these studies to confirm the

activation and inhibition of PKA-dependent actions within the cells, and to ensure

the viability of the melanophores under microinjection conditions. As summarized

in Table 2.1, norepinephrine was able to maintain melanosomes in the aggregated

state, and melanophores treated with forskolin remained dispersed. Table 2.1 also

indicates that forskolin-treatment caused a dramatic increase in PKA activity

without a noticeable effect of melanosome distribution, as compared to controls.

However, norepinephrine dramatically affected melanosome distribution with only

a slight attenuation of PKA activity, as compared to the basal state of the cell.

2.4.2 Peptide phosphorylation affects fluorophore quantum yields.

The increased rate of fluorescence decay in situ, correlating with the state of

kinase activation, suggested that the phosphorylation state of Kemptide somehow

lowered the quantum yield of the conjugated fluorophore. To explore the effects of

phosphorylation, R-Kemptide was phosphorylated in vitro and affinity purified to

determine if the fluorescence intensities of the phosphorylated and

unphosphorylated peptide differed. The added phosphate did not affect the

quantum yield of the conjugate fluorophore, compared to the unphosphorylated

peptide (Fig. 2.2 insets). Therefore, the phosphorylation state of rhodamine-labeled

Kemptide did not account for the fluorescence emission of the peptide conjugate.



Table 2.1. Melanosome distribution in melanophores treated with forskolin, norepinephrine, or
buffer to manipulate the intracellular environment and microinjected with Kemptide to
monitor kinase activity.

State of Cell PKA Activity
[as assayed by croinjected Kemptide] Summary of Pigment

Adenylyl Cyclase activation

a,-adrenergic receptor activation

Untreated

increased relative to basal

lower than basal

basal

dispersed

aggregated

dispersed



27

We next tested the possibility that protein binding differentially affected the

fluorescence emission of the phosphorylated and dephosphorylated substrate.

Previously, calmodulin has been shown to undergo calcium-dependent interactions

with a variety of small peptides that contain clusters of basic and hydrophobic

amino acid residues (Malencik and Anderson, 1983). In particular, PKA substrates

have been found to bind calmodulin, and these interactions were shown to be

affected by the state of phosphorylation (Anderson and Malencik, 1986; Malencik

et al., 1986). Thus, we chose calmodulin as a model protein and a possible

candidate protein that could interact with Kemptide and alter rhodamine

fluorescence. The traces in Fig. 2.2 show the relative fluorescence emission found

by mixing a fixed concentration (20 tiM) of Kemptide with no calmodulin (A), 40

iM calmodulin (B), or 80 iM calmodulin (C). As seen from the traces, the binding

of calmodulin increased the quantum yield of the fluorophore.

Next, in order to determine if calmodulin interacted with the peptide-

substrate in a calcium-dependent manner, EDTA was titrated into R-Kemptide (20

pM)/calmodulin (100 jiM) solutions. As seen by the loss of fluorescence intensity

illustrated in Figure 3, calmodulinlR-Kemptide interactions depend on calcium

ions. Interestingly, calcium-calmodulin (CaCaM) apparently interacted with the

unphosphorylated (Fig. 2.3A) peptide with a substantially higher affinity than the

phosphorylated (Fig. 2.3B) R-Kemptide, which was evident by the attenuated

effects of EDTA in Figure 2.3B compared to panel A (traces 2 and 3, respectively).
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Figure 2.2. Calmodulin binding increases the quantum yield of Rhodamine. The traces show the relative
fluorescence intensities obtained upon the addition of calmodulin (A, Kemptide alone; B, 40 jiM calmodulin; C,
80 jiM calmodulin) to 2.0 jiM Rhodamine-labeled Kemptide. See text for details. Excitation: 568 nm; 588
emission , Schott KV389 filter. The inset shows the fluorescence emission spectra of (1) 2.0 pM R-Kemptide,
and (2) 2.0 pM phosphorylated R-Kemptide.
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Figure 2.3. Calmodulin interacts with R-Kemptide in a calcium dependent manner. (A) R-Kemptide
and (B) phosphorylated R-Kemptide (2.0 MM solutions) was supplemented with 80 MM calmodulin.
The emission spectra were monitored with the addition of EDTA (1: no addition; 2: 5.0 mM EDTA; 3:
10mM EDTA). Conditions: 0.10 mM KC1, 10 mM MOPS, 1.0 mM CaC12, pH 7.0,25 °C. Path: 1 cm,
slit width: 5 nm.
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Thus, the addition of calmodulin to solutions containing the peptide substrate leads

to increases in the fluorescence of the dye. The effects on quantum yield were

dependent upon calmodulin binding to the peptide, as indicated by the calcium

dependence, and the interactions are sensitive to the phosphorylation state of the

peptide. We next performed calmodulin titrations in order to quantify the effects

that phosphorylation has on R-Kemptide/calmodulin interactions and how these

effects translate to differences in fluorophore quantum yields. Figure 2.4A

illustrates the changes in fluorescence that are detected when calmodulin is added

step-wise to solutions of 2.0 1iM R-Kemptide (phosphorylated or

unphosphorylated) in buffer alone and with EDTA (5.0 mM). The fluorescence of

the protein/peptide complex was extrapolated to infinite calmodulin concentration

to determine the maximum fluorescence (Fj. In order to quantify the fluorescence

enhancement, we fit a simple equilibrium (Malencik and Anderson, 1982)

CaMKemptide CaM + Kemptide

for which the fraction of peptide bound (fb) by calmodulin is related to the

fluorescence enhancement,

[Peptide CaCaM] F0)
fb [Peptide CaM] + [Peptide] (F F0)

and since calmodulin is in excess of peptide, the dissociation constants (Kd) can be

derived as a function of the maximum change in fluorescence (AFmax).

1(Kd 1 1

zFz\F [CaM]) zF
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Figure 2.4. Phosphorylation state differentially affects calmodulin-mediated fluorescence enhancement.. Fluorescence
titrations of Rhodamine with calmodulin performed in the presence of 2.0 iM R-Kemptide (0) and 2.0 iM
phosphorylated R-Kemptide (). Additional measurements were performed in Ca2 free buffer (: 2.0 pM R-Kemptide,
5.0 mM EDTA; : 2.0 pM phosphorylated R-Kemptide, 5.0 mM EDTA). The ordinate shows the ratio of the observed
fluorescence intensity (F) to the fluorescence of R-Kemptide determined in the absence of protein (F0). Check legend to
Fig. 2.3 for other conditions. Panel B shows the reciprocal plot of the above data. Apparent dissociation constants (Kd) of
109 pM /-42.5 (0), and 167 pitA +/...59.4 () were obtained by analysis of these data with a LFmax of 386.1 /-12.36 AUF
and 172.7 /-8.55 AUF, respectively. Conditions: 0.10 mM KC1, 10mM MOPS, /- 1.0 niM CaCl,, pH 7.0,25 °C. Path:
1 cm, slit width: 5 nm.



32

The double-reciprocal plots of the changes in fluorescence, (AF)1, vs. the

calculated concentration of calmodulin ([CaM])1 are linear to permit verification of

the Kd and AFmax values (Fig. 2.4B). Fluorescence enhancement ratios (FJF0) were

calculated as a function of AF (FObS F0) and iFmax from a simple formula = F0 +

LFmax), in which F0were 227 and 172.7 units of fluorescence, dephosphorylated vs.

phosphorylated respectively with a AFmax of 386. 1(/- 12.36) and 172.7 (/- 8.55)

(Anderson and Malencik, 1986). By these measurements and calculations, R-

Kemptide has an enhancement ratio of 2.67 (Kd= 109 tiM /- 42.5). Upon

phosphorylation, the labeled-peptide is only capable of a fluorescence enhancement

of 1.45 (Kd 167 tiM /- 59.4) (Table 2.2.). These results demonstrate that R-

Kemptide is able to report kinase activity, because the covalent attachment of a

phosphate disrupts the proteinlpeptide action and may alter the quantum yield of

the bound peptide. Thus, the fluorescence decay observed in the cell may result

from changes in protein binding andlor in the fluorescence quantum yield of the

bound peptide-substrate that result from its phosphorylation.

