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Investigating the Role of Microtubules in Glut4 Vesicle Trafficking and the
Kinetics of Membrane Attachment by the Myosin Myo1c

Abstract
The myosin myo1c dynamically localizes to cellular membranes through high affinity phosphoinositide
binding and links them to the actin cytoskeleton. Determining the kinetics of membrane attachment will
provide insight into the relationship between membrane-attachment and actin-attachment lifetimes, and will
also provide details about the regulation of membrane attachment. Stopped-flow spectroscopy was used to
measure the binding and dissociation of a recombinant myo1c construct containing the tail and regulatory
domains (myo1cIQ-tail) to and from 100 nm diameter large unilamellar vesicles (LUVs). The apparent second-
order rate constant for association of myo1cIQ-tail with LUVs containing 2% phosphatidylinositol
4,5-bisphosphate (PtdIns(4,5)P2) was approximately diffusion-limited. Myo1cIQ-tail dissociated from
PtdIns(4,5)P2 at a slower rate (2.0 s-1) than the pleckstrin homology domain of phospholipase C-δ (PLCδ-
PH) (13 s-1). The presence of additional anionic phospholipid reduced the myo1cIQ-tail dissociation rate
constant > 50-fold, but marginally changed the dissociation rate of PLCδ-PH, suggesting that additional
electrostatic interactions in myo1cIQ-tail help to stabilize binding. Remarkably, high concentrations of soluble
inositol phosphates induce dissociation of myo1cIQ-tail from LUVs, suggesting that phosphoinositides are able
to bind and dissociate from myo1cIQ-tail as it remains bound to the membrane.

In adipocytes, vesicles containing glucose transporter-4 (GLUT4) redistribute from intracellular stores to the
cell periphery in response to insulin. Vesicles then fuse with the plasma membrane, facilitating glucose
transport into the cell. To gain insight into the molecular role of microtubules, we examined the spatial
organization and dynamics of microtubules in relation to GLUT4 vesicle trafficking in living 3T3-L1
adipocytes using total internal reflection fluorescence (TIRF) microscopy. Insulin stimulated an increase in
microtubule density and curvature within the TIRF-illuminated region of the cell. The time course of the
density increase precedes that of the increase in intensity of HA-GLUT4-eGFP in this same region.
Microtubule disruption delayed and modestly reduced the accumulation of GLUT4 at the plasma membrane.
Interestingly, fusion of GLUT4-containing vesicles with the plasma membrane preferentially occur near
microtubules, and long-distance vesicle movement along microtubules visible at the cell surface prior to
fusion does not appear to account for this proximity. We conclude that microtubules may be important in
providing spatial information for fusion events.
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ABSTRACT 

 

INVESTIGATING THE ROLE OF MICROTUBULES IN GLUT4 VESICLE TRAFFICKING 

AND 

THE KINETICS OF MEMBRANE ATTACHMENT BY THE MYOSIN MYO1C 

 

Jennine M. Dawicki McKenna 

Dr. E. Michael Ostap 

 

The myosin myo1c dynamically localizes to cellular membranes through high 

affinity phosphoinositide binding and links them to the actin cytoskeleton.  Determining 

the kinetics of membrane attachment will provide insight into the relationship between 

membrane-attachment and actin-attachment lifetimes, and will also provide details about 

the regulation of membrane attachment.  Stopped-flow spectroscopy was used to 

measure the binding and dissociation of a recombinant myo1c construct containing the 

tail and regulatory domains (myo1cIQ-tail) to and from 100 nm diameter large unilamellar 

vesicles (LUVs).  The apparent second-order rate constant for association of myo1cIQ-tail 

with LUVs containing 2% phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) was 

approximately diffusion-limited.  Myo1cIQ-tail dissociated from PtdIns(4,5)P2 at a slower 

rate (2.0 s-1) than the pleckstrin homology domain of phospholipase C-δ (PLCδ-PH) (13 

s-1).  The presence of additional anionic phospholipid reduced the myo1cIQ-tail 

dissociation rate constant > 50-fold, but marginally changed the dissociation rate of 
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PLCδ-PH, suggesting that additional electrostatic interactions in myo1cIQ-tail help to 

stabilize binding.  Remarkably, high concentrations of soluble inositol phosphates induce 

dissociation of myo1cIQ-tail from LUVs, suggesting that phosphoinositides are able to bind 

and dissociate from myo1cIQ-tail as it remains bound to the membrane. 

In adipocytes, vesicles containing glucose transporter-4 (GLUT4) redistribute 

from intracellular stores to the cell periphery in response to insulin.  Vesicles then fuse 

with the plasma membrane, facilitating glucose transport into the cell.  To gain insight 

into the molecular role of microtubules, we examined the spatial organization and 

dynamics of microtubules in relation to GLUT4 vesicle trafficking in living 3T3-L1 

adipocytes using total internal reflection fluorescence (TIRF) microscopy.  Insulin 

stimulated an increase in microtubule density and curvature within the TIRF-illuminated 

region of the cell.  The time course of the density increase precedes that of the increase 

in intensity of HA-GLUT4-eGFP in this same region.  Microtubule disruption delayed and 

modestly reduced the accumulation of GLUT4 at the plasma membrane.  Interestingly, 

fusion of GLUT4-containing vesicles with the plasma membrane preferentially occur 

near microtubules, and long-distance vesicle movement along microtubules visible at the 

cell surface prior to fusion does not appear to account for this proximity.  We conclude 

that microtubules may be important in providing spatial information for fusion events. 
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Chapter 1. Introduction 

1.1 SPECIFIC AIMS 

1.1.1 Motivation for Thesis 

Molecular motors and the cytoskeletal tracks upon which they move are crucial to 

cellular function.  The cell uses a wide diversity of motors to accomplish tasks ranging 

from organelle positioning and maintenance of cell shape to membrane rearrangement, 

motility, and cell division.  The vertebrate myosin myo1c is one motor expressed in a 

wide range of cells (Sherr et al., 1993).  Intriguingly, despite the wealth of biochemical 

information available for myo1c, details of its cellular function remain unknown.  The 

overarching goal of this thesis is to provide needed insight into the molecular role of 

myo1c in the cell. 

 

1.1.2 Specific Aims 

 Myo1c is important in several biological processes that require membrane 

dynamics.  For example, myo1c is involved in vesicle trafficking (Bose et al., 2002; Bose 

et al., 2004), compensatory endocytosis following regulated exocytosis (Sokac et al., 

2006), and tensioning of mechano-sensitive ion channels (Holt et al., 2002).  However, a 

molecular understanding of how myo1c functions in these important cell biological 

processes is missing. 

 An important recent discovery in the cell biology of myo1c is that it plays a role in 

the insulin-stimulated trafficking of vesicles containing glucose transporter-4 (GLUT4) 
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(Bose et al., 2002; Bose et al., 2004).  Glucose entry into adipose and muscle tissue 

requires glucose transporters and is limited by the amount of these proteins in the 

plasma membrane (Suzuki and Kono, 1980; Cushman and Wardzala, 1980).  The major 

insulin-responsive transporter in these cell types is GLUT4 (James et al., 1988; James et 

al., 1989).  Under basal conditions, the majority of GLUT4 is sequestered within an 

insulin-sensitive storage compartment in adipose cells.  Insulin binding to the insulin 

receptor initiates a signaling cascade involving the activation of phosphatidylinositol-3-

kinase (PI3K) and the serine/threonine kinase Akt (reviewed in (Hou and Pessin, 2007)), 

resulting in a net increase of GLUT4 at the plasma membrane.  Insulin-stimulated 

GLUT4 trafficking is largely responsible for removal of glucose from circulating blood 

after a meal and is crucial for glucose homeostasis. 

It has been demonstrated in adipocytes that siRNA-mediated knock-down of 

myo1c inhibits the final steps of GLUT4 translocation to and/or fusion with the plasma 

membrane, and myo1c over-expression can overcome blockage of vesicle fusion 

brought about through PI3K inhibition (Bose et al., 2002; Bose et al., 2004).  While such 

experiments establish a role for myo1c at some stage of vesicle delivery or fusion, the 

details of myo1c involvement are lacking. 

 In the context of GLUT4 vesicle trafficking in response to insulin, there are 

several potential models for the involvement of myo1c that are consistent with 

experimental observations in cells.  These include (Figure 1.1): 

1. Myo1c is involved in short-range transport of vesicles to the plasma membrane. 

2. Myo1c transports GLUT4 membranes that have not formed discrete vesicles.  In 

this case, transport pulls tubulo-vesicular structures into the actin-rich cell cortex. 
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3. Myo1c anchors vesicles to actin filaments.  In this model, the motor activity of 

myo1c is important not so much for transport but for dynamic tethering of the 

vesicles.  Such anchoring could inhibit microtubule-based motors from 

translocating vesicles that are already near the cell surface. 

4. The interaction of myo1c with GLUT4 vesicles is secondary to its interaction with 

the plasma membrane and actin to facilitate GLUT4 tethering or fusion.  As an 

example, myo1c could affect the local tension of the plasma membrane through 

its interaction with actin. 

 

Specific Aim 1.  How does membrane phosphoinositide and anionic composition 

influence myo1c membrane attachment lifetime? 

An in depth understanding of the mechanical, structural, ATPase, and 

membrane-binding properties of myo1c is required to distinguish between mechanisms.  

Biochemical and biophysical experiments have provided valuable information about the 

capabilities of myo1c as a motor.  One area that requires further exploration is the 

binding of myo1c to membranes containing phosphoinositides (Hokanson et al., 2006; 

Hokanson and Ostap, 2006).  Steady-state data revealing high affinity myo1c membrane 

binding is valuable, but it is also important to know the kinetics of the interaction, 

especially since the association of myo1c with cellular membranes is dynamic 

(Hokanson et al., 2006).  For example, in the models discussed above, myo1c 

attachment to GLUT4 vesicles could be direct, mediated through the putative pleckstrin 

homology domain (Figure 1.1, (1) right).  Alternatively, myo1c recruitment to GLUT4  

 



4. Indirect mechanism3. Vesicle Tethering

1. Short-range Transport 2. Pulling of tubulo-vesicular structures

4

Figure 1.1  Models for myo1c in GLUT4 vesicle trafficking.  

(1) Short-range transport.  Myo1c transports vesicles towards the barbed ends of actin 
filaments, which are oriented towards the plasma membrane.  Myo1c recruitment to 
vesicles could be through (Left) direct binding of myo1c through its PH domain.  
Alternatively, (Right) the interaction could be mediated through myo1c binding to 
proteins present on the vesicles, such as RalA.  

(2) Pulling of tubulo-vesicular structures.  Myo1c binds directly or indirectly to GLUT4 
membranes.  Myo1c motor activity transports membrane towards the cell surface.  
Because of anchoring of GLUT4 membranes to other structures, such as microtubules 
shown here, myo1c in effect pulls tubules towards the barbed-end of actin filaments.  

(3) Vesicle tethering.  Myo1c motor activity does not result in appreciable transport of 
vesicles along actin filaments.  Instead, motor activity is required for dynamic tethering 
of vesicles to actin filaments.  As a consequence of tethering to the actin cytoskeleton, 
transport of GLUT4 vesicles along microtubules could be disrupted.

(4) Indirect mechanism.  Though evidence exists for myo1c recruitment to GLUT4 
vesicles, much of myo1c is localized to the plasma membrane.  This model proposes 
that the plasma membrane is a major site of myo1c action.  Myo1c could be affecting 
membrane tension, for example, through binding simultaneously to the plasma 
membrane and actin filaments. Membrane tension could in turn influence GLUT4 
vesicle fusion with the plasma membrane.
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vesicles could occur through association with proteins localized to GLUT4 vesicles 

(Figure 1.1, (1) left), such as RalA, or some combination of direct and indirect binding. 