2.4.3 The subcellular distribution of Calmodulin.

In order to determine if calmodulin could be the protein that contributes to

the fluorescence enhancement of R-Kemptide in melanophores, the subcellular

distribution of calmodulin was determined in fixed melanophores stained with

monoclonal antibodies against calmodulin. Prior to fixation, melanophores were

stimulated with forskolin and norepinephrine to characterize the cytoplasmic
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Table 2.2. Mass-spectral analysis of column-separated R-Kemptide
samples following a 30 mm. incubation with PKA and the
observed fluorescence enhancement ratios.

Sample Molecular Weight (daltons) FJF0

R-Kemptide 1312.7 2.67

phosphorylated R-Kemptide 1393.0 1.42

Conditions: 400 1iM R-Kemptide, l0ig/m1 PKA, 20 mM Tris, 5 mM
MgC12, 100 mM cAMP, 5 mM ATP, pH 7.4 (30°C).
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distribution of CaM as it pertained to differential PKA activation.

As seen in Figure 2.5, punctate CaM speckles existed throughout the

cytoplasm in forskolin- and norepinephrine-treated cells. However, in the

forskolin-treated cells the speckles appeared more spread throughout the cytoplasm.

In contrast, norepinephrine-treated cells appeared to have fewer punctate speckles

and the fluorescence diffusely stained the cytoplasm. Under both treatments, CaM

localized to the nucleus.

After the distribution of CaM had been determined, melanophores injected

with AlexaTM 488-conjugated calmodulin (A-CaM) were visualized to determine if

exogenous A-CaM would have a subcellular distribution that agreed with CaM

distribution seen with immunofluorescence. As seen in Figure 2.6, microinjected

A-CaM distributed in a manner similar to subcellular localization of native CaM.

A-Cam stained the nucleus and punctate speckles decorated the plasma membrane

and other cytoplasmic structures (Fig. 2.5B). Since the A-CaM mimicked the

localization of endogenous CaM, we serially injected R-Kemptide (20 MM, pipette

concentration) and A-CaM (80 MM, pipette concentration). As seen in Figure 2.6,

both R-Kemptide and A-CaM displayed similar localization patterns. An overlay

of the two images indicate that the two fluorescent conjugates co-localized (Fig.

2.5B, yellow) to various degrees throughout the cytoplasm.
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2.5 Discussion

2.5.1 Effect ofprotein phosphorylation

These studies have shown that a synthetic fluorescent peptide-substrate can

be used to evaluate the activities of a protein kinase A in living melanophores. We

microinjected a fluorescently labeled substrate, Kemptide, to evaluate the activity

of PKA under physiologically distinct conditions that are known to regulate cAMP

production and melanosome transport. The surprising result of this study is that the

dramatic redistribution of pigmented organelles induced by G1-coupled receptor

activation was accompanied by an unexpectedly modest decrease in

phosphorylation signaling. If the fluorescent reporter is assumed to mirror the

phosphorylation state of the effector that directs melanosome movements, then a

44% decrease (from the basal state, K,= 9.16 s_I compare to Kapp 5.2 s_I with

norepinephrine treatment, as in Results) in PKA-mediated phosphorylation is

sufficient to trigger a dramatic cellular response.

Minor fluctuations in protein modification have been shown to produce

ultrasensitive responses in other cellular processes (Goldbeter and Koshland, 1981;

Goldbeter and Koshland, 1984). In such systems, small changes in the activities of

regulatory proteins are able to produce ultrasensitive responses. Therefore, rather

than thinking of melanosome transport as being in direct correlation to the on-off

state of protein phosphorylation, these results lean toward the interpretation that

PKA-dependent phosphorylation triggers abrupt cellular consequences with



relatively minor changes in the balance between protein phosphorylation and

dephosphorylation.

2.5.2 Visualization of enzymatic activities in a live cell

The enzymatic activity of PKA in a live cell was determined with a

continuous assay based on changes in the quantum yields of Rhodamine-B

conjugated to Kemptide, a PKA specific substrate (Kemp, 1975). Fluorescence

decreased in fish melanophores under well-established conditions that increase

PKA activity. The in vitro mechanism proposed here demonstrates that

calmodulin, or some other endogenous proteins, bind non-covalently to Kemptide

and enhance the relative fluorescence yield (2.67 fold) of the unphosphorylated

fluorophore. PKA-mediated phosphorylation decreases the affinity of

calmodulin/peptide interaction (from Kd=lO9 iM to 167 pM) and simultaneously

decreases the enhancement ratio (1.45) of the fluorescent substrate. The loss of

fluorescence enhancement and calmodulin binding of the phosphorylated-substrate

both lead to a decrease in fluorescence emission. Consequently, changes in

peptide/protein interactions permit R-Kemptide to monitor PKA activity in situ as a

function of fluorescence decay.

Kemptide may interact with proteins other than calmodulin, within the

cytoplasm of a cell. We have characterized the subcellular localization of

calmodulin within melanophores, and confirmed that calmodulin exhibits a

cytoplasmic distribution similar to the injected R-Kemptide. CaM is thus a
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potential binding partner, as well as other cytoplasmic proteins. Regardless of

mechanism, the microinjection of R-Kemptide has allowed us to characterize the

activity profile of PKA in melanophores in varying physiological states. In this

fashion, noncovalent probes that undergo spectral changes or display changes in

quantum yield upon interactions with target proteins could be a powerful tool to

characterize enzymatic activities within living cells.
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3.1 Summary

Fish chromatophores possess an elaborate cellular architecture adept at

regulating transport events driven by motor proteins. We examine the effects of a

recombinant Anchoring protein on the ability to regulate the directed movements of

melanosomes. Melanophores were microinjected with plasmid DNA that encoded

the PKA-binding domain of Ht3 1, an A-kinase anchoring protein. Ht31 expression

was monitored in vivo with green fluorescent protein reporter activity.

Melanophores that expressed the recombinant protein exhibited effects that

resembled the inhibition of PKA catalytic activity. A fluorescent PKA-substrate

confirmed that PKA retained the ability to phosphorylate substrate in response to

stimulants that modulate cAMP concentrations. Thus, the inability to stimulate the

transport of pigment granules in the presence of Ht3 1: :GFP is not due to inhibition

of kinase activity. The subcellular localization of PKA was determined

immunofluorescently, and PKA localization varied with the application of

stimulants that regulate PKA activity and melanosome movements. The data

presented here suggests that PKA is capable of dynamic subcellular

reorganizations, which correlate with the cellular distribution of melanosomes, and

depends upon the directed movements of motor proteins.
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3.2 Introduction

Chromatophores are cells that regulate the skin color of lower vertebrates in

response to environmental and hormone signals (Fingerman, 1963; Schliwa, 1984;

Waring, 1963). Melanophores affect coloration by coordinately regulating the

cellular localization of melanin containing organelles (melanosomes) via

cytoskeletal microtubules and associated motor machinery (Malawista, 1971;

McGuire and Moellmann, 1972; McNiven and Porter, 1984; Murphy and Tilney,

1974; Rodionov and Borisy, 1998; Rogers and Gelfand, 1998). From an

experimental point of view, melanosome movements give insight to the upstream

protein kinase and phosphatase activities that regulate motor protein functions

(Reilein et al., 1998; Rozdzial and Haimo, 1986; Sammak et al., 1992). Hence,

melanophores provide a real-time model system for studying the orchestration of

signal-mediated organellar transport at the single cell level. We are interested in

understanding the molecular architecture that coordinates the molecules involved in

these pathways, which has remained largely uninvestigated. The following study

was undertaken to explore how the localization of protein kinase A affects

organelle transport.

Evidence to date suggests that the regulation of PKA; governs motor

proteins (cytoplasmic dynein and kinesin II) that are responsible for pigment

granule transportation in fish chromatophores (Beckerle and Porter, 1982; Clark

and Rosenbaum, 1982; Ogawa et al., 1987; Paschal and Vallee, 1987; Rodionov et
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al., 1991; Vale et al., 1985). Prior studies have shown that intracellular cAMP

pools can be experimentally manipulated by the application of hormones and toxins

(Fujii, 1993). In fish melanophores, norepinephrine stimulates ct,-adrenergic

receptors to activate inhibitory G-protein-coupled (G1) depletion of cAMP pools

throughout the cell, which in turn stimulates dynein-mediated transport.

Conversely, forskolin stimulates adenylyl cyclase to increase cAMP pools

(reviewed by (Hanoune et al., 1997) and subsequently initiates kinesin-mediated

transport. Additionally, protein phosphatase (calcineurin) and cAMP-dependent

protein kinase (PKA) activities have been shown to coincide with cAMP

concentrations in permeablized melanophores (Thaler and Haimo, 1990). In frog

melanophores, recombinant PKA inhibitor proteins render cells unresponsive to

agents that stimulate cAMP production (Reilein et al., 1998; Tuma and Gelfand,

1999), further demonstrating the central role played by PKA in melanosome

transport.

PKA exists in various forms and locations in the cell. Type II PKA is a

tetramer (R,C2) composed of two regulatory subunits (R-subunits) and two catalytic

subunits (C-subunits). The R-subunits (Ru) dimerize and complex with the C-

subunits to suppress the kinase activity (Doskeland et al., 1993). Upon binding

cAMP, the regulatory subunits dissociate from the R,C, complex, and the catalytic

subunits become active to phosphorylate divergent classes of target substrates that

control multiple cellular events. In mammalian cells, studies have shown that A-

Kinase Anchoring Proteins (AKAPs) (Scott et al., 1990) function as scaffold



proteins to localize PKA within close proximity to substrates, which are then

preferentially phosphorylated (Lester and Scott, 1997). The purpose of such

localization is a subject of great interest since it implies that molecular architecture

and the distribution of signaling molecules may help to fashion the responses of

cells. In the following study, melanophores were used as a model cell in which to

examine the role of kinase localization in cell signaling. The experiments

described here were designed to investigate whether the functional localization of

PKA is essential to direct melanosome movements.

3.3 Materials and Methods

3.3.1 Tissue Culture

Melanophores were cultured in vitro on 13mm round glass coverslips

(Warner Instrument Corporation) that had been pretreated with 20 ig/ml collagen

IV (Sigma) and 15 jig/mI fibronectin (Sigma) in 50 mM I-IC!.

The chromatophores were isolated from Oreochromus niloticus (Nile

Tilapia) with the following tissue dissociation protocol and maintained in primary

cultures. Initially, tilapia fins were dissected from the fish and then rinsed in

skinning solution (1 mM EDTA, 5.6 mM glucose in PBS: 140 mM NaCl, 2.7 mM

KC1, 10 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4) for 20 minutes with media

changes at five minutes intervals. The fins were then incubated with a tissue



dissociation cocktail of collagenase I (930 units/ml Worthington Scientific) and

hyalouronidase (208 units/mi, Worthington Scientific) in PBS containing 5.6 mM

glucose. The cells were harvested from the dissociation cocktail by centrifugation

(clinical centrifuge, 2500x g, two minutes) at 30 minute intervals, and the pellets

were resuspended in PSS (10mM Tris, 128 mM NaC1, 2.7 mM KC1, 1.8 mM

CaC1,, and 1.8 mM MgCl, pH 7.4). In order to obtain a partially pure melanophore

population the harvests were pooled and centrifuged at 1500x g (10 minutes) on a

self-formed Percoll (Sigma) gradient (50% Percoli/PSS solution spun at 26,000g

for 10 mins). Isolated melanophores were washed with PSS to remove renmant

Percoll. The partially pure population of melanophores were resuspended in L-15

growth media (Life Technologies) supplemented with fetal calf serum (5% "/,

HyClone) and Antibiotic-Antimycotics (Life Technologies) and then plated on

glass coverslips. Chromatophores were maintained in primary culture for two days

at 25°C before their use in experiments.

3.3.2 DNA preparation

Plasmid DNA used throughout these studies was isolated from Escerchia

coli (DH5a). Sequences encoding a truncated Ht31 (Can et al., 1991) were

inserted into the pCDNA 3.1 expression vector (Clonetech). Green Fluorescent

Protein (GFP) was subcloned 5-prime of and in frame with Ht3 1, and the plasmid

DNA was purified according to standard Wizard preparation methods (Promega).

Plasmid DNA was diluted to 0.5 mg/ml (needle concentration) with injection buffer



(20 mM HEPES, 110 mM potassium acetate, 5 mM sodium acetate, 2 mM

magnesium acetate, 5.6 mM glucose, pH 7.4) for cytoplasmic or nuclear injection

into melanophores (in both instances, expression of foreign protein was observed).

3.3.3 Preparation ofcells for indirect immunofluorescence

Ht3 1-expressing cells or control cells grown in L- 15 media were treated

with norepinephrine (NE) or forskolin (fsk), fixed, washed, and stained with the

following protocol. The cells were fixed with 3.7% formaldehyde (Sigma) for 15

to 20 minutes. After several rinses with PBS (3 to 5 times), the cells were

permeablized with 0.2% Triton X-100 (Sigma) in PBS for 20 minutes on a rotating

platform. The cells were rinsed several times with PBS and blocked with 2% BSA

in PBS for 60 minutes. Primary antibodies to PKA (rabbit anti-PKAa catalytic

subunit, Sigma), kinesin (mouse antibodies, Chemicon) or 13-tubulin (mouse

antibodies, Boeringher-Mannheim) were added (1:300 and 1:50 dilutions in PBS,

respectively) and incubated for 60 minutes. The cells were rinsed three times and

exposed to secondary conjugates: FITC-labeled goat anti-rabbit IgG (1:300, Sigma

Immunochemicals) or TRITC-labeled goat anti-rabbit IgG (1:200, Sigma) for 30

minutes. Finally, the cells were rinsed with PBS (three times) and mounted onto

glass slides with Cytoseal 60 (Molecular Probes, Inc.).



47

3.3.4 Direct visualization of Protein Kinase A activity

PKA activity was monitored in situ using a lissamine Rhodamine-B labeled

PKA substrate, rhodamine-Kemptide (R-Kemptide, Pierce). R-Kemptide was

diluted with injection buffer before its use as an indicator. Melanophores

expressing Ht31::GFP were treated with forskolin (fsk, lj.tM, 0.1% DMSO, RBI)

and then injected with R-Kemptide (2.0 mM, needle concentration). Changes in

fluorescence intensity were monitored with time-lapsed imaging (ImagePro Plus

4.0, MediaCybernetics) and compared against control cells (20 pM, needle

concentration) that were treated similarly (1.0 pM fsk, 0.1% DMSO or 100 nM

NE). Changes in fluorescence intensity were monitored at one minute intervals for

15 minutes. Integrated fluorescence intensity (F) that were obtained from the time-

lapsed images and normalized against initial fluorescence intensity (F0) to

determine the time-course of the fluorescence change (F/F0). The data were

analyzed using Microcal Origin 5.0 software to determine the apparent rate

constants (kapp) for each treatment.

3.3.5 Microscopy

Cells were imaged using a Carl Zeiss Axiovert Vt100S (Carl Zeiss, Inc.)

with a 63X/1 .40 Plan-APOCHROMAT objective lens and Differential Interference

Contrast. Fluorescence was stimulated with a 100 W HBO mercury lamp in

conjunction with standard 470 band-pass/495 long-pass and 546 band-pass/565

long-pass excitation and beamsplitter filter sets, respectively (Chroma



Technologies). Darkfield and brightfield images were captured with a MicroMax-

5Mhz-1300Y cooled-CCD camera (Princeton Instruments) controlled by ImagePro

Plus 4.0 software (MediaCybernetics, Inc.). The images were managed digitally

with Adobe PhotoShop (Adobe Systems, Inc.) or ImagePro software.

Confocal images were obtained on a Leica TCS Laser Scanning Confocal

Microscope with a 100X/0.7-0.4 objective lens. Fluorescence was stimulated with

a Krypton-Argon laser at 488 and 568 nm.