Knowing more about the myo1c membrane attachment lifetime can provide 

insight into mechanisms of myo1c recruitment to GLUT4 vesicles.  Discovering, for 

example, that myo1c membrane attachment lifetime is short relative to the time required 

for myo1c to complete an ATPase cycle would motivate a search to identify and 

characterize protein-protein interactions that might stabilize myo1c membrane 

attachment.  In addition, GLUT4 vesicles have lipid composition different from that of the 

plasma membrane.  It is important to understand how lipid composition influences the 

kinetics of myo1c membrane binding since this could potentially provide information 

about sites of action for myo1c in the absence of protein-protein interactions (Figure 1.1, 

(4)).  Therefore, I have measured myo1c association with and dissociation from 

membranes of varying phosphoinositide and anionic lipid compositions. 

 

Specific Aim 2.  How is the cytoskeleton organized in 3T3-L1 adipocytes and how 

does cytoskeletal organization relate to GLUT4 vesicle dynamics? 

 At the same time, distinguishing among these possibilities, not all of which are 

mutually exclusive, will require a more in-depth understanding of the organization of the 

actin and microtubule cytoskeletons.  Information about GLUT4 vesicle dynamics, 

motility, and localization relative to cytoskeletal filaments and motors will be important.  

The consequences of specific myo1c mutations that interfere in known ways with myo1c 

function must also be considered.   
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The second chapter of this thesis lays the groundwork for addressing the role of 

myo1c in part by examining microtubule localization and dynamics in adipocytes and the 

spatial relationship between microtubules and GLUT4 vesicle fusions with the plasma 

membrane.  For example, in 3T3-L1 adipocytes, the microtubule cytoskeleton occupies 

a region extending throughout the volume of the cell.  Due to the organization of the 

microtubule cytoskeleton, unrestricted movement along microtubules could lead to the 

displacement of surface-localized vesicles away from the cell membrane and deeper into 

the cell.  Myo1c could potentially inhibit the inward, microtubule-dependent displacement 

by tethering the vesicle to cortical actin.  

One question is whether we can observe myo1c recruitment to GLUT4 vesicles, 

and, if so, how recruitment correlates with microtubule-based transport.  Alternatively, 

the recruitment of myo1c to GLUT4 vesicles could be constitutive and myo1c activation 

or engagement could instead be regulated.  In considering these alternatives, it should 

be kept in mind that we might not observe myo1c localization to GLUT4 vesicles using 

live-cell TIRF microscopy.  This could reflect limitations in our detection due to a 

transitory myo1c-GLUT4 vesicle interaction, low myo1c recruitment to GLUT4 vesicles 

compared to the extensive recruitment to the plasma membrane, or the presence of 

endogenous, non-fluorescent myo1c.  
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1.2 BACKGROUND INFORMATION 

1.2.1 Myo1c 

The Myosin Superfamily 

Myosins comprise a large superfamily of actin-based motor proteins and are 

involved in a variety of processes ranging from muscle contraction to vesicle transport.  

Myosins bind actin and, with the exception of myosin-VI, move towards the barbed end 

of actin filaments.  A feature shared by all myosins is the ability to perform mechanical 

work using the energy stored in ATP. 

Myosins have a common domain structure, which includes motor, regulatory, and 

tail domains (Figure 1.2).  The catalytic motor domain contains the actin-binding region 

and is the site of ATP binding and hydrolysis.  Myosins coordinate the cycle of ATP 

binding, hydrolysis, and product release (Figure 1.3) with conformational changes in the 

motor domain that lead to force generation and differences in actin affinity (reviewed in 

(Geeves et al., 2005)).  In the absence of bound nucleotide, myosin (M) binds strongly to 

actin (A) in what is referred to as the rigor state.  ATP binding to the actomyosin (AM) 

complex decreases the affinity of myosin for actin.  Myosin-ATP (M(ATP)) dissociates 

from the actin filament, and ATP hydrolysis results in a conformational change that 

primes the myosin for force generation in a step called the reverse power-stroke.  Upon 

myosin rebinding to the actin filament, inorganic phosphate (Pi) is released and myosin 

begins its power-stroke while strongly bound to the actin filament.  Finally, myosin 

releases ADP, which in some myosins is the second step of a two-step power-stroke 

(Veigel et al., 1999).  Myosin is again in the rigor state and available to bind ATP and 

repeat the ATPase cycle.  
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Figure 1.2  Myosin domain structure.  

Myosins contain a motor domain (blue) that binds actin and hydrolyzes ATP, a 
regulatory domain (maroon) that serves as a lever arm and contains a variable number 
of IQ motifs, and a tail domain (gray) that differs significantly among myosins and may 
be specialized for protein or lipid interactions or for oligomerization.
(A) Schematic domain structure organization.  (B) 3D map generated from a 
cryoelectron micrograph of an actin filament decorated wtih brush border myosin-I.  C, 
catalytic motor domain; LC, light chain bound to IQ motif; LB, lipid-binding tail 
domain.  Figure is modified from (Jontes et al. 1998).

A.

B.



Figure 1.3  Actomyosin ATPase cycle.  

(1) ATP binds the actomyosin complex (AM).  ATP binding weakens the affinity of 
myosin (M) for actin (A), resulting in (2) myosin detachment from actin.  (3) Myosin 
hydrolyzes ATP to ADP and inorganic phosphate (Pi).  (4) Myosin, which has not yet 
released its hydrolysis products, rebinds the actin filament.  (5) Force is generated 
during the myosin power-stroke, which accompanies Pi release.  (6) Myosin releases 
ADP, which in some myosins is the second step of a two-step power-stroke.  (Blue) 
Weak- and (Green) strong-binding states of myosin are indicated.  Figure is from (De La 
Cruz, Ostap 2004).

9
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The regulatory domain of myosin serves as a lever arm, amplifying conformational 

changes that take place in the motor domain to generate larger displacements (Rayment 

et al., 1993).  Myosin regulatory domains contain one or more IQ motifs, sequences of 

~20-25 amino acids that form single α-helices.  They are named for the presence of 

isoleucine (I) and glutamine (Q) at the start of the consensus sequence.  Calmodulin and 

calmodulin-related proteins, which contain calcium-coordinating EF hand motifs, bind the 

IQ motifs.  Binding of calmodulin stiffens the lever arm and is regulated by calcium 

binding (Manceva et al., 2007). 

The tail domain is the most diverse of the domains and provides a number of 

specializations (Mooseker and Cheney, 1995) that suit myosins to various functions.  For 

example, the tail of myosin-V, a myosin important in vesicle transport, includes a 

predicted coiled-coil motif (Espreafico et al., 1992) that allows for dimerization of myosin-

V motors.  The tail of myosin-II is important in the formation of bipolar filaments (Kiehart 

et al., 1984).  In addition, tails of many myosins contain sites for cargo binding, and they 

frequently contain motifs that mediate interactions with other proteins or with lipids 

(Mooseker and Cheney, 1995). 

 

Myosin-I Family 

 Many families of myosins have so far been identified based on sequence 

analysis of their motor and tail domains (Berg et al., 2001).  Historically, myosins have 

been divided into conventional (i.e., filament-forming myosin-II) and unconventional 

myosins.  Myosin-I is the largest of the unconventional myosin families in humans (Berg 

et al., 2001).  Myosin-Is are low molecular weight myosins that do not dimerize and are, 
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therefore, referred to as single-headed.  They are found in organisms ranging from yeast 

and amoeba to humans.  They are widely expressed in vertebrates, and many tissues 

express at least one myosin-I isoform (Sherr et al., 1993).   

 Eight vertebrate myosin-I isoforms have been identified (myo1a – myo1h) (Figure 

1.4, left).  These can be divided into two subclasses: the short-tailed myosins, of which 

myo1c is a member, and the long-tailed myosins, which include myo1e and myo1f and 

have an extended tail domain.  The tails of myosin-Is are characterized by the presence 

of tail homology (TH) domains (Figure 1.4, right).  Both short- and long-tailed myosin-Is 

contain a basic TH1 domain involved in lipid binding.  In addition to this domain, long-

tailed myosins also possess a TH2 domain rich in glycine, proline, and alanine (GPA) 

residues and an SH3 interaction motif located in the TH3 domain. 

 

Biochemical Properties 

Although they share a common ATPase cycle, myosins differ in their biochemical 

properties, duration of biochemical intermediates of the ATPase cycle, and the relative 

amount of time they spend strongly bound to actin.  These differences are expected to 

be important for the specialization of myosins to different cellular processes (reviewed in 

(De La Cruz and Ostap, 2004)).  They can also influence factors such as cellular 

localization (Tang and Ostap, 2001). 

Myosin-I isoforms are excluded from tropomyosin-containing actin filaments 

(Tang and Ostap, 2001).  They are characterized by long-lived biochemical states (De 

La Cruz and Ostap, 2004) and have low duty ratios (Lewis et al., 2006) (i.e. spend <20% 

of their ATPase cycle strongly bound to actin).  However, at least some myosin-I  
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Figure 1.4  Myosin-I subclasses.  

(Left) Unrooted phylogenetic tree depicting the relationships among vertebrate 
myosin-I isoforms.  

(Right) Isoforms can be subdivided into long-tailed or short-tailed myosin-Is.  Both 
contain a region of basic residues in the tail (TH1 domain, light gray).  In addition, the 
tails of long-tailed myosin-Is have glycine-proline-alanine (GPA)-rich regions (TH2 
domain, green) and an SH3 interaction motif (TH3 domain, dark gray).  The number of 
IQ motifs varies, and alternative splicing of several myosin-Is generates splice isoforms 
of differing number of IQ motifs even within the same myosin-I. 

Long-tailed

Short-tailed
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isoforms can transition to high duty ratio motors under a resisting force.  For example, 

Laakso et al. have demonstrated for the myo1b isoform that duty ratio increases 

significantly (> 0.9) under low loads (< 2 pN) (Laakso et al., 2008). 

 

Myosin-I membrane binding 

Myosin-Is link cell membranes with the actin cytoskeleton and play crucial roles 

in several processes involving the dynamic reorganization of membrane (Bose et al., 

2002; Bose et al., 2004; Holt et al., 2002; Laakso et al., 2008; Novak et al., 1995; Tyska 

and Mooseker, 2004).  For example, myosin-Is are involved in phagocytosis (Voigt et al., 

1999), compensatory endocytosis (Sokac et al., 2006), and vesicle trafficking (Bose et 

al., 2002; Bose et al., 2004).  A key property allowing myosin-I isoforms to carry out 

these functions is that they can simultaneously interact with both actin and lipid 

membranes.  Studies have shown that myosin-I isoforms localize and fractionate with 

cell membranes (Bose et al., 2002; Ruppert et al., 1995), and biochemical experiments 

have shown myosin-I isoforms bind directly to lipid membranes (Adams and Pollard, 

1989; Miyata et al., 1989; Hayden et al., 1990; Tang et al., 2002). 

 

Lipids of cellular membranes 

Eukaryotic plasma membranes are composed of a variety of lipids in addition to 

transmembrane and peripherally-associated proteins.  Of the phospholipids, lipids that 

contain a phosphate group in addition to fatty acids, phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE) are the most abundant and account for ~40% - 50% and 

~20% - 45% of the total, respectively (Leventis and Grinstein, 2010).  Both PC and PE 
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are neutrally-charged, zwitterionic lipids.  Lesser amounts of negatively charged 

phospholipids such as phosphatidylserine (PS), phosphatidic acid (PA), and 

phosphatidylinositol (PI) are also present in cellular membranes. Other important lipids 

present in cellular membranes include phosphoinositides, cholesterol, and sphingolipids 

such as sphingomyelin.  It is worth noting that the lipid composition of different 

organelles varies greatly within a given cell type, and the composition of the plasma 

membrane also varies across different cell types (Leventis and Grinstein, 2010).   

Though they make up a small percentage of cellular lipids, the phosphoinositides 

are an important class of phospholipids and are involved in processes including signal 

transduction and regulation of the actin cytoskeleton.  They are also involved in 

localizing proteins to cellular membranes through binding motifs in the proteins 

(reviewed in (McLaughlin et al., 2002)).  Phosphoinositides are derived from PI, which 

has an inositol ring as part of its polar headgroup, and are named for the positions on 

the ring that are phosphorylated.  Phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) 

is the most abundant, representing a few percent of the total phospholipid content of the 

plasma membrane, although local concentrations can be higher.  Whereas PS carries an 

effective charge of -1, these anionic lipids have multiple negative charges per 

headgroup.  The net charge of PtdIns(4,5)P2, for example, can range from -2 to -4 

(reviewed in (McLaughlin et al., 2002)).  Lipid kinases and phosphatases are important 

for the interconversion of the phosphoinositides.  For example, PI3K phosphorylates 

PtdIns(4,5)P2 on position 3 of the inositol ring to generate phosphatidylinositol 3,4,5-

trisphosphate (PtdIns(3,4,5)P3).  In addition, phospholipases can cleave the headgroup 

to generate soluble inositol phosphates and important lipid second messengers. 
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Basis of membrane binding of myo1c 

High affinity membrane binding is a key feature of myo1c and, along with its 

actin-binding properties, is one of the major factors that determine its intracellular 

distribution (Hokanson and Ostap, 2006; Tang and Ostap, 2001; Ruppert et al., 1995).  

Myo1c is localized to the plasma membrane, the actin-rich cell cortex, as well as 

specialized membrane structures such as stereocilia and endocytic structures. 

Membrane binding by myo1c is mediated through its tail domain, which contains 

a stretch of ~200 amino acids enriched in basic residues.  Within this region a putative 

pleckstrin homology (PH) domain (Figure 1.5) has been identified that binds 

PtdIns(4,5)P2 and other phosphoinositides with high affinity (Kd < 0.5 µM in terms of 

accessible phosphoinositide concentration) (Hokanson et al., 2006).  In addition, myo1c 

binds with similar affinity to soluble inositol phosphates such as inositol 1,4,5-

trisphophate (InsP3), the soluble headgroup of PtdIns(4,5)P2.   Point mutations of amino 

acids known to be essential for phosphoinositide binding in other PH domains inhibit 

myo1c binding to PtdIns(4,5)P2 in vitro, and these mutations disrupt membrane 

localization in vivo (Hokanson et al., 2006). 

The presence of additional anionic phospholipids in the membrane increases the 

affinity of myo1c for PtdIns(4,5)P2-containing membranes.  This increased affinity may 

be due to non-specific electrostatic interactions between the anionic phospholipids and 

positively charged regions within the myo1c tail or regulatory domain (Hokanson et al., 

2006; Swanljung-Collins and Collins, 1994), which is similar to what has been found for 

the guanine nucleotide exchange factor, ADP-ribosylation factor nucleotide-binding site 

opener (ARNO) (Macia et al., 2000).  However, high-affinity membrane binding via these 

non-specific electrostatic interactions (i.e., binding in the absence of PtdIns(4,5)P2)  



16

Figure 1.5  β1-loop-β2 motif of PH domains.  

(A) Mouse myo1c (residues 884-908) has been aligned with the PH domain signature 
motif.  Conserved basic residues shown in red are critical for membrane binding by PH 
domains. Other residues are depicted as follows: orange, other basic residues; brown, 
conserved hydrophobic patch; purple, conserved threonine.  Figure is from (Hokanson 
et al. 2006).

(B) Alignment of other myosin-I isoforms.  Conserved lysine and arginine residues are 
highlighted by the blue bars.  Blue, basic residues; red, acidic residues.  Figure is from 
(Feeser et al. 2010).
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requires the membrane composition to contain a non-physiological mole fraction (e.g., > 

40% phosphatidylserine) of anionic phospholipids (Hokanson et al., 2006; Hokanson and 

Ostap, 2006).  

The mechanisms of myo1c targeting and anchoring to specific regions on cellular 

membranes are not well understood.  However, evidence is building that myo1c 

targeting requires direct binding of myo1c to phosphoinositides in cell membranes 

(Hokanson et al., 2006; Hokanson and Ostap, 2006; Huang et al., 2004; Hirono et al., 

2004). 

 

Membrane binding by other myosin-Is 

Myosin-I isoforms show considerable differences in the way they interact with 

membrane.  For example, while all vertebrate myosin-Is appear by sequence alignment 

to have a PH domain (Hokanson et al., 2006; Feeser et al., 2010) (Figure 1.5), 

conserved PH domain residues are not required for membrane binding of all myosin-Is.  

Mutation of conserved PH domain residues disrupts in vivo membrane binding of myo1c, 

myo1f, myo1g, and myo1b (Hokanson et al., 2006; Patino-Lopez et al., 2010; Olety et 

al., 2010; Komaba and Coluccio, 2010).  However, these residues are not required for 

myo1e membrane binding in vivo or for PtdIns(4,5)P2 binding in vitro (Feeser et al., 

2010).  Furthermore, myosin-1s differ in their ability to bind membranes containing 

physiological concentrations of phosphatidylserine.  As discussed above, myo1c shows 

high affinity membrane binding only at high phosphatidylserine concentrations 

(Hokanson et al., 2006; Hokanson and Ostap, 2006).  On the other hand, myo1e shows 

high affinity binding to membranes that contain physiological concentrations of either 
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phosphatidylserine or phosphoinositides (Feeser et al., 2010).  Electrostatic interaction 

between the basic tail domain and anionic phospholipids, rather than a stereo-specific 

interaction of the PH domain with phosphoinositides, appears to be the key feature of 

myo1e membrane binding.  Similar findings have been demonstrated for Acanthamoeba 

myosin-IC (Brzeska et al., 2008).   

 

1.2.2 Glucose transporter-4 vesicle trafficking 

Glucose transporter-4 

GLUT4 belongs to a family of facilitative transporters, integral membrane proteins 

that have twelve transmembrane-spanning regions (Mueckler et al., 1985).  When 

embedded in the plasma membrane, they allow sugars to enter the cell down the 

concentration gradient in an ATP-independent manner.  Transporters differ in the sugar 

for which they are specific and the kinetics of sugar transport (Bell et al., 1993). 

What makes GLUT4 unique among glucose transporters is that its intracellular 

localization and plasma membrane insertion are highly regulated by the peptide 

hormone insulin (James et al., 1988; James et al., 1989).  The regulation of GLUT4 

levels at the plasma membrane reflects the importance of GLUT4 in maintaining blood 

glucose levels.  It is highly expressed in fat and muscle, insulin-responsive tissues that 

play key role in regulating whole body glucose homeostasis. 

Under basal conditions (i.e. the absence of insulin signaling), the majority of 

GLUT4 is sequestered within a specialized, insulin-sensitive storage compartment in the 

form of vesicles or tubulo-vesicular structures (Slot et al., 1991; Malide et al., 2000).  

Only a small fraction of GLUT4 is embedded in the plasma membrane (Slot et al., 1991).   
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Figure 1.6  GLUT4 trafficking.  

GLUT4 (yellow bars) traffics through multiple cellular compartments.  Under basal 
conditions very little GLUT4 is embedded in the plasma membrane.  Instead, GLUT4 is 
found in intracellular vesicle pools.  A small fraction of GLUT4 is located within the 
early endosome pool.  This pool includes GLUT4 that has been endocytosed from the 
plasma membrane.  Most of GLUT4 is sorted away from early endosomes and is 
sequestered in the tubulo-vesicular pool, which serves as a source of GLUT4 for 
exocytosis in response to insulin.  Insulin stimulation greatly increases the amount of 
GLUT4 embedded in the plasma membrane (PM), mostly by increasing the rate of 
exocytosis.  Figure is adapted from (Holman, Cushman 1994).
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The intracellular pool of GLUT4 is dynamic (Figure 1.6), and the basal distribution 

reflects fast endocytosis from the plasma membrane (Jhun et al., 1992; Yang and 

Holman, 1993; Satoh et al., 1993) and slow exocytosis of GLUT4-containing vesicles 

(Jhun et al., 1992; Yang and Holman, 1993; Satoh et al., 1993; Karylowski et al., 2004).  

Insulin binding to the insulin receptor begins a series of signaling events, which 

culminate in a substantial increase in the rate of exocytosis (Jhun et al., 1992; Yang and 

Holman, 1993; Satoh et al., 1993; Karylowski et al., 2004), greatly increasing the level of 

plasma membrane-inserted GLUT4 (Slot et al., 1991). 

 

Insulin signaling 

 Insulin binding to the insulin receptor activates the tyrosine kinase activity of the 

receptor and initiates a signaling cascade (Figure 1.7), which ultimately leads to 

increased insertion of GLUT4 into the plasma membrane (Hou and Pessin, 2007; 

Watson and Pessin, 2007; Zaid et al., 2008).  Substrates for the activated insulin 

receptor include important scaffolding proteins such as the insulin receptor substrate 

proteins IRS1/2.  When phosphorylated on certain tyrosine residues, IRS1/2 provide 

binding sites for downstream effectors including PI3K.  PI3K is an important kinase 

whose substrate is the phosphoinositide PtdIns(4,5)P2.  Once recruited to the cell 

membrane through binding to phosphorylated IRS1/2, PI3K catalyzes the conversion of 

PtdIns(4,5)P2 to PtdIns(3,4,5)P3.  PtdIns(3,4,5)P3 in turn is important for the binding of 

pleckstrin homology-domain containing proteins including Akt, a serine/threonine protein 

kinase.  At the cell surface, Akt is activated by phosphorylation of threonine 308 and 

serine 473.  
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Figure 1.7  Insulin signaling cascade.  

The PI3K-dependent signaling pathway begins with insulin binding to the insulin 
receptor (IR).  Phosphorylated IR provides binding sites for the scaffolding protein IRS.  
PI3K is recruited to the plasma membrane through interaction with IRS.  Active PI3K 
catalyzes the conversion of PtdIns(4,5)P2 to PtdIns(3,4,5)P3, which in turn activates the 
kinases PDK1 and Akt.  Phosphorylation by Akt inactivates AS160, a negative regulator 
of Rab proteins.  Activated Rabs (Rab-GTP) are proposed to be important for GLUT4 
vesicle translocation.  Green, positive regulators leading to translocation of GLUT4 
vesicles; Red, negative regulators.  Figure is adapted from (Watson, Pessin 2006). 

Tethering
Docking
Fusion
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 Although the search for Akt substrates is ongoing, one important target that has 

been identified is Akt substrate of 160 kDa (AS160).  AS160 acts as a GTPase activating 

protein (GAP) for Rab proteins (Figure 1.7) (Miinea et al., 2005), small GTPases 

important in vesicle motility and fusion (reviewed in (Zerial and McBride, 2001)), present 

on GLUT4 vesicles.  Akt phosphorylation of AS160 is thought to inactivate its Rab GAP 

activity (Kramer et al., 2006), allowing for Rab activation and effector binding.  Proposed 

effector proteins in GLUT4 trafficking include motors such as dynein and KIF3, a kinesin-

II (Huang et al., 2001; Imamura et al., 2003).  Identification of the specific Rabs and their 

effectors targeted by AS160 is ongoing. 

 

Intersection of insulin signaling with GLUT4 vesicle trafficking 

A major area of active research in the GLUT4 field remains the identification of 

the steps in GLUT4 trafficking that are regulated by insulin.  Multiple processes have 

been identified as targets for insulin signaling (Figure 1.8).  These include: 

1. vesicle budding from GLUT4 storage compartments (Lauritzen et al., 

February 2008); 

2. release of vesicles from a retention mechanism (Bogan et al., 2003); 

3. mobilization of vesicles along microtubules (Fletcher et al., 2000; Liu et al., 

2003); 

4. actin polymerization and actin-dependent processes (Tsakiridis et al., 1994; 

Tong et al., 2001); and 

5. vesicle tethering, docking, or fusion with the plasma membrane (Lizunov et 

al., 2005; Eyster et al., 2006; Huang et al., 2007; Bai et al., 2007). 
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Figure 1.8  Intersection of insulin signaling with GLUT4 vesicle trafficking.  