3.4 Results

3.4.] Effects of Ru-binding Protein Expression

To test whether AKAPs might be important for regulating PKA-mediated

organelle transport, we reasoned that endogenous AKAPs could be potentially

inhibited by the over-expression of a truncated AKAP (Ht31). Ht31 expression

disrupts the interaction between PKA regulatory-subunit dimer (Rh) and native

anchoring proteins, presumably causing PKA to get displaced from its anchoring

sites within the cytoplasm. To then test whether PKA anchoring is needed for

normal melanosome transport, melanophores expressing the GFP fusions were

stimulated in a fashion that would normally induce melanosome transport. DNA

sequences encoding the Rh -binding domain of human thyroid protein, Ht3 1, was

inserted upstream of Green Fluorescent Protein (GFP) in a pCDNA vector. The



pCDNA plasmid encoding the chimera was then microinjected into Tilapia

melanophores, and recombinant protein expression was reported by GFP

fluorescence. In similar experiments, melanophores were injected with plasmid

DNA that encoded a mutant Ht3 1 protein (Ht3 ip) fused with green fluorescent

protein. Ht3 ip contains an isoleucine to proline transversion that abolishes Ru-

binding (Hausken et al., 1994) and, therefore, serves as a control for non-specific

protein expression effects. As seen in Figure 3.1, twenty-four hours after injection,

GFP expression could be visualized.

The melanophores expressing the Ht3 1 chimera behaved aberrantly. An

unstimulated melanophore normally has its melanosomes dispersed throughout the

cytoplasm, but melanophores that expressed Ht3 1 had their melanosomes

aggregated in the cell body. The induced aggregation was irreversible: Normally

the addition of forskolin stimulates plus-end directed melanosome transport, but a

normal response to forskolin did not take place in Ht3 1-expressing cells (Fig.

3.1 A). Thus, Ht3 1:: GFP expression apparently uncoupled melanosome transport

from PKA and cAMP signaling. As a control, the Ht3 1 p chimera was expressed in

other similarly prepared melanophores. Cells that expressed the Ht3 ip chimera

acted like uninjected cells: their melanosomes were dispersed throughout the

cytoplasm in the unstimulated state, and melanosomes could be stimulated to

aggregate and redisperse with norepinephrine and forskolin (Fig. 3.1 B).
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3.4.2 Direct visualization of PKA activily

The effects from Ht3 1 expression might have resulted from the inhibition of

PKA, if Ht3 1 binding to the R-subunits could attenuate PKA activity. Therefore, a

single cell assay was performed to visualize PKA activation in a living cell, with

and without Ht3 1 expression. Rhodamine-labeled Kemptide (PKA specific

substrate) (Kemp et al., 1975) was used to visualize kinase activity in cells that

expressed the Ht3 1 chimera. Upon microinjection, decreases in fluorophore

quantum yields are monitored as an indicator of PKA-dependent phosphorylation.

Melanophores expressing Ht31 (Fig. 3.2A) or controls (Fig. 3.2B) were pre-

incubated with forskolin and monitored digitally to determine PKA activity (Fig.

3.2A and B show representative experiments). Figure 3.3 plots these data as

integrated fluorescence, F, normalized to the fluorescence at time zero (F0), and the

averaged data (N = 10 separate melanophores for each condition) were fit as

exponential decays, an apparent time constants (tapp) and apparent rate constants

(kapp::= lit) were calculated (Gutfreund, 1998). Rhodamine fluorescence in NE-

treated cells decayed at a rate of 6.05 s_I (/- 0.73). Melanophores treated with

forskolin exhibited decay curves with two first order components. In forskolin-

treated control melanophores the slow component (kapp = 13.43 s, i 3.40)

accounted for 73.2% of the fluorescence decay and was the dominant contributor

compared to the fast component (kapp = 40.19 s, 1- 5.17); whereas, in Ht31-

expressing forskolin-treated melanophores the fast component was dominate (96.0

s, 1- 28.72) and the slow component (kapp = 9.08 s', /- 4.18 I) accounted for
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Figure 3.2. Direct visualization of PKA activity in living melanophores.
Rhodamine-labeled Kemptide was injected into cells (differential interference
contrast, D.I.C., images) that expressed Ht3 1 (A, GFP) or control cells (B).
Melanophores were preincubated with forskolin (1.0 pM) or norepinephrine (10
nM, 5-10 minutes). Following injection of the substrate, Rhodamine fluorescence
intensity decay reported PKA activity. Digital images, taken at 60-sec. intervals,
documented the changes in fluorescence intensity (red) within individual living
cells. Representative experiments are shown for Ht3 1: :GFP expressing and cells
naïve treated with forskolin (1.0 tiM). The elapsed time (minutes) is shown in the
lower left corner of each image. Bar, 10 pm.
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Figure 3.3. Protein kinase A activation in the presence of Ht3 1. the changes in
integrated Rhodamine fluorescence intensity (F) were normalized against the
initial fluorescence (F0). Melanophores were microinjected with R-Kemptide
and changes in the integrated fluorescence were monitored for 10 mm. (N= 10
cells for each time course). F/F0 for norepinephrine-treated controls (solid
squares), forskolin-treated controls (solid circles), and cells expressing Ht3 1
(forskolin-treated, open circles) were plotted against time. The data were fit as
exponential decays. Melanophores treated with norepinephrine (low PKA
activity) fit as first order decays. Melanophores that expressed Ht3 land control
cells treated with forskolin fit as mixed first order decays with two components.
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27.6% of the integrated fluorescence decay. Since the integrated fluorescence

decays similarly in Ht3 1-expressing and control melanophore, these results imply

that PKA activity per se was unaffected by Ht3 1: :GFP.

3.4.3 Indirect immunofluorescent localization of tubulin and PKA

Ht3 1 expression has been hypothesized to affect the subcellular localization

of PKA. In order to determine if Ht3 1 has pronounced effects on PKA localization

or nonspecific effects on the microtubule cytoskeleton, melanophores were

immunologically stained with antibodies against 13tubulin and PKA. Before

fixation, melanophores were treated with norepinephrine or forskolin to activate or

inhibit PKA activity. As seen in Figure 3.4 (C) the integrity of the cytoskeleton

was not compromised with Ht3 1 expression in comparison to controls (A and B).

However, Ht3 1 had profound effects on subcellular localization of PKA. In control

cells (Figure 3.4Ac and Bc panels), PKA co-localized with microtubules

throughout the cytoplasm in punctate fashion (yellow); however, in Ht3 1-

expressing melanophores PKA is sparsely associated with the cytoskeleton.

Instead, PKA immunofluorescence densely stained regions peripheral to the

cytoskeleton. A closer comparison (Figure 3.4Ad, Bd, and Cd) exemplifies the

differences in PKA localization between melanophores, with respect to the

microtubule cytoskeleton. PKA densely populates the cytoplasm in control

melanophores, whereas PKA immunofluorescence congeals at the cell periphery
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Figure 3.4. The microtubule cytoskeleton remains intact with Ht31::GFP
expression. Melanophores (C) that expressed the Ht3 1 fusion and (A and B)
control cells were treated with norepinephrine (NE, A) or forskolin (fsk, B and C,
as above) and fixed. The cytoskeleton was examined by indirect
immunofluorescence using mouse anti--tubulin and a TRITC-conjugated anti-
mouse secondary antibody (a in A, B, and C). The cellular distribution of PKA (b
in A, B, and C) in treated cells was examined concomitantly. Merged images (c in
A, B, and C) show distinct differences in PKA localization that are dependent upon
stimulus and Ht3 1: :GFP expression. Control cells (A and B) displayed a high
degree of PKAJMT colocalization (c, yellow) throughout the cell. Where as, (C)
Ht3 1 expressing cells have the majority of the PKAIMT colocalization confined to
the cell body. At higher magnification (d, inset area in c), PKA staining coalesces
at the cell periphery in the presence of Ht3 1 ::GFP (C). Again, PKA in control cells
(A and B) correlated with melanosome distribution, and as seen with NE treatment
(A) PKA (c) redistribution occurred along microtubule tracks. Bar, lOim.





with the expression of Ht3 1. Therefore, Ht3 1-expression altered the cytoplasmic

distribution of PKA, as compared to controls.

3.4.4 PKA and Kinesin co-localization in melanophores

Norepinephrine stimulation consistently produced melanophores with

increased PKA staining in the cell body, compared to forskolin treated cells. The

effects mimicked the melanosome redistribution and some sites of PKA

localization coincided with the cytoplasmic localization of melanosomes. In order

to determine if PKA was being transported, we looked for co-localization of PKA

and kinesin (the motor protein known to move melanosomes toward the plus-ends

of microtubules; (Paschal and Vallee, 1987). Consequently, melanophores were

stimulated with norepinephrine, fixed and stained with rabbit and mouse antibodies

to determine the cytoplasmic distribution of PKA and kinesin, respectively. As

seen in Figure 3.5, kinesin (red) had a punctate localization throughout the

cytoplasm, and with coincident visualization of the PKA signal, kinesin and PKA

were seen to co-localize (yellow speckles) throughout the cytoplasm. Furthermore,

in these cells an inverted brightfield image overlaid on the redlgreen composite

showed that kinesin and PKA co-localize onto melanosomes (purple color,

indicated by the black and white arrows). Together, these studies suggest that PKA

interacts with kinesin on melanosomes stimulated to transport into the cell body

(minus-end directed movements).