Multiple steps in GLUT4 trafficking have been identified as targets for insulin signaling, 
including vesicle budding from GLUT4 storage compartments and the release of 
vesicles from a retention mechanism (not shown).  Other proposed targets are: (left) 
motor-dependent mobilization of GLUT4 vesicles along microtubules; (center) actin- 
and myosin-dependent processes such as GLUT4 vesicle anchoring to or transport 
along actin filaments; and (right) exocyst-dependent tethering, docking, and 
SNARE-dependent fusion of GLUT4 vesicles with the plasma membrane.  Potential 
insulin signaling to these targets is indicated by an arrow.  Figure is from (Zaid et al. 
2008).
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While insulin likely acts at multiple steps of GLUT4 trafficking, events occurring at 

the plasma membrane are now thought to be sites of primary regulation (Lizunov et al., 

2005; Huang et al., 2007; Bai et al., 2007) (reviewed in (Eyster and Olson, 2009)).  The 

insertion of GLUT4 into the plasma membrane occurs through a multi-step process 

(Figure 1.8).  Once vesicles are mobilized to the cell periphery, they tether, dock, and 

fuse with the plasma membrane (reviewed in (Hou and Pessin, 2007; Watson and 

Pessin, 2007; Zaid et al., 2008; Thurmond and Pessin, 2001; Huang and Czech, 2007)).  

Tethering of GLUT4 vesicles, a process that involves the initial interaction of vesicles 

with the plasma membrane, has been proposed to occur through the exocyst complex 

(Inoue et al., 2003; Ewart et al., 2005; Lizunov et al., 2009).  The exocyst is a conserved 

complex of multiple proteins discovered because of its importance in polarized secretion 

in yeast (TerBush and Novick, 1995; TerBush et al., 1996).  Exocyst components 

identified as important in GLUT4 trafficking include Exo70, Sec6, and Sec8 (Inoue et al., 

2003; Ewart et al., 2005; Lizunov et al., 2009).  GLUT4 vesicle fusion with the plasma 

membrane is mediated by soluble N-ethylmaleimide-sensitive factor attachment protein 

receptors (SNAREs) (reviewed in (Bryant and Gould, 2011)). 

A difficulty in sorting out the specific steps of insulin regulation is that GLUT4-

containing structures are not a homogenous population. GLUT4 traffics through multiple 

compartments in the cell (Figure 1.6).  Immunolocalization studies have identified the 

presence of GLUT4 to varying extents within the trans-Golgi network, in early and late 

endosomes, in tubulo-vesicular structures, and at the plasma membrane (Slot et al., 

1991).   

While there is some localization of GLUT4 to the recycling endosomal system, 

ablation studies in which transferrin receptor (Tf-R)-positive compartments were 
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destroyed have confirmed that a large proportion of GLUT4 resides in a specialized 

compartment from which the Tf-R is absent (Livingstone et al., 1996).  This second pool 

provides a source of GLUT4 for exocytosis following insulin stimulation (Livingstone et 

al., 1996) and is often referred to as the insulin-sensitive compartment.  In addition to 

GLUT4, insulin-responsive vesicles are also enriched for IRAP (Kandror and Pilch, 

1994), sortilin (Lin et al., 1997), low density lipoprotein receptor-related protein 1 (LRP1) 

(Jedrychowski et al., 2010), and the vesicle SNARE (vSNARE) vesicle-associated 

membrane protein 2 (VAMP2) (Cain et al., 1992; Larance et al., 2005). 

Insulin-responsive GLUT4 vesicles are biochemically distinct from vesicles that 

contain some GLUT4 but belong to the general endocytic pathway and contain proteins 

such as Tf-R and cellugyrin (Kupriyanova and Kandror, 2000; Kupriyanova et al., 2002).  

While the insulin-responsive vesicles traffic very efficiently to the plasma membrane in 

response to insulin, this second pool of vesicles does not.  In order to maintain the 

unique insulin-responsive character of GLUT4 vesicles following sequential rounds of 

fusion with the plasma membrane, there must be mechanisms in place to efficiently sort 

GLUT4 from the endocytic pathway so that insulin can efficiently stimulate a response.  

The lumenal domains of GLUT4, IRAP, sortilin, and LRP1 have been shown to interact, 

and these interactions are hypothesized to be important for sorting from the donor 

membrane (reviewed in (Bogan and Kandror, 2010)). 

 

Role of the cytoskeleton in GLUT4 externalization 

 There is an increasing appreciation that both the actin and microtubule 

cytoskeletons participate in GLUT4 vesicle trafficking in response to insulin (reviewed in 

(Zaid et al., 2008; Eyster and Olson, 2009) and discussed below) (Figure 1.8).  
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Microtubules and kinesins are thought to be involved in a pre-fusion step, and disruption 

of the microtubule cytoskeleton decreases the fraction of surface-localized GLUT4 by 

~40% (Karylowski et al., 2004; Fletcher et al., 2000).  Meanwhile, actin (Lopez et al., 

2009), myosin-I (Bose et al., 2002; Bose et al., 2004; Toyoda et al., 2011), myosin-V 

(Yoshizaki et al., 2007; Ishikura and Klip, 2008), and myosin-II (Fulcher et al., 2008; 

Chung le et al., 2010) likely act at the final steps of GLUT4 trafficking occurring at the 

plasma membrane, as discussed below.   

 

Role of Actin Cytoskeleton 

 Much research has been dedicated to identifying the insulin-regulated signaling 

events involved in GLUT4 trafficking.  Interestingly, several pathways impact the 

dynamics of cortical actin through the regulation of small GTPases (Chiu et al., 2010) 

such as TC10 (Kanzaki et al., 2002; Jiang et al., 2002).  There is an increase in the 

cortical actin meshwork in response to insulin (Tsakiridis et al., 1994; Tong et al., 2001; 

Kanzaki and Pessin, 2001), and it has been demonstrated that dynamic cortical actin is 

crucial to the proper trafficking of GLUT4.  Disruption of the actin network with actin 

monomer sequestering or actin destabilizing compounds decreases GLUT4 plasma 

membrane insertion (Tsakiridis et al., 1994; Lopez et al., 2009; Kanzaki and Pessin, 

2001) without affecting GLUT4 accumulation at the plasma membrane (Lopez et al., 

2009).   

 It is not clear how actin dynamics contribute to GLUT4 translocation.  There is 

evidence that actin plays a role in organizing insulin signaling (Eyster et al., 2005), but 

dynamic actin filaments could also be important structurally as tracks or sites of 
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attachment for actin-based myosin motors recruited to GLUT4-containing vesicles, as 

proposed in section 1.1 [Specific Aims] (Figure 1.1).  In support of a structural role for 

actin, several myosins have been implicated in GLUT4 trafficking, among them myo1c, 

myoVa, and myosin IIA (Bose et al., 2002; Bose et al., 2004; Yoshizaki et al., 2007; 

Ishikura and Klip, 2008; Fulcher et al., 2008; Steimle et al., 2005; Yip et al., 2008).  

siRNA-mediated knock-down of myoVa inhibits GLUT4 translocation to the plasma 

membrane (Yoshizaki et al., 2007).  siRNA-mediated knock-down of myo1c or myosin 

IIA inhibits the plasma membrane insertion of GLUT4, and myo1c over-expression can 

overcome blockage of vesicle fusion brought about through PI3K inhibition (Bose et al., 

2002; Bose et al., 2004; Fulcher et al., 2008; Chung le et al., 2010). 

 

Role of Microtubules 

 Tracking and mobility analysis examining the movements of individual GLUT4 

vesicles in live cells has provided further evidence for a role of microtubules in GLUT4 

trafficking.  However, in many cases, the studies do not directly distinguish individual 

GLUT4 vesicles that ultimately fuse with the plasma membrane in response to insulin 

from those that do not.  GLUT4-containing vesicles move laterally distances greater than 

1 µm (Fletcher et al., 2000; Lizunov et al., 2005; Semiz et al., 2003; Chen et al., 2008; 

Fujita et al., 2010), the movements co-localize with microtubules  (Lizunov et al., 2005; 

Semiz et al., 2003), and long-distance movement requires intact microtubules  (Fletcher 

et al., 2000; Semiz et al., 2003; Chen et al., 2008).  Analyses to assess the mobility of 

GLUT4 vesicles, for example fluorescence recovery after photobleaching, reveal that 

vesicles are mobile in the basal state and microtubule disruption reduces basal mobility 

(Eyster et al., 2006). 
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Several microtubule motors have been identified that could mediate GLUT4 

vesicle movement along microtubules.  Rab5, Rab4, and the scaffolding protein Daxx 

present on GLUT4 vesicles have been identified as insulin-sensitive interacting partners 

for dynein, a kinesin II (KIF3), and kinesin I (KIF5B), respectively (Huang et al., 2001; 

Imamura et al., 2003; Lalioti et al., 2009).  Disruption of the plus-end directed motors 

KIF3 through antibody injection (Imamura et al., 2003) or conventional kinesin through 

over-expression of a dominant-negative mutant of conventional kinesin light chain 

(Semiz et al., 2003) decreases GLUT4 translocation in response to insulin. 
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Chapter 2. Kinetics of the interaction of myo1c with 

phosphoinositides 

 

 

 

 

This research was originally published in the Journal of Biological Chemistry.  Portions of 

the manuscript appear in or have been adapted for this thesis. 
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2.1 SUMMARY 

Myo1c is a member of a class of myosins (myosin-I) that dynamically localize to 

cellular membranes and link them to the actin cytoskeleton.  These myosins are present 

in most eukaryotic cells and play important roles in cellular processes that involve 

membrane reorganization.  Since phosphoinositide binding is important for the cellular 

localization and function of myo1c (Hokanson et al., 2006), understanding how myo1c 

interacts with lipid membranes is essential.  A putative pleckstrin homology domain has 

been identified in the myo1c tail that binds phosphoinositides and soluble inositol 

phosphates with high affinity.  However, the kinetics of association and dissociation and 

the influence of phospholipid composition on the kinetics have not been determined.  

Determining the kinetics of membrane attachment will provide insight into the 

relationship between membrane-attachment and actin-attachment lifetimes, and will also 

provide details about the role of anionic lipids in regulating membrane attachment.   

Stopped-flow spectroscopy was used to measure the binding and dissociation of 

a recombinant myo1c construct containing the tail and regulatory domains (myo1cIQ-tail) 

to and from 100 nm diameter large unilamellar vesicles (LUVs).  We found the time 

course of association of myo1cIQ-tail with LUVs containing 2% phosphatidylinositol 4,5-

bisphosphate (PtdIns(4,5)P2) followed a 2-exponential time-course, and the rate of the 

predominant, fast-phase depended linearly upon the total lipid concentration.  The 

apparent second-order rate constant was approximately diffusion-limited.  Increasing the 

molar ratio of anionic phospholipid by adding phosphatidylserine, additional 

PtdIns(4,5)P2, or by situating PtdIns(4,5)P2 in a more physiologically relevant lipid 

background increased the apparent association rate constant less than 2-fold.  Myo1cIQ-

tail dissociated from PtdIns(4,5)P2 at a slower rate (2.0 s-1) than the pleckstrin homology 
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domain of phospholipase C-δ (PLCδ-PH) (13 s-1).  The presence of additional anionic 

phospholipid reduced the myo1cIQ-tail dissociation rate constant > 50-fold, but marginally 

changed the dissociation rate of PLCδ-PH, suggesting that additional electrostatic 

interactions in myo1cIQ-tail help to stabilize binding.  Remarkably, high concentrations of 

soluble inositol phosphates induce dissociation of myo1cIQ-tail from LUVs, suggesting that 

phosphoinositides are able to bind and dissociate from myo1cIQ-tail as it remains bound to 

the membrane. 
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2.2 MATERIALS AND METHODS 

2.2.1 Reagents 

InsP3 was from Calbiochem.  Phytic acid (InsP6) was from Sigma.  The following 

lipids were from Avanti:  1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC), 1-

Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphoethanolamine (POPE), 1-Palmitoyl-2-Oleoyl-

sn-Glycero-3-[Phospho-L-Serine] (POPS), L-α-Phosphatidylinositol (PI), Sphingomyelin 

(SM), L-α-Phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2), 1,2-Dioleoyl-sn-

Glycero-3-Phosphocholine (DOPC), 1,2-Dioleoyl-sn-Glycero-3-[Phospho-L-Serine] 

(DOPS), and 1,2-Dioleoyl-sn-Glycero-3-Phosphoinositol-3,4,5-trisphosphate 

(PtdIns(3,4,5)P3).   

2.2.2 Protein Expression Constructs 

A construct (myo1cIQ-tail) (Figure 2.1) that contains the tail and regulatory domains 

of mouse myo1c (residues 690-1028) and an N-terminal poly-His tag has been 

described previously (Tang et al., 2002).  A bacterial construct of the PH domain of 

phospholipase-Cδ (PLCδ-PH) was a gift from Dr. M. Lemmon (University of 

Pennsylvania) and has been described previously (Lemmon et al., 1995). 

2.2.3 Myo1c Expression and Purification 

Myo1cIQ-tail was co-expressed with calmodulin in Sf9 cells using a Baculovirus 

expression system and purified as previously described (Hokanson and Ostap, 2006; 

Tang et al., 2002).  Briefly, insect cells were co-infected with viruses containing the 

constructs for myo1cIQ-tail and calmodulin.  Cells were harvested, lysed in Lysis Buffer (25 

mM Tris, pH 7.5, 20 mM imidazole, 300 mM NaCl, 0.5 mM EGTA, 0.5% Igepal, 1 mM β- 
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Motor Domain IQ1-3 Basic Tail Domain

myo1c

myo1c IQ-tail

690 1028
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Figure 2.1  myo1cIQ-tail construct and purification.  

(Top) Schematic of myo1c illustrating the residues (690-1028) included in the 
expressed protein myo1cIQ-tail.  The expressed protein also has an N-terminal poly-His 
tag (not shown).  

(Bottom) The SDS-polyacrylamide gel stained with Coomassie shows intermediates in 
the myo1cIQ-tail purification process: 1) elution from the nickel-nitrilotriacetic acid 
column; 2) mono-S elution; 3) mono-Q elution.  The calculated molecular mass of 
myo1cIQ-tail is 39 kDa.  The myosin light chain calmodulin co-purifies with myo1cIQ-tail.  
SDS-PAGE gel is from (Tang, Ostap 2001).
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mercaptoethanol, 1 mM PMSF, 0.01 mg/mL aprotinin, and 0.01 mg/mL leupeptin), and 

homogenized with a Dounce homogenizer.  Lysed cells were centrifuged, and the 

supernatant, to which DNase and RNase had been added, was sonicated.  Lysate was 

loaded onto a Ni-NTA column (Qiagen) and eluted with 125 mM imidazole.  Myo1cIQ-tail 

was further purified using MonoS and MonoQ FPLC columns (Amersham Biosciences).  

Purified myo1cIQ-tail was dialyzed overnight against HNa100 (10 mM HEPES, pH7, 100 

mM NaCl, 1 mM EGTA, and 1 mM DTT). 

2.2.4 PLCδ-PH Purification and IAEDANS Labeling 

BL21(DE3)PLysS cells were transformed with PLCδ-PH domain plasmid DNA, 

and protein was expressed and purified as described (Ferguson et al., 1994) with slight 

modifications.  Cells were lysed in Lysis Buffer (100 mM NaCl, 10 mM D-glucose, 5 mM 

DTT, 1mM PMSF, and 25 mM MES, pH6).  The lysate was sonicated and centrifuged.  

Supernatant was loaded onto a DEAE-cellulose (Sigma-Aldrich) column, which was pre-

equilibrated with Buffer A (50 mM NaCl, 1 mM DTT and 25 mM MES, pH 6).  The 

column was washed with Buffer A plus 1mM PMSF.  The flow-through, which contained 

the PLCδ-PH domain, and wash was then loaded onto an SP Sepharose Fast Flow 

(Sigma-Aldrich) column pre-equilibrated with Buffer B (Buffer A without NaCl).  The SP 

column was washed, and protein was eluted in Buffer B with a 0 mM – 500 mM NaCl 

gradient.  Protein-containing fractions were ammonium sulfate precipitated.  After 

centrifugation, the pellet was resuspended in labeling buffer (20 mM Tris, pH 7.5, 150 

mM NaCl, 1 mM EGTA) and loaded onto a pre-equilibrated Superdex 200 10/300 GL 

(Amersham Biosciences) column.  PLCδ-PH containing fractions were pooled and 

labeled with five-fold molar excess of the thiol-reactive dye, 5-((((2-

iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid (IAEDANS) in labeling buffer 
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at RT for 6 hours.  To remove free dye, labeled protein was passed over a G25 Fine 

column pre-equilibrated with HNa100.  The efficiency of labeling was 80% as calculated 

assuming ε280 =18,470 M-1cm-1 for PLCδ-PH and ε336 = 5700 M-1cm-1 for IAEDANS. 

2.2.5 Preparation of LUVs 

LUVs were prepared as previously described (Hokanson and Ostap, 2006).  

Briefly, lipids were combined in the molar ratios indicated in Table 2.1.  Solvent was 

evaporated under a stream of nitrogen.  For LUVs composed of complex lipid mixtures, 

solvent was removed in a rotovap following pre-equilibration at 30°C to ensure a uniform 

lipid distribution (Gambhir et al., 2004).  Dried lipid films were resuspended in HNa100 

and briefly vortexed.  Lipids underwent five cycles of freeze-thaw before brief bath 

sonication and eleven passes through 100 nm pore-size nitrocellulose membranes 

(Whatman) in an extruder (Avanti Polar Lipids). 

 Hydrodynamic radii of LUVs were measured using Dynamic Light Scattering 

(DLS; Table 2.1) (Dynamics v5.26.37).  Radii determined by DLS were used to calculate 

estimated molecular weights (Table 2.1) of the LUVs as described (Lu and Nelsestuen, 

1996).  

2.2.6 Stopped-Flow Measurements 

All measurements were performed in 10 mM HEPES, pH7, 100 mM NaCl, 1 mM 

EGTA, and 1 mM DTT at 22 ± 0.1 °C.  Experiments with myo1cIQ-tail included 1 µM free 

calmodulin.  Association and dissociation transients were acquired using a stopped-flow 

instrument equipped with removable polarization optics (Applied Photophysics, Spectra 

Kinetic Workstation v4.54).  Light scattering measurements were performed in an L-

format with an excitation wavelength of 340 nm and a 320 nm long-pass emission filter.   
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A small mixing artifact that was due to light scattering by LUVs was subtracted from 

transients before fitting.  An additional artifact was observed when high concentrations of 

inositol phosphates (i.e., concentrations > 1 mM) were mixed with LUVs.  Therefore, in 

InsP6-induced dissociation experiments, no more than 1 mM InsP6 was used, and a 

blank acquired in the absence of myo1cIQ-tail at each InsP6 concentration was subtracted 

from transients.  Stopped-flow anisotropy measurements were carried out in a T-format 

spectrometer with an excitation wavelength of 336 nm and a 475 nm long-pass emission 

filter.  Anisotropy was calculated as described (Lakowicz, 1999).   

 The rate of myo1cIQ-tail binding to LUVs at each lipid concentration was 

determined in each experiment by averaging 2 - 6 individual traces and fitting to a two-

exponential function (y = Afast (1 – e-kfast⋅t) + Aslow (1 – e-kslow⋅t).  Rates reported for each 

total lipid concentration were from 1 – 4 experiments.  A minimum of five lipid 

concentrations were assayed for each LUV composition, and the final myo1cIQ-tail 

concentration was 1000-fold below the total lipid concentration.  Association transients 

were acquired under pseudo-first-order conditions to obtain apparent second-order rate 

constants from the slope of a plot of kfast versus lipid concentration.  Association rate 

constants are reported as a function of total lipid (ka-total) or LUV concentration (ka-LUV).  

Reported uncertainties are the standard errors of the fits. 

 Dissociation rates and amplitudes were obtained by averaging the individual 

traces from each experiment and fitting to a single-exponential function (y = Adis (1 – e-

kdis⋅t)), where Adis = final amplitude - initial amplitude.  Average rates and standard 

deviations from multiple experiments (n = 2 -7) are reported (Table 2.2).  For 

experiments that require large quantities of soluble inositol phosphates (Figures 2.2 and 

2.6), myo1cIQ-tail -LUV complexes were mixed with InsP6 to induce dissociation.  InsP6 
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and InsP3 bind myo1cIQ-tail with similar affinity (Hokanson et al., 2006), and InsP6 is 

substantially less expensive than InsP3. 
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2.3 RESULTS 

2.3.1 Light scattering linearly reports the concentration of myo1cIQ-tail 

bound to LUVs. 

 Hokanson et al. demonstrated that myo1cIQ-tail binds to phosphoinositide-

containing LUVs at steady-state (Hokanson et al., 2006; Hokanson and Ostap, 2006).  

However, the kinetics of association and dissociation were not known.  We measured 

the rate of dissociation of myo1cIQ-tail from phosphoinositide-containing LUVs by 

monitoring changes in light scattering upon rapid mixing with high concentrations of 

InsP3 or InsP6.  Myo1cIQ-tail binds InsP3, InsP6, and PtdIns(4,5)P2-containing LUVs with 

similar affinities (Hokanson et al., 2006), and these soluble inositol phosphates compete 

with phosphoinositide-containing LUVs for binding to myo1cIQ-tail .  Myo1cIQ-tail that has 

dissociated from an LUV has a greater probability of binding to an inositol phosphate 

than rebinding to a phosphoinositide-containing LUV, resulting in decreased light 

scattering. 

 When PtdIns(4,5)P2-containing LUVs (115 µM total lipid) pre-equilibrated with 

myo1cIQ-tail (58 – 460 nM) were rapidly mixed with 58 µM InsP6, the amplitude change in 

light scattering upon dissociation increased linearly as a function of myo1cIQ-tail 

concentration (Figure 2.2).  Below 58 nM myo1cIQ-tail, transients were difficult to resolve.  

Steady-state measurements of the fraction of myo1c bound to LUVs, performed using 

sedimentation of sucrose-loaded vesicles, showed that inositol phosphates completely 

displace myo1c from PtdIns(4,5)P2-containing LUVs at the concentrations used in our 

light scattering experiments (Hokanson et al., 2006).  Therefore, we conclude that light 

scattering linearly reports the concentration of myo1cIQ-tail bound to LUVs.   
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Figure 2.2  Amplitude change of light scattering of LUVs increases linearly with 
myo1cIQ-tail concentrations.  
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Figure 2.2  Amplitude change of light scattering of LUVs increases linearly with 
myo1cIQ-tail concentrations.  

(A)  LUVs containing 2% PtdIns(4,5)P2 (115 μM total lipid) were pre-equilibrated with 
increasing concentrations of myo1cIQ-tail and mixed with either buffer alone or 58 μM 
InsP6.  Blank-subtracted transients were fit to a single exponential function and the 
amplitudes of the fits are plotted as a function of the myo1cIQ-tail concentration.  The 
solid line represents a linear fit to the data.  Concentrations are after mixing.   

(B)   LUVs containing 2% PtdIns(4,5)P2 (115 μM total lipid) were pre-equilibrated with 
230 nM myo1cIQ-tail and mixed with 58 μM InsP6.  Experimental time-course (dots) is a 
blank-subtracted average of 5 traces.  The solid line is the best fit to a single 
exponential function.  Concentrations are after mixing.   
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Steady-state measurements show that myo1cIQ-tail does not bind LUVs composed 

exclusively of DOPC (Hokanson and Ostap, 2006), the neutrally-charged lipid of which 

the LUVs are predominantly composed (Table 2.1).  In keeping with this finding, control 

stopped-flow experiments showed that there is no significant change in light scattering 

when 50 µM 100% DOPC LUVs pre-equilibrated with myo1cIQ-tail were mixed with InsP3 

(Figure 2.3). 