3.5 Discussion

These results demonstrate that the expression of a recombinant Rh-binding

protein has a profound effect on PKA signaling in fish melanophores. Our findings

support the hypothesis that PKA localization is required to mediate melanosome

transport. Surprisingly, the subcellular localization of PKA was not static, rather,

PKA localization was dynamic and mimicked the redistribution of melanosomes,

and the expression of a recombinant AKAP adversely affects these dynamic events.

Recent studies have demonstrated that scaffold proteins interact with motor

proteins and affect the subcellular localization of kinases (Diviani Ct al., 2000;

Robbins et al., 1997). This study provides initial evidence for the coordinate

regulation of microtubule-based transport by a signaling complex and the

concomitant translocation of PKA.

3.5.1 Physiologic effects of anchoring protein expression

The observation that melanosomes spontaneously aggregated with the

expression of the recombinant Rh-binding protein was striking. The

overexpression of recombinant Ht3 1 likely competes with endogenous AKAPs for

binding to the Ru dimer; thus, binding of Ht3 1 competitively uncouples Ru from

the native AKAP, which short-circuits signaling through a PKA-mediated cascade

that relies on such an AKAP (Carr et al., 1992; Hausken et al., 1994). We tested

whether Ht3 1 would render melanosome movements unresponsive to receptor-
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mediated activation of PKA. However, Ht3 1 expression resulted in the spontaneous

aggregation of melanosomes into the cell center and resembled situations in which

PKA activity had been lowered, as for example by PKA inhibitor expression

(Reilein et al., 1998), and Ga1 suppression of adenylyl cyclase (Chabre et al., 1994

Fujii, 1993). Ht3 1 induced a state that resembled all manners in which PKA

catalytic activity is lowered, and the effect was specific to Ht3 1 binding to Ru, as

demonstrated by the overexpression of a mutant Ru-binding protein (Ht3 ip)

having no effect on melanosome distribution.

Consistent with in vitro data, Ht3 1 did not have a negative effect on PKA

activation, as demonstrated by a fluorescent substrate that was used to monitor

PKA activity in a live cell (Kiauck et al., 1996). Instead, melanophores that

expressed Ht3 1 showed a two-fold increase in activity compared to controls

(96.0 s1 vs. 40.19 s', Results). Therefore, the Ht31::GFP fusion protein did not

inhibit PKA activation. The measured effects of Ht3 1 expression on the

phosphorylation of an exogenous fluorescent substrate provides further evidence to

support the conclusion that Ht3 1 overexpression alters the normal localization of

PKA, thus potentially interfering with the association of PKA and its native

substrates. From the results in the unmanipulated cell (Fig. 3.4), the juxtaposition

of PKA with an endogenous target substrate is essential for normal regulation of

melanosome transport. A likely scenario would be that such juxtapositioning

ensures the preferential phosphorylation of the endogenous substrate leading to the

correct transport response, which agrees with previously proposed logic of how
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anchoring proteins function. Ht3 1 overexpression would disrupt the juxtapositional

coordination of PKA and its substrate, and PKA would no longer be constrained to

phosphorylate a proximally localized (endogenous) substrate to direct melanosome

movements, but, PKA in such cells would still able to phosphorylate an introduced

Kemptide substrate.

3.5.2 Signal mediated effects on PKA distribution

The subcellular localization of PKA was visualized immunohistochemically

in order to visualize the effects of Ht3 1 expression in melanophores. In contrast to

controls, PKA coalesced at the cell periphery in cells that expressed the

recombinant AKAP. In control cells, punctate PKA existed throughout the

cytoplasm, in some cases associated with microtubules. However, the pattern of

PKA localization differed markedly with the application of extracellular stimulants

to uninjected control cells, which regulate PKA activity and melanosome

distribution. Our data confirm that Ht3 1 overexpression interferes with PKA

localization, which likely contributes to the inability to stimulate melanosome

transport.

In addition to the demonstration that the directed transport of melanosomes

requires proper subcellular localization of PKA, this study provides evidence of a

dynamic signaling complex that redistributes with the stimulation of transport.

Norepinephrine is known to attenuate PKA activity and resulted in the aggregation

of melanosomes into the cell body. Immunofluorescent staining of PKA resulted in
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distinct patterns of PKA localization that varied with the stimulus. PKA

predominantly localized in the cell body of melanophores treated with

norepinephrine, as opposed to the ubiquitous cytoplasmic localization in forskolin-

treated cells. In addition, PKA localization coincided with that of kinesin and

melanosomes along microtubules, in norepinephrine-treated cells.

Complexes that regulate bi-directional transport in melanophores have been

postulated to associate onto melanosomes previously (Reilein et al., 1998), and

recent studies have demonstrated that similar complexes interact with motor

proteins and microtubules (Alphey et al., 1997; Nagata et al., 1998; Purohit et al.,

1999; Robbins et al., 1997; Zecevic et al., 1998), which complements the

immunohistochemical data presented here. Furthermore, the demonstration that

pericentrin anchors PKA (Diviani et al., 2000), interacts with dynein (Purohit et al.,

1999), and y-tubulin (Dictenberg et al., 1998) supports a model for motor protein-

mediated localization of a signaling module, as presented in this study. The

organization of PKA into discrete signaling complexes that are localized to

melanosomes and transported along microtubules provides the fundamental

advantage of feedback regulation for rapid responses. As predicted by computer-

based modeling, the coordination of signaling molecules into functional complexes

increases the sensitivity of the cascade to fluctuations regulatory activities (Bray

and Lay, 1997; Levchenko et al., 2000).
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4.1 Summary

Within melanophores, the movements of melanosomes are directed by

protein kinase A activities. Previous studies have suggested that PKA is

compartmentalized within melanophores by anchoring proteins. We wanted to

examine how a localized kinase functions to direct melanosome movements - a

highly mobile event. The dynamics of PKA localization were examined in a living

cell with an Alexa FluorTM594antibody conjugate. Upon microinjection, the

antibody localized to regions throughout the cytoplasm, however, the localization

was not static, and the fluorescence redistributed with the stimulation of motor-

protein directed movements. Immunoprecipitation experiments with antibodies

against the dynein intermediate chain co-precipitated PKA from melanophore

extracts. These studies indicate that PKA indirectly associates with the motor-

protein complex to form a transported transduction complex. We propose a model

describing the transduction complex as self-regulating and self-sustained feedback

ioop, a molecular servomechanism.

4.2 Introduction

Second messenger signaling cascades generally involve the point source

production of diffusible small molecules that activate downstream effector



enzymes, such as protein kinases and phosphatases. The fact that cells possess a

molecular architecture to maintain kinases and phosphatases at discrete cellular

locations suggest that second messenger cascades may be able to pass signals to

effector enzymes with little or no cross-talk (Klauck et al., 1996). However, it has

been less clear how a localized effector enzyme might find its way to the proteins

that are its downstream substrates. One thought is that the effector enzyme is co-

localized next to its substrate. In the specific case of fish melanophores, the

effector enzyme that directs the transport of pigmented melanosomes is protein

kinase A (Rozdzial and Haimo, 1986; Sammak et aL, 1992; Tuma and Gelfand,

1999). PKA has recently been found to require localization by A-kinase anchoring

proteins (AKAPs) to transduce cAMP-mediated signals efficiently (Colledge and

Scott, 1999; Dell'Acqua and Scott, 1997). Yet, the concept of a cytoplasmic PKA

localization seems contrary to the supposition that the target of PKA activity is a

protein substrate on a moving melanosome. The following study was undertaken to

learn more about how a localized protein kinase is able to regulate the directed

movements of a mobile substrate.