 

2.3.2 Dissociation of myo1cIQ-tail from PtdIns(4,5)P2-containing LUVs is 

slowed by the presence of additional anionic charge. 

The time course for dissociation of 100 nM myo1cIQ-tail from 50 µM 2% 

PtdIns(4,5)P2 LUVs was obtained by mixing with 25 µM InsP3 (50-fold molar excess 

relative to the accessible phosphoinositide concentration).  The decrease in light 

scattering was best fit with a single exponential function with a rate of kdis = 2.0 ± 0.30 s-1 

(Figure 2.4, Table 2.2). 

High affinity binding of myo1cIQ-tail to LUVs is achieved with 2% PtdIns(4,5)P2; 

however, affinity increases ~5-fold when 20% DOPS, a negatively charged lipid, is 

included in LUVs containing 2% PtdIns(4,5)P2 (Hokanson et al., 2006).  To address 

whether additional negative charge affects the kinetics of dissociation, dissociation rates 

were measured from LUVs with the lipid compositions indicated in Table 2.1.  The 

dissociation rate was 8.5-fold faster when the mole percentage of PtdIns(4,5)P2 was 

decreased to 0.5% (kdis = 17 ± 0.38 s-1) and was 12-fold slower when the mole 

percentage of PtdIns(4,5)P2 was increased to 8% (kdis = 0.16 ± 0.020 s-1; Table 2.2).  

The dissociation rate decreased 23-fold (kdis = 0.087 ± 0.020 s-1) when 20% DOPS was  
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Figure 2.3  No change in light scattering upon mixing with InsP3.  

Pre-equilibrated solutions of 100 nM myo1cIQ-tail and LUVs (50 µM total lipid) were 
rapidly mixed with 25 µM InsP3, and dissociation was measured as a decrease in light 
scattering.  LUVs were composed of (Top) DOPC ± 2% PtdIns(4,5)P2, (Center) Lipid Mix 
± 2% PtdIns(4,5)P2, and (Bottom) 60% DOPS or 2% PtdIns(4,5)P2.  See Table 2.1 for LUV 
compositions.  Experimental time-courses (dots) are blank-subtracted averages of 3-8 
traces.  Concentrations are after mixing.
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Figure 2.4  Dissociation of myo1cIQ-tail from phosphoinositide-containing LUVs.  

Pre-equilibrated solutions of 100 nM myo1cIQ-tail and LUVs (50 μM total lipid) were 
rapidly mixed with 25 μM InsP3, and dissociation was measured as a decrease in light 
scattering.  LUVs were composed of (Top) 2% PtdIns(4,5)P2, (Center) 2% PtdIns(4,5)P2 
+ 20% DOPS, and (Bottom) 2% PtdIns(4,5)P2 + Lipid Mix (Table 2.1).  Experimental 
time-courses (dots) are blank-subtracted averages of 2-8 traces.  The solid line is the 
best fit of the data to a single exponential function.  Concentrations are after mixing.
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Table 2.2:   Myo1cIQ-tail  and PLCδ-PH Dissociation Rate Constantsa 

LUV Composition 
Myo1cIQ-tail 

kdis (s-1) 

AEDANS-PLCδ-PH 

kdis (s-1) 

2%  PtdIns(4,5)P2  2.0 ± 0.3 (7) 13 ± 0.65 (3) 

2%  PtdIns(4,5)P2 + 1 mM Mg2+ 5.8 ± 0.1 (2) - 

8%  PtdIns(4,5)P2  0.16 ± 0.020 (3) - 

2%  PtdIns(4,5)P2 + 20% PS  0.087 ± 0.020 (4) 6.2 ± 0.070 (2) 

2%  PtdIns(3,4,5)P3  2.8 ± 1.0 (6) - 

2%  PtdIns(3,4,5)P3 + 1 mM Mg2+ 9.1 ± 5.1 (3) - 

2%  PtdIns(4,5)P2 + Lipid Mix 0.025 ± 0.0030 (3) 8.3 ± 0.72 (2) 

a10 mM HEPES, pH 7.0, 100 mM NaCl, 1 mM EGTA, 1 mM DTT, 22 ± 0.10 °C.  Experiments with 

myo1cIQ-tail included 1 μM calmodulin, and dissociation time courses were initiated by mixing with 25 

μM InsP3 (100 μM InsP3 for 8% PtdIns(4,5)P2 LUVs).  Errors are the standard deviations.  The 

numbers in parentheses indicate the number of averaged experiments.   
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included with 2% PtdIns(4,5)P2 (Figure 2.4), and placement of 2% PtdIns(4,5)P2 in a 

physiological lipid mix (Corbin et al., 2004) that contained POPS, PI, POPE, POPC, and 

SM (2% PtdIns(4,5)P2 + Lipid Mix) resulted in an even slower rate of myo1cIQ-tail 

dissociation (kdis = 0.025 ± 0.0030 s-1; Figure 2.4). 

 The large decrease in the rate of myo1cIQ-tail dissociation is striking especially 

considering that myo1cIQ-tail does not appreciably bind LUVs composed of Lipid Mix in 

the absence of PtdIns(4,5)P2 (Figure 2.3).  Likewise, the affinity of myo1cIQ-tail for LUVs 

composed of < 40% DOPS (no PtdIns(4,5)P2) is low (Hokanson and Ostap, 2006).  

While myo1cIQ-tail does bind 60% DOPS LUVs (no PtdIns(4,5)P2) (Hokanson et al., 2006; 

Hokanson and Ostap, 2006), InsP3 does not induce dissociation from these LUVs 

(Figure 2.3).  Taken together, these results support a model in which myo1c membrane 

binding is mediated through two membrane binding sites within the myo1cIQ-tail 

(Hokanson et al., 2006; Hokanson and Ostap, 2006) (Figure 2.9).  The putative PH 

domain comprises the primary binding site and is phosphoinositide-specific.  A 

secondary site binds anionic phospholipids via delocalized electrostatic interactions.  

 

2.3.3 Dissociation of PLCδ-PH from PtdIns(4,5)P2-containing LUVs is less 

affected than myo1cIQ-tail by the presence of additional anionic charge. 

 We compared the kinetics of myo1cIQ-tail dissociation from 2% PtdIns(4,5)P2 LUVs 

with the kinetics of the well characterized phospholipase-C delta (PLCδ) PH domain 

(Lemmon et al., 1995; Lemmon and Ferguson, 2001; Lemmon and Ferguson, 2001; 

Ferguson et al., 1995).  Because of the small size of this protein, dissociation of PLCδ-

PH from 2% PtdIns(4,5)P2 LUVs did not result in a large enough light scattering change 
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to be detected in our stopped-flow experiments (data not shown).  Instead, we measured 

changes in fluorescence anisotropy of PLCδ-PH labeled with IAEDANS (AEDANS-

PLCδ-PH) upon LUV dissociation.   

 The two reactive cysteine residues in PLCδ-PH were labeled with the fluorescent 

probe IAEDANS to yield approximately 0.9 probes per PLCδ-PH.  AEDANS-PLCδ-PH 

unbound to LUVs are free to rotate in solution.  Binding of AEDANS-PLCδ-PH to 

PtdIns(4,5)P2 LUVs limits their rotation, resulting in an increased anisotropy when 

excited with polarized light. 

 Dissociation of AEDANS-PLCδ-PH from 2% PtdIns(4,5)P2 LUVs followed a 

single-exponential time course (Figure 2.5, top) with a rate (13.0 ± 0.65 s-1) that was 

faster than measured for myo1cIQ-tail (Table 2.2).  Addition of 20% DOPS to 2% 

PtdIns(4,5)P2 LUVs decreased the dissociation rate 2-fold (6.2 ± 0.070 s-1), and 

placement of 2% PtdIns(4,5)P2 in a physiological lipid mix slowed dissociation only 1.5-

fold (8.3 ± 0.72 s-1; Figure 2.5, Table 2.2).  Thus, the effect of additional anionic charge 

on the AEDANS-PLCδ-PH dissociation rate was substantially smaller than observed for 

myo1cIQ-tail, which is consistent with a single phosphoinositide-specific binding site 

(Ferguson et al., 1995).  Measurements of the kinetics of AEDANS-PLCδ-PH 

association with 2% PtdIns(4,5)P2 LUVs could not be determined due to the fast 

dissociation of AEDANS-PLCδ-PH from the LUVs. 
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Figure 2.5  Dissociation of AEDANS-PLCδ-PH from LUVs.  

AEDANS-PLCδ-PH (5 μM) pre-equilibrated with LUVs (1 mM total lipid) was rapidly 
mixed with 250 μM InsP3, and dissociation was measured as a decrease in fluorescence 
anisotropy.  LUVs were composed of (Top) 2% PtdIns(4,5)P2, (Center) 2% PtdIns(4,5)P2 
+ 20% DOPS, and (Bottom) 2% PtdIns(4,5)P2 + Lipid Mix (Table 2.1).  Experimental 
time-courses (dots) are the average of 2 - 3 individual traces.  Solid lines are fits to a 
single exponential function.  Concentrations are after mixing.
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2.3.4 Soluble inositol phosphates induce myo1cIQ-tail dissociation from 

PtdIns(4,5)P2-containing LUVs. 

 Control experiments to verify that increasing the soluble inositol phosphate 

concentration did not result in an increased amplitude change in light scattering, which 

would indicate incomplete dissociation of myo1cIQ-tail from LUVs, yielded a surprising 

result.  As predicted by steady-state competition measurements (Hokanson et al., 2006), 

the amplitudes of the dissociation transients show that > 6.3 µM InsP6 completely 

displaces 100 nM myo1cIQ-tail from 50 µM 2% PtdIns(4,5)P2 LUVs (Figure 2.6, top).  

Unexpectedly, however, the dissociation rates increased hyperbolically with increasing 

InsP6 concentrations (Figure 2.6, top).  Under these experimental conditions, this finding 

is inconsistent with a simple competitive binding mechanism, in which myo1cIQ-tail must 

first dissociate from phosphoinositide-containing LUVs prior to binding to InsP6 (Scheme 

1): 

 

Scheme 1 

 

where, kdis is a rate-limiting dissociation step.   

 We obtain the same results with InsP3: the time courses of dissociation are 

similar for 6.3 – 25 µM InsP3 compared with the same concentrations of InsP6 (data not 

shown).  We also performed control experiments to determine whether the increased 

dissociation rates were the result of increased ionic strength resulting from higher 

inositol phosphate concentrations.  Additional sodium chloride was added so that the  
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Figure 2.6  InsP6-induced dissociation of myo1cIQ-tail from phosphoinositide-
containing LUVs.  

Pre-equilibrated solutions of myo1cIQ-tail and LUVs (50 μM total lipid) were rapidly 
mixed with 6.3 - 1000 μM InsP6, and dissociation was measured as a decrease in light 
scattering.   Myo1cIQ-tail concentration was 100 nM for 2% PtdIns(4,5)P2 LUVs and 625 
nM for all other LUVs.  Points are the observed rates and (insets) amplitudes of the 
transients obtained by fitting to a single exponential function.  LUVs were composed 
of (open symbols) 0.5% PtdIns(4,5)P2 or (closed symbols) 2% PtdIns(4,5)P2 in the (Top) 
absence or (Bottom) presence of Lipid Mix (Table 2.1).  Each data point represents the 
average of 1 - 2 experiments (each the average of 3 - 5 transients).  The solid lines are 
the best fits of the data to (Top) Eq.1 or (Bottom) a straight line with parameters 
reported in Table 1.4.  Concentrations are after mixing.  
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calculated ionic strength at all inositol phosphate concentrations was the same.  These 

control experiments indicate that the inositol-phosphate-induced rate increases are not 

the result of increases in ionic strength caused by the addition of InsP3 or InsP6 (data not 

shown). 

 Since the simplest model for dissociation of myo1cIQ-tail from 2% PtdIns(4,5)P2 

LUVs, the competitive binding mechanism shown in Scheme 1, was insufficient to 

account for the observed hyperbolic increase in the dissociation rate, we next 

considered a model in which myo1cIQ-tail dissociation occurs in two steps.  A two-step 

dissociation may result from the two membrane-binding sites in the myo1cIQ-tail.  One of 

those sites is a putative pleckstrin homology domain that specifically binds certain 

phosphoinositides while the other site interacts with anionic phospholipids through non-

specific electrostatic interactions (Hokanson et al., 2006). 

 We therefore asked how dissociation of myo1cIQ-tail from PtdIns(4,5)P2-containing 

LUVs was affected under conditions where the number of phosphoinositides bound to 

myo1cIQ-tail via non-specific electrostatic interactions was minimized.  At a high myo1cIQ-

tail to accessible PtdIns(4,5)P2 ratio (5:1), InsP6 completely displaces 0.63 µM myo1cIQ-tail 

from 50 µM 0.5% PtdIns(4,5)P2 LUVs, as indicted by the amplitudes of the dissociation 

transients (Figure 2.6, top).  Notably, the dissociation rates increase hyperbolically with 

the InsP6 concentration substantially faster than measured in experiments using 2% 

PtdIns(4,5)P2 LUVs (Figure 2.6, top). 

 We modeled the dissociation reaction according to a two-step dissociation 

model: 



 

52 
 

 

 

Scheme 2 

 

where, K1 is the equilibrium constant for the binding of InsP6 to LUV-bound myo1cIQ-tail, 

k2 is the rate of the InsP6-induced dissociation step, k3 is rapid InsP6 binding to myo1cIQ-

tail, and kdis is the rate of InsP6-independent dissociation.  Assuming K1 is a rapid 

equilibrium step, and k2, k3, and kdis are effectively irreversible in the presence of high 

concentrations of InsP6, we fit the observed rates to:   

 

 

Equation 1 

 

where kdis is given by the y-intercept of the plot of kobs vs. InsP6 concentration (Figure 

2.6).  The K1 values obtained by fitting the 2% PtdIns(4,5)P2 dissociation data (K1 = 420 

± 120 M-1) is 4-fold smaller than found for 0.5% PtdIns(4,5)P2 (K1 = 1600 ± 170 M-1), 

indicating that higher mole fractions of PtdIns(4,5)P2 makes InsP6 binding less favorable 

(Table 2.3).  The k2 values from 2% PtdIns(4,5)P2 (k2 = 79 ± 26 s-1) and 0.5% 

PtdIns(4,5)P2 (k2 = 68 ± 2.9 s-1), indicate that dissociation occurs rapidly upon InsP6 

binding (Table 2.3).  The apparent second-order rate constant for InsP6-induced 

dissociation is given by K1k2 and is 1.1 x 105 M-1s-1 for 0.5% PtdIns(4,5)P2 and 3.3 x 104 
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Table 2.3:   InsP6-Induced-Dissociation Rate and Equilibrium Constantsa 

LUV Composition K1 (M-1) k2 (s-1) kdis (s-1) 

0.5%  PtdIns(4,5)P2  1600 ± 170 68 ± 2.9 17 ± 0.40 

2%  PtdIns(4,5)P2
 420 ± 120 79 ± 26 2.8 ± 0.46 

 K1k2 (M-1s-1)  

0.5%  PtdIns(4,5)P2 + Lipid Mixb 7.6 x 102 0.13 

2%  PtdIns(4,5)P2 + Lipid Mixc 3.8 x 102 0.044 

a10 mM HEPES, pH 7.0, 100 mM NaCl, 1 mM EGTA, 1 mM DTT, 1 μM calmodulin, 22 ± 0.10 °C.   

Errors are the standard errors of the fits. 

bCorrelation coefficient for the linear fit equals 0.996. 

cCorrelation coefficient for the linear fit equals 0.999. 
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M-1s-1 for 2% PtdIns(4,5)P2.  The InsP6-independent dissociation rates from 2% 

PtdIns(4,5)P2 (kdis = 2.8 ± 0.46 s-1) and 0.5% PtdIns(4,5)P2 (kdis = 17 ± 0.40 s-1) are 

consistent with the steady-state LUV affinities and association rate constants (see 

below). 

 We also measured the InsP6-dependence of myo1cIQ-tail dissociation from LUVs 

that contained 0.5% and 2% PtdIns(4,5)P2 in a physiological lipid mix (Figure 2.6, 

bottom).  Slightly higher concentrations of InsP6 were required to fully dissociate 

myo1cIQ-tail from the 2% PtdIns(4,5)P2 + Lipid Mix LUVs (Figure 2.6, bottom), which is 

consistent with the higher affinity of myo1cIQ-tail for LUVs that contain additional anionic 

phospholipids (Hokanson et al., 2006).  Myo1cIQ-tail did not bind to LUVs + Lipid Mix 

when PtdIns(4,5)P2 was omitted (F).  Dissociation rates increased linearly with the InsP6 

concentration with no sign of a plateau.  We were not able to experimentally achieve 

InsP6 concentrations high enough to provide a good fit of the data to Equation 1.  Rather, 

linear fits to the data give apparent second-order rate constants for InsP6-induced 

dissociation for 2% PtdIns(4,5)P2 + Lipid Mix (K1k2 =  3.8 x 102 M-1s-1) and 0.5% 

PtdIns(4,5)P2 + Lipid Mix (K1k2 = 7.6 x 102 M-1s-1).  If we assume that k2 is similar to the 

value obtained above for 2% PtdIns(4,5)P2 (Table 2.3), the values for K1 in the presence 

of Lipid Mix are < 1 M-1.   The InsP6-independent dissociation rates obtained from the y-

intercepts for 2% PtdIns(4,5)P2 + Lipid Mix (kdis = 0.044 s-1) and 0.5% PtdIns(4,5)P2 + 

Lipid Mix (kdis = 0.13 s-1) are substantially slower than in the absence of Lipid Mix (Table 

2.3). 
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2.3.5 Association of myo1cIQ-tail to PtdIns(4,5)P2-containing LUVs is fast 

and relatively independent of additional anionic charge. 

 The time course of association of myo1cIQ-tail with 2% PtdIns(4,5)P2 LUVs was 

obtained by monitoring changes in light scattering upon rapid mixing.  The resulting 

transient increases in light scattering (Figure 2.7, top left) were best fit to a two-

exponential function.  The average amplitude of the faster of the two phases made up > 

70% of the total amplitude change.  The rates of the fast phase (kfast) increased linearly 

with the lipid concentration (50 – 300 µM), and there was no evidence of a plateau 

(Figure 2.7).  The rates of the slow phase (kslow = 0.8 - 5.1 s-1) were much less sensitive 

to the lipid concentration (Figure 2.7).  Control experiments in which of myo1cIQ-tail was 

mixed with 100% DOPC LUVs did not show a transient change in light scattering (Figure 

2.3). 
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Figure 2.7  Association of myo1cIQ-tail with LUVs.  

Myo1cIQ-tail was rapidly mixed with LUVs composed of (Left) 2% PtdIns(4,5)P2, (Center) 
2% PtdIns(4,5)P2 + 20% DOPS, and (Right) 2% PtdIns(4,5)P2 + Lipid Mix (Table 2.1).  
(Top)  Experimental time-courses of light scattering changes after mixing myo1cIQ-tail 

with LUVs.  Time courses (dots) are blank-subtracted averages of traces at final reaction 
concentrations of 250 nM myo1cIQ-tail and 250 μM total lipids.  Solid lines are the best 
fits of the data to a two-exponential function.  (Bottom) The rates of kfast (closed 
symbols) and kslow (inset) are plotted as a function of total lipid concentration.  Each 
data point represents the average of 1 - 4 experiments (each the average of 2 – 6 
transients), and the error bars report the range of values.  The solid lines represent 
linear fits to the data. 
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The apparent second-order rate constant for myo1cIQ-tail binding to LUVs was determined 

by plotting the rates of the fast phase (kfast) as a function of total lipid concentration 

(Figure 2.7) by assuming the mechanism in Scheme 3: 

  

Scheme 3 

 

where, ka and kdis are the association and dissociation rate constants, respectively.   

 A linear fit to the data (Figure 2.7, bottom left) yields an association rate constant 

ka-total = 7.3 (±0.90) x 104 M-1s-1 in terms of total lipid concentration and ka-LUV = 5.2 

(±0.70) x 109 M-1s-1 in terms of total LUV concentration.  The calculated kdis, given by the 

y-intercept (3.0 ± 1.7 s-1; Table 2.4), is consistent with the InsP6-independent 

dissociation rate measured above (Table 2.3).  Increasing the mole percentage of 

PtdIns(4,5)P2 from 2% to 8%, adding 20% PS, or placing 2% PtdIns(4,5)P2 in a 

physiological lipid mix increased association rate constants less than 2-fold (Figure 2.7, 

Table 2.4).  Increasing the negative charge in the LUVs also resulted in decreased 

values of the y-intercept, consistent with the dissociation measurements above (Table 

2.4).  This further supports our finding that the dissociation of myo1cIQ-tail from 

PtdIns(4,5)P2-containing LUVs is slowed by the presence of additional anionic charge. 

 

2.3.6 Dissociation of InsP3 from myo1cIQ-tail 

 Myo1c binds InsP3 with high affinity (Hokanson et al., 2006).  To measure the 

rate of InsP3 dissociation from myo1cIQ-tail we rapidly mixed 2% PtdIns(4,5)P2 LUVs (0.6  
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Table 2.4:   Myo1cIQ-tail  Association Rate Constantsa 

LUV Composition 
ka-total  

(x 104 M-1s-1) 

ka-LUV  

(x 109 M-1s-1) 
y-intercept (s-1) 

2%  PtdIns(4,5)P2  7.3 ± 0.90 5.2 ± 0.70 3.0 ± 1.7 

2%  PtdIns(4,5)P2 + 1 mM Mg2+ 3.0 ± 1.1 2.2 ± 0.90 6.9 ± 2.1 

8%  PtdIns(4,5)P2  13 ± 2.2 13 ± 2.1 -0.65 ± 4.2 

2%  PtdIns(4,5)P2 + 20% PS  13 ± 0.90 14 ± 1.0 1.5 ± 1.5 

2%  PtdIns(3,4,5)P3  10 ± 1.0 4.9 ± 0.50 2.03 ± 1.73 

2%  PtdIns(3,4,5)P3 + 1 mM Mg2+ 7.0 ± 1.3 3.5 ± 0.60 4.0 ± 2.8 

2%  PtdIns(4,5)P2 + Lipid Mix 13 ± 1.5 15 ± 1.7 -0.64 ± 2.58 

a10 mM HEPES, pH 7.0, 100 mM NaCl, 1 mM EGTA, 1 mM DTT, 1 μM calmodulin, 22 ± 0.10 °C.  

Errors are standard errors of the fits. 
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mM total lipid) with 0.25 µM myo1cIQ-tail pre-incubated with 0.5 µM InsP3.  Since InsP3 

and PtdIns(4,5)P2 compete for a binding site on myo1cIQ-tail (Hokanson et al., 2006), the 

rate of myo1cIQ-tail binding to 2% PtdIns(4,5)P2 LUVs as determined by the transient 

increase in light scattering should be limited by the rate of InsP3 dissociation at high LUV 

concentrations as shown in Scheme 4: 

 

Scheme 4. 

 

 

where kdis-InsP3 is the rate constant for dissociation of InsP3 from myo1cIQ-tail. 