Melanophores are an excellent model cell for addressing questions about

how cellular processes are modulated by signal regulation because the regulatory

cascades can be manipulated physiologically, and the transport of pigment is a

discernable indicator of the signaling environment in a single cell. A

phosphorylation cycle (phosphorylationldephosphorylation) regulates the

microtubule-based transport of pigment filled organelles (melanosomes) within
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melanophores (Reilein et al., 1998; Rozdzial and Haimo, 1986). Protein kinase A

(PKA) activity stimulates kinesin-mediated transport and an antagonistic protein

phosphatase has been shown to redirect melanosomes and results in dynein-

mediated transport (Thaler and Haimo, 1990). The molecular dynamics that

regulate the activities of the PKA holoenzyme are generally understood. The

regulatory subunits sense and bind cAMP to activate two catalytic subunits that are

then able to phosphorylate a target substrate (Taylor, 1989). A melanosome-

associated protein is phosphorylated in response to stimulants that regulate cAMP

production. However, a phosphorylation pattern that varies in accordance with the

stimulants that differentially regulate the direction of melanosomemovements has

not been detected (i.e. phosphorylated for one direction of transport, and

dephosphorylated for the redirection of transport). In any case, both the up- and

down-regulation of PKA are essential for the redirection of melanosome

movements, in response to an extracellular stimulus.

In several cell types, including melanophores, Anchoring protein-mediated

compartmentalization of the inactive PKA holoenzyme has been shown to increase

the selectivity of cAMP-dependent responses (Lester et al., 1997; Scott et al.,

1990). A-kinase anchoring proteins (AKAPs) tether PKA within close proximity to

specific substrates through interactions with the regulatory subunit dimer (Ru)

(Carr et al., 1991). In melanophores, the overexpression of a recombinant RuT-

binding protein resulted in the inability to stimulate plus-end melanosome

movements (Chapter 3). Thus, anchoring proteins are able to maintain PKA at



r4

specific cytoplasmic sites and contribute to the sophisticated regulation of a

multifunctional kinase.

These locales are visually evident in melanophores, which can be

experimentally induced to sustain cytoplasmic domains that are sharply delimited

and convey opposing transport signals. For example, with the localized application

of a stimulant at tip of melanophore dendrite, a sharp front is formed between

melanosome-barren proximal portion (in relation to the point of stimulation) and

the melanosome-rich distal portion of the dendrite. By following the melanosome

movements in the two portions of the dendrite, it is clear that two sharply distinct

signaling milieus are side-by-side in the same cellular process (unpublished

results). To sustain distinct signaling domains within a single diffusive cytoplasm

raises further questions as to how sophisticated molecular architectures (such as

AKAPs) are able to organize a cell, whose distribution of organelles and molecules

is continually changing. How does a localized kinase modulate the function of a

substrate that is mobile, and that through phosphorylationldephosphorylation can

be induced to change its direction at any point throughout the course of its

transport? The experiments described here were designed to test the hypothesis

that PKA is constitutively localized to the transport machinery, and is transported

along with the motor-protein complex. By this hypothesis, protein kinase A is

viewed as an integral component of a molecular servomechanism: a complex



comprised of a sensor, an effector, and a regulator that function together in

feedback loop, which is capable of continuously monitoring and responding to a

dynamic intracellular environment.

4.3 Material and Methods

4.3.1 Melanophore isolation

Melanophore were isolated from Oreochromus niloticus (Nile Tilapia) fins

using a tissue dissociation protocol, and were maintained in primary cultures, as

described previously. Briefly, fins were incubated in a collagenase I (930 units/ml

Worthington Scientific) and hyalouronidase (208 units/mI, Worthington Scientific)

cocktail; melanophores were isolated by centrifugation and partially purified on a

self-formed Percoll gradient (as described previously). The partially purified

population of melanophores were plated on 13 mm coverslips pretreated with

collagen (20 pg/ml, Sigma) and fibronectin (15 pg/ml, Sigma) and grown in L- 15

media (Life Technologies) supplemented with fetal calf serum (5% V/ HyClone)

4.3.2 Labeling anti-PKA c-subunit antibodies with Alex FluorTM594

Polyclonal antibodies against the catalytic subunit of protein kinase A

(Sigma and Upstate Biotechnology Inc.) were fluorescently labeled using an Alexa
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FluorTM594 protein labeling kit (Molecular Probes, Inc.). Briefly, antibody

solutions (0.5 mg/ml) were dialyzed overnight in PBS (140 mM NaC1, 2.7 mM

KC1, 10 mM Na2HPO4, 1.5 mM KH,PO4, pH 7.4), at 4 °C. The antibody solution

was supplemented with sodium bicarbonate (100 pM final concentration, pH 8.3)

and added to the Alexa FluorTM reaction mix. The reaction was incubated at room

temperature for 60 minutes with constant stirring. Hydroxylamine solution was

added to stop the labeling reaction. The reaction mix was then dialyzed in injection

buffer (20 mM HEPES, 110 mM potassium acetate, 5 mM sodium acetate, 2 mM

magnesium acetate, pH 7.4) overnight to remove dye molecules that did not

covalently attach to the antibodies.

4.3.3 Immunoprecipitation

Isolated melanophores were resuspended in ice-cold lysis buffer (10 mM

Tris, pH 7.4, 150 mM NaCl, 1mM EGTA, 1% Triton X-100, 0.5% NP-40, 1 pg/mi

leupeptin, 1 pglml aprotinin, and 1 pg/ml PMSF) and precleared by centrifugation

(14,000 g, 10 mm.). Supernatants were incubated with 3.0 pg/mi anti-Dynein

Intermediate Chain (D.I.C., Chemicon) for 12 h (6 h for immunoprecipitates used

in kinase assays) at 4 °C. Protein G-sepharose (10 p1, Santa Cruz Biotechnologies),

blocked with 2 mg/mI ovalbumin (Sigma), was added and incubated for 1 h at 4 °C

with constant shaking. Immunoprecipitates were washed once with lysis buffer

(supplemented to 500 mM NaCI), followed by a wash with lysis buffer pIus 0.5%

SDS, three subsequent washes with lysis buffer (supplemented to 500 mM NaC1),
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and then immunoblotted or assayed for PKA activity. (Immunoprecipitates used to

assay PKA activity were washed an additional three times in kinase reaction buffer

to remove remnant detergents.)

4.3.4 immunoblotting

Protein was eluted from the immunoprecipitates by adding SDS-PAGE

sample buffer (containing 3-mercaptoethanol) and incubated at 100 °C for 5 mm.

Sample were resolved by electrophoresis on 12.5% polyacrylamide gels and

transferred to nitrocellulose (Osmonics, Inc.). After transfer, nitrocellulose

membranes were blocked in 5% milk (low-fat) and probed for the presence of

proteins with anti-rabbit or anti-mouse antibodies (1:1000 dilution). The probed

blots were washed and immunoreactive proteins were visualized via Super Signal

chemiluminescence (Pierce).

4.3.5 Protein kinase A assay

The sepharose beads isolated from the immunoprecipitates were washed

three times and resuspended in 50 p1 of reaction buffer (20 mM, pH 7.4, 10 mlvi

NaCl, 10 mM MgC1,). The precipitate slurry (10 p1) was incubated with 4.0 pM

Kemptide (Pierce) and [T-32P]ATP in reaction buffer alone or supplemented with

10 pM cAMP. The reaction mix was incubated at 30 °C for 30 mm. and then

absorbed onto phosphocellulose filter paper (1991). The filter paper was washed 3-
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5 times in 5% phosphoric acid, dried, and the radioactivity was quantified using

liquid scintillation counting (Beckman LS 6500).

4.3.6 Preparation of cells for indirect immunofluorescence

Melanophores were fixed, washed, and immunofluorescently stained with

the following protocol. The cells were fixed with 3.7% formaldehyde (Sigma) for

15 to 20 minutes. After several rinses with PBS (3 to 5 times), the cells were

permeablized with 0.2% Triton X- 100 (Sigma) in PBS for 20 minutes on a rotating

platform. The cells were rinsed several times with PBS and blocked with 2% BSA

in PBS for 60 minutes. Primary antibodies to PKA (rabbit anti-PKAct catalytic

subunit, Upstate Biotechnology, Inc.), or f3-tubulin (mouse antibodies, Boeringher-

Mannheim) were added (1:300 and 1:50 dilutions in PBS, respectively) and

incubated for 60 minutes. The cells were rinsed three times and exposed to

secondary conjugates: AlexaTM 488-labeled goat anti-rabbit IgG (1:300, Molecular

Probes, Inc.) or TRITC-labeled goat anti-rabbit IgG (1:200, Sigma) for 30 minutes.

Finally, the cells were rinsed with PBS (three times) and mounted onto glass slides

with VectaShield (Vector Labs, Inc.).

4.3.7 Microscopy

Cells were imaged using a Carl Zeiss Axiovert Vt100S microscope (Carl

Zeiss, Inc.) with a 63X/1.40 Plan-APOCHROMAT objective lens and differential

interference contrast. Fluorescence excitation was by a 100 W HBO mercury lamp
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in conjunction with standard 470 band-pass/495 long-pass and 546 band-pass/565

long-pass excitation and beamsplitter filter sets, respectively (Chroma

Technologies). Brightfield and darkfield images were captured with a MicroMax-

5Mhz- 1 300Y cooled-CCD camera (Princeton Instruments) controlled by ImagePro

Plus 4.0 software (MediaCybernetics, Inc.). The images were processed digitally

with Adobe PhotoShop (Adobe Systems, Inc.) or ImagePro software.

4.4 Results

4.4.1 Protein kinase A reorganizes with the stimulated movements of melanosomes

To monitor the subcellular localization of protein kinase A (PKA) in a

living cell, we microinjected fluorescently labeled antibodies directed against

protein kinase A into melanophores. The antibodies were directed against the C-

terminal 17 amino acids of the PKA catalytic subunit (C-subunit). Melanophores

were injected with the labeled antibody and subsequently treated with 10 nM

norepinephrine to stimulate minus-end melanosome movements.

Soon after injection, the antibodies showed a distribution through the

cytoplasm that has been seen previously in post-fixed cells, immunostained for

PKA, suggesting that the specificity of the modified antibody was preserved under

conditions in the living cell (Fig. 4. 1A). However, a portion of the antibody
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Figure 4.1. Fluorescent antibodies undergo minus-end directed movements. Anti-
PKA C-subunit antibodies were labeled with Alexa FluorTM 594. Melanophores
were microinjected (- 10% injection) with the fluorescent antibodies (A) and
stimulated with norepinephrine (100 nM). Darkfield images were captured at 1.5
second intervals. B. Differential images were created by subtraction of successive
images to eliminate background fluorescence and to monitor intracellular
movements, because the fluorescence localization was not static. The arrows
denote the location of a fluorescent speckle that underwent minus-end directed
movements. The path traveled is highlighted in each successive image by the
orange dotted line. C. Melanophores were co-injected with PKA C-subunit and
fluorescent antibodies and treated with norepinephrine. Inset in panel A
corresponds to the region of the cytoplasm highlighted in panel B. Bar, 10 tim.





localization was not static. Differential image analysis showed a subset of punctate

fluorescence moved into the cell body with the addition of norepinephrine (Fig

4. 1B). The movement of the fluorescence was directional and mimicked the

microtubule-based movements of melanosomes. Serving as controls, in

independently tested melanophores, fluorescent antibodies co-injected with an

excess of isolated PKA catalytic subunits did not localize specifically to punctate

regions throughout the cytoplasm. In such control cells, the fluorescence remained

diffuse and did not localize or transport toward the cell body with stimulated

melanosome movements (Fig. 4. 1B).

4.4.2 Interaction ofprotein kinase A and the dynein complex

The directed movements of the fluorescent antibodies suggest that PKA is

transported in manner similar to melanosomes. We therefore performed

immunoprecipitation experiments with antibodies specific to the dynein

intermediate chain (DIC) to test whether PKA is associated with a motor protein

complex. Melanophore whole-cell lysates were incubated with anti-DIC

antibodies, followed by an incubation with protein G-sepharose beads to isolate

antibody complexes. The extracted proteins were electrophoresed, blotted to

nitrocellulose, and probed for PKA. The antibodies precipitated DIC (Fig. 4.2A)

and co-precipitated PKA, as confirmed by western blot analysis. These results

indicate that PKA is associated with the dynein complex in vivo. Dynein is a motor
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Figure 4.2. Antibodies against the dynein intermediate chain co-precipitate protein
kinase A. Monoclonal antibodies directed against the intermediate chain of dynein
were incubated with melanophore cell extracts (1-2 mg/mi) at 4 °C for 12 hours.
Protein G-sepharose beads, used to extract the antibodies, were washed,
resuspended with SDS sample buffer, and electrophoresed (SDS-PAGE) on a
12.5% polyacrylamide gel. The gel was transferred to nitrocellulose, blocked with
5% milk, and probed with anti-PKA C-subunit antibodies at 4 °C. The results are
representative of three separate experiments. B. Melanophore extracts were
separated by SDS-PAGE, transferred to nitrocellulose, and immunobloted with
rabbit anti-PKA antibodies. C. The PKA immunoblots (A) were stripped and
reprobed for the presence of dynein intermediate chain (D.I.C.), as described in
Materials and Methods.
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protein known to associate with melanosomes; the dynein intermediate chain

(Nilsson et al., 1996; Ogawa et al., 1987) is associated with a large protein complex

(including other elements of the dynein motor), which anti-DIC has been shown to

co-precipitate (Karki et al., 1997).

If the co-precipitated protein were PKA, the immunoprecipitate would have

kinase activity and would phosphorylate a PKA-specific substrate. Additionally,

the associated kinase activity would be sensitive to cAIVIP. We used

immunoprecipitate slurries in a kinase reaction mixture, supplemented with [y-

32P]ATP, to demonstrate that the co-precipitate included an active kinase (Fig. 4.3).

Kemptide, a PKA-specific substrate, was supplemented in reaction mixes plus and

minus cAMP. A protein associate with the precipitate did possess kinase activity,

and was able to phosphorylate Kemptide in a cAMP dependent manner. As a

competitive inhibitor, 4.0 MM Kemptide was able to reduce the kinase activity 53%

in the presence of cAMP. These results show that the co-immunoprecipitated

protein is PKA, because the kinase activity is sensitive to cAMP and

phosphorylates of a PKA specific substrate.

4.4.3 Effector molecule transport permits signal resolution in a diffusive cytoplasm

Melanophores can be stimulated to direct melanosome movements within

an isolated region of the cytoplasm. The local application of norepinephrine is able

to create distinct regions of stimulated and unstimulated melanosome transport

(Fig. 4.4A). We fixed and immunofluorescently stained partially stimulated
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Figure 4.3. Kemptide competitively inhibits kinase activity. To determine if the
co-precipitate could phosphorylate a PKA specific substrate, in a cAMP-
dependent manner, protein G-sepharose beads were incubated with cell extracts in
the absence (control) and presence (experimental) of DIC antibodies. The
sepharose beads were isolated by centrifugation, washed, and then incubated with
[y-32P]ATP in a kinase assay reaction buffer, as described in Materials and
Methods. The reactions were supplemented with 2.0 iM Kemptide alone or with
10 iM cAMP (black or white bars, respectively) at 30 °C for 30 minutes (n = 2-3,
error bars represent S.E.M.).





melanophores to examine PKA localization, and to test the hypothesis that the

transport of protein kinase A molecules permit contrasting signals to be resolved in

a diffusive cytoplasm. To examine the distribution of PKA under conditions that

created distinct cytoplasmic signaling domains, melanophores were stimulated with

norepinephrine in a laminar flow environment (Fig. 4.4B). The application of a

locally restricted stimulus results in the regional stimulation of transport.

Melanosomes within the stimulated dendrite moved centrifugally; melanosomes in

the adjacent, unstimulated, region remained in the basal state. As the stimulated

melanosomes move into the unstimulated region, the directed movements cease:

the signal for transport is not global. Clearly, melanosomes must be able to resolve

distinct patterns of second messengers within a signaling environment dependent

upon diffusion.

To test the distribution of PKA under the above conditions, we fixed and

immunofluorescently stained melanophores that were stimulated under laminar

flow conditions. PKA immunofluorescence appeared throughout most of the

cytoplasm as punctate fluorescence. However, PKA immunofluorescence was

sparse in the dendrites stimulated with norepinephrine, indicating that the

cytoplasm in the stimulated region was partly to wholly devoid of PKA (Fig. 4.5).

As a control against microscopy artifacts, microtubules were stained coincidentally

to serve as an internal standard to permit a confident comparison between adjacent

regions of the cell, and thus substantiate the observed differences in PKA

localization. Microtubule staining showed that the integrity of the cytoskeleton





was not compromised by the fixation procedure, as microtubules can be seen

throughout the cytoplasm, and within the region of the localized stimulant.

Therefore, PKA appears to redistribute with the stimulated movements of

melanosomes.

4.5 Discussion

These results show that PKA associates and transports with the molecular

machinery responsible for the microtubule dependent transport of melanosomes.

This conclusion is based on the discovery that PKA associates with the dynein

intermediate chain and that PKA fluorescence is depleted in locally stimulated

dendrites. The experiments within investigated the mechanism by which a localized

kinase is able to convey information efficiently to regulate an extremely mobile

cellular process. These results suggest a model, where by PKA indirectly

associates with the motor protein complex to form a mobile transduction complex

to provide feedback and regulate the bi-directional transport of both melanosomes

and the transduction complex (Figure 4.6).
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Figure 4.6. A transduction complex for one-dimensional signaling. PKA
activity redirects the microtubule-based movements of melanosomes,
utilizing the protein complex described in the text. The cartoon model is
predicated on the hypothesis that the complex of dynein and PKA
formulate a servomechanism: a feedback loop for the autonomous
regulation of a transduction complex. The rendition of how individual
proteins contact one another is arbitrary, except an A-kinase anchoring
protein (AKAP) is likely responsible for PKA coordination (see
Discussion).



4.5.1 Motor protein directed movements of A-kinase

Cellular sensing systems rely on the ability to detect information to generate

a rapid and specific response to a stimulant. Spatially localized effector molecules

are thought to contribute to the efficiency of a signaling cascade by coordinating

effector molecules and target substrates (Tsunoda et al., 1998; Westphal et al.,

1999). The microtubule-based movements of melanosomes are known to result

from the antagonistic actions of a protein kinase and phosphatase. Previous studies

have suggested that the target substrate of the regulatory effector is probably

associated with the melanosome (Reilein et al., 1998; Rozdzial and Haimo, 1986).

Consequently, melanosome movements would also affect the spatial distribution of

the PKA substrate. The rapid reversal of melanosome movements add another

degree of challenge in understanding: melanosome movements are readily and

rapidly reversed at any point during their stimulated migrations, which requires

specific and rapid action from the regulating effector molecule. In this study, we

have shown that PKA rearranges with the stimulated transport of melanosomes.

Immunoprecipitation experiments with antibodies against the dynein intermediate

chain co-precipitated a protein kinase that was able to phosphorylate a peptide

substrate in a cAMP dependent manner, a hallmark of protein kinase A. We are

unable to determine if the interactions between the dynein intermediate chain and

PKA are direct or indirectly mediated by an associated factor in the co-precipitate.

However, the complex is highly stable, as washes with 1.0% SDS were unable to

abolish the interaction.



Cytoplasmic dynein has a role in a wide range of cellular events, and there

is great interest in learning how this motor protein can be regulated with a high

degree of specificity. Protein phosphorylation has been shown to regulate the

mechanochemical cycle of cytoplasmic dynein and may be an essential regulatory

mechanism that modulates dynein activity (Allan and Vale, 1991; Diliman and

Pfister, 1994; Niclas et al., 1996; Tuma and Gelfand, 1999). Furthermore, the

dynein intermediate chain has been shown to regulate organelle association and

activity of dynein (Lin et al., 1994). As demonstrated here, PKA associates with

the dynein intermediate chain. Therefore, we propose that through an association

of PKA with a complex dynein, the kinase is able to self-direct its own transport

throughout the cytoplasm by modulating the mechanochemical cycle of dynein

(Figure 4.6).

Servomechanisms are widely used, in modern technology, as a means to

monitor and continually control a mechanical device (e.g. self-propelled missiles,

anti-aircraft fire control systems, ship steering systems, or a thermostat). To

accomplish this task, a servomechanism is organized into a feedback loop that

consists of receptor, a control apparatus, and an effector (Bertalanffy, 1968). A

molecular servomechanism organized around a protein kinase could explain many

biological signaling phenomena. For example, PKA R-subunits regulate the

activities of the C-subunits in response to cAMP, in turn to regulate the activities of

the C-subunits that modulate dynein-mediated transport of the holoenzyme.

Transport of the holoenzyme would allow the R-subunits to monitor the cellular



environment continually to regulate the C-subunits and dynein activity accordingly.

The data presented here are the first to suggest that an effector molecule associates

with and is transported by a motor protein to regulate the activities of the transport

complex. We would suggest that the proposed servomechanism could have

regulatory applications throughout biology, and are not only specialized complexes

for autonomous melanosome transport. One-dimensional transduction of

information would allow sharp signaling domains to be established within a

diffusive cytoplasm to permit stringent regulation of vital cellular processes.



Chapter 5

Conclusion

This thesis examines a newly discovered mechanism by which protein

kinase A transmits information to regulate melanosome transport. The results

presented here implicate protein kinase A as an integral component of a

transduction complex. The microtubule-based transport of melanosomes require

the activities of protein kinases and phosphatases to regulate motor-protein directed

translation events. Protein kinase A is known to be the kinase that stimulates the

plus-end directed transport of melanosomes in response to fluctuations in cyclic 3',

5'-monophosphate (Reilein et a!, 1998, Sammack et a!, 1992, Rozdzial and Haimo,

1992). Anchoring proteins have been shown to regulate the efficiency and

specificity of kinase-mediated signaling cascades by compartmentalizing kinase

and substrate in distinct cytoplasmic microdomains. These studies demonstrate that

protein kinase A anchoring is required to direct melanosome movements, and

protein kinase A indirectly associates with the dynein intermediate chain. These

studies provide evidence to suggest that a mobile protein kinase (transduction

complex) is able to create distinct domains of transporting melanosomes in

response to a diffusible message molecule.

Protein kinase A redistributes with the stimulated movements of

melanosomes, and is able to interact with motor-protein components in vitro, which

constitutes a complex that is able to self-direct its cytoplasmic distribution in

response to cAMP. As predicted by modeling experiments, the coordination of

signaling molecule into functional complexes increases the sensitivity of the

cascade to fluctuations in regulatory molecules (Bray et al., 1997; Lovchenko et al.,

2000). Thus, the production of distinct cytoplasmic signaling domains can be

resolved to establish delimited fronts of transporting and stationary melanosomes

through the actions of an ultrasensitive transduction complex. The model in



Chapter 4, proposes that a transduction complex composed of a self-regulating

effector (i.e. protein kinase A) and a motor protein would operate similar to a

mechanical servomechanism (Bertalai, 1968): PKA catalytic and regulatory

subunits would comprise the receptor and effector mechanism that control the

regulator (motor protein), whose action (transport through the cytoplasm) would

then provide feedback to influence the activities of the receptor. Protein kinase A

would sense fluctuations in cAMP to regulate its kinase activity, which would

function to modulate motor protein activities. Thus, the sensory actions of PKA

would self-direct its cytoplasmic distribution along microtubules, and thus the

transduction of information would be reduced to single dimension.

The model of a servomechanism is widely applicable in stringently

regulated cellular processes. For example, protein kinases that regulate embryonic

patterning and mitosis have recently been shown to associate with motor-protein

complexes (Aiphey et al., 1997; Robbins Ct al., 1997; Zecevic et al., 1998; Nagata

et al., 1998; Purohit et al., 1999), and more recently, pericentrin was shown to

function as an A-kinase anchoring protein (Diviani et al., 2000) that interacts with

dynein and y-tubulin (Purohit et al., 1999; Dictenberg et al., 1998). However, it is

also probable that the bi-directional movements of melanosomes have unique

nuances to their regulation. Melanophore traits have been evolutionarily

established as a consequence of the inherent ability to respond rapidly and

reversibly to an extracellular stimulant. This thesis has demonstrated new ways of
processing information that side-step the limitation of diffusion to regulate the

speed and efficiency by which intracellular information is transmitted in a diffusive
cytoplasm. The model provides a framework for further dissection of the

molecular components that work closely with PKA in its newly discovered role in
one-dimensional signal transduction.
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