 The very high lipid concentration resulted in variable light scattering artifacts in 

the early time points, so points below 150 ms were not included in the fits.  We resolved 

a transient increase in light scattering that was best fit to a single exponential function 

with a rate of 2.2 ± 0.029 s-1 (Figure 2.8), which is 20-fold slower than expected for direct 

binding of myo1cIQ-tail to 0.6 mM 2% PtdIns(4,5)P2 LUVs (Table 2.4).  Rather, we 

propose that the association rate is limited by kdis-InsP3 (Scheme 4).  A similar rate was 

also observed when myo1cIQ-tail was pre-incubated with InsP3 and mixed with LUVs 

containing 2% PtdIns(4,5)P2 +  Lipid Mix (kdis-InsP3 = 2.3 ± 0.031 s-1; see Figure 2.8).   
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Figure 2.8 Dissociation of InsP3 from myo1cIQ-tail.   

Myo1cIQ-tail (250 nM ) pre-equilibrated with 500 nM InsP3 was rapidly mixed with LUVs 
(600 μM total lipid) composed of (Top) 2% PtdIns(4,5)P2, and (Bottom) 2% 
PtdIns(4,5)P2 + Lipid Mix (Table 2.1).  Myo1cIQ-tail association with LUVs was measured 
by light scattering.  The first 150 ms of the time courses are not shown due to the 
presence of a mixing artifact.  Experimental time-courses (dots) are the average of 3 - 4 
blank-subtracted traces.   Solid lines are fits to a single exponential function.   
Concentrations are after mixing.
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2.3.7 Myo1cIQ-tail association and dissociation rates do not significantly 

differ for 2% PtdIns(4,5)P2 and 2% PI(3,4,5)P3 LUVs. 

 Hokanson et al. found that the myo1cIQ-tail is able to bind several different soluble 

inositol phosphates with high affinity, including the soluble headgroup of PtdIns(3,4,5)P3 

(Hokanson et al., 2006).  PtdIns(3,4,5)P3 is an important signaling lipid and contains an 

additional phosphate, which could add to the energy of binding.  Therefore, we 

measured the kinetics of the association of myo1cIQ-tail with PtdIns(3,4,5)P3.  We found 

that myo1cIQ-tail associates with 2% PtdIns(3,4,5)P3 LUVs with a similar association rate 

constant as to 2% PtdIns(4,5)P2 LUVs (Table 2.2).  In addition, the rate of dissociation of 

myo1cIQ-tail from 2% PtdIns(3,4,5)P3 LUVs (kdis = 2.8 ± 1.0 s-1) was similar to 2% 

PtdIns(4,5)P2 LUVs (Table 2.4).  Therefore, the phosphate on the 3 position of the 

inositol ring does not affect the myo1cIQ-tail binding, which is consistent with the results of 

steady-state measurements of binding to soluble inositol phosphates (Hokanson et al., 

2006). 

 Magnesium binds PtdIns(4,5)P2 in DOPC vesicles (Toner et al., 1988), and it has 

been shown to affect the binding of polyphosphoinositide-specific proteins (Dove et al., 

2004).  Therefore, we measured myo1cIQ-tail dissociation and association in the presence 

of 1 mM Mg2+ and found that it slightly increases the rate of myo1cIQ-tail dissociation from 

2% PtdIns(4,5)P2 and 2% PtdIns(3,4,5)P3 LUVs.  Magnesium also slightly decreases the 

rate of association (Tables 2.4).     
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2.4 DISCUSSION 

2.4.1 Positive charges in myo1cIQ-tail contribute to membrane binding and 

slow dissociation in the presence of anionic lipids 

 Myo1cIQ-tail dissociates from 2% PtdIns(4,5)P2 LUVs at a rate that is 6.5-fold 

slower than AEDANS-PLCδ-PH.  Additionally, the dissociation rate of myo1cIQ-tail 

decreases up to 80-fold when the mole fraction of anionic phospholipid in the LUVs is 

increased, which is not the case for AEDANS-PLCδ-PH dissociation (Table 2.2) or the 

dissociation of the glycine-rich protein 1 (GRP1) PH domain from PtdIns(3,4,5)P3 (Corbin 

et al., 2004).  The lipid-dependent kinetic differences between myo1cIQ-tail and these 

other PH domains are likely due to membrane-binding regions outside of the myo1c PH 

domain.  Specifically, previous work has suggested that the positively charged myo1c 

regulatory domain binds to anionic phospholipids as a secondary membrane attachment 

site (Hokanson et al., 2006; Hirono et al., 2004; Collins and Swanljung-Collins, 1992).  

The binding affinity of the regulatory domain interaction for anionic phospholipids does 

not appear to be high enough to drive membrane binding or confer phosphoinositide 

specificity (Hokanson et al., 2006; Hokanson and Ostap, 2006).   However, once myo1c 

is bound to the membrane via the phosphoinositide binding site, the secondary 

membrane binding site substantially increases the lifetime of membrane attachment 

(Table 2.2).  It is an intriguing possibility that once myo1c is bound to the membrane, it 

remains attached via the secondary binding site, allowing PtdIns(4,5)P2 to dynamically 

bind and detach from the myo1c PH domain (see below). 
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2.4.2 Soluble inositol phosphates induce membrane dissociation of 

myo1cIQ-tail 

Three independent measurements for the basal rate of dissociation of myo1c 

from 2% PtdIns(4,5)P2 LUVs produced consistent values, supporting our assertion that 

kdis in Scheme 2 reflects InsP6-independent dissociation of myo1cIQ-tail and that inositol 

phosphates induce dissociation.  First, knowing the steady-state dissociation constant 

(Kd = 23 µM; (Hokanson et al., 2006)) and the association rate constant (ka-total = 7.3 x104 

M-1s-1; Table 2.4) for the interaction of myo1cIQ-tail with 2% PtdIns(4,5)P2 LUVs, the 

dissociation rate can be calculated (kdis = 1.7 s-1).  This rate is consistent with the basal 

dissociation rates obtained from the y-intercepts of a plot of the observed association 

rate as a function of lipid concentration (kdis = 3.0 ± 1.7 s-1; Figure 2.7, bottom left; Table 

2.4) and of a plot of the observed rate of dissociation as a function of inositol phosphate 

concentration (kdis = 2.8 ± 0.46 s-1; Figure 2.6, top; Table 2.3).  Therefore, in the absence 

of inositol-phosphate-induced dissociation, the basal detachment rate from 2% 

PtdIns(4,5)P2 LUVs is ~ 2 s-1
.  The basal detachment rates are highly dependent on the 

overall charge of the LUVs, with dissociation rates > 50-fold slower in the presence of 

additional anionic membranes (Tables 2.2 and 2.3). 

 Increasing the InsP6 concentration hyperbolically increases the dissociation rate 

of myo1cIQ-tail from LUVs above the basal rate in LUVs that contain phosphoinositides.  

The simplest model that describes both the enhanced dissociation rate and the 

hyperbolic dependence is given in Scheme 2 and Equation 1.  The equilibrium constant, 

K1, describes the accessibility of the InsP6 binding site.  K1 is modeled as a rapid 

equilibrium step, meaning that k+1 and k-1 are much greater than k2.  If K1 was not a rapid 

equilibrium step, light scattering time courses would follow a two-exponential rate 
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process.  Strikingly, increased mole percentages of anionic phospholipid result in 

decreased values of K1, which range from 1600 M-1 with LUVs that contain 0.5% 

PtdIns(4,5)P2 to < 1 M-1 with LUVs that contain PtdIns(4,5)P2 plus Lipid Mix.  Despite this 

large range, the key conclusion that phosphoinositides are able to bind and unbind to 

myo1cIQ-tail while the protein remains associated with the membrane has important 

functional implications (see below). 

 

2.4.3 Association of myo1cIQ-tail with lipid vesicles is fast and approaches 

diffusion-limited conditions 

The apparent second-order rate constant for membrane association is fast and 

increases less than 2-fold in the presence of additional anionic phospholipids (Table 

2.4).  The rate of binding approaches the diffusion-limit when calculated in terms of LUV 

concentration (Table 2.4), which is consistent with previous measurements of binding to 

LUVs composed of only DOPC and DOPS (Tang and Ostap, 2001).  It should be noted 

that this result is different from kinetic measurements of the binding of the PH domain 

from GRP1 to PtdIns(3,4,5)P3, which has ~6-fold increase in its association rate upon 

inclusion of additional anionic phospholipids (Corbin et al., 2004).  It was proposed for 

the PH domain from GRP1 that non-specific electrostatic interactions between the PH 

domain and additional anionic phospholipids facilitate the binding of the PH domain to 

phosphoinositides (Corbin et al., 2004).  It is possible that myo1c follows a similar two-

step pathway, except that non-specific electrostatic interactions between the regulatory 

domain and anionic phospholipids, including phosphoinositides, facilitate binding to the 

PH domain.   
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 The slow phase of the myo1cIQ-tail association transients makes < 30% of the total 

amplitude change.  The origin of the slow transition is not known, but it is possible that 

kslow reports the rate of a conformational change in the myo1cIQ-tail-LUV complex after 

binding.  It is also possible that this slow kinetic phase is the result of restricted access of 

myo1cIQ-tail to LUVs already occupied with protein.  Further spectroscopic experiments 

are required to resolve this issue. 

 

2.4.4 Magnesium affects myo1cIQ-tail dissociation and association kinetics 

The presence of 1 mM Mg2+ decreases the association and increases the 

dissociation rate constants of myo1cIQ-tail – LUV interactions (Tables 2.2 and 2.4), but it 

does not do so in a manner that results in increased specificity for either 2% 

PtdIns(4,5)P2 or 2% PtdIns(3,4,5)P3.  It has been shown that Mg2+ binds weakly to the 

head group of PtdIns(4,5)P2 (Toner et al., 1988).  Thus, Mg2+ likely competes with 

myo1cIQ-tail for LUV binding, resulting in decreased apparent association rate constants 

(Table 2.4).  The 3-fold increased rates of dissociation are likely due to the binding of 

Mg2+ to the phosphoinositides that are not bound to myo1cIQ-tail, reducing the 

electrostatic interaction between these lipids and positive charges outside of the myo1c 

PH domain.  It is unlikely that the effect of Mg2+ is due to its binding to calmodulin.  

Although Mg2+ binds weakly to calmodulin, this binding has little effect on the overall 

structure of calmodulin, as determined through nuclear magnetic resonance, since Mg2+ 

does not bind critical residues in the EF-loop (Ohki et al., 1997; Gifford et al., 2007).  

Furthermore, if Mg2+ binding to calmodulin exposed the positively-charged residues of 

the myo1cIQ-tail IQ motifs, the affinity of the myo1cIQ-tail for LUVs would likely increase.  An 
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increase in affinity would result from an increase in the association rate, a decrease in 

the dissociation rate, or both. 

 

2.4.5 Relationship of myo1cIQ-tail membrane binding kinetics to the 

biochemical properties of the motor 

When considering the mechanical activity of myo1c when bound to lipid 

membranes, it is important to consider how the rate of membrane dissociation relates to 

the actin attachment time during ATPase cycling.  Under unloaded conditions, the 

maximum actin-activated ATPase rate of myo1c is ~3 s-1 (Manceva et al., 2007) which is 

similar to the basal rate of dissociation from 2% PtdIns(4,5)P2 LUVs (kdis = 2.0 ± 0.30 s-

1).  Thus, there is a significant probability that myo1c would dissociate from a membrane 

of this composition before completing a catalytic cycle.  However, the dissociation rate 

from membranes containing a more physiological lipid mix is substantially slower than 

the catalytic cycle, and myo1c could undergo multiple catalytic cycles before 

dissociating.  It is important to point out that multiple proteins have recently been 

identified that bind myo1c, including RalA (Chen et al., 2007), pleckstrin homology 

domain retinal protein 1 (PHR1) (Etournay et al., 2005), NF-κB essential modulator 

(NEMO) (Nakamori et al., 2006), calcium-binding protein 1 (CaBP1) (Tang et al., 2007), 

and calcium- and integrin-binding protein 1 (CIB1) (Tang et al., 2007), and these 

proteins may play a role in increasing the lifetime of the attachment of myo1c to the 

membrane and may anchor myo1c for force generation.  
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2.4.6 Cellular implications of myo1cIQ-tail’s membrane binding kinetics 

Phosphoinositide binding via the putative PH domain in the tail appears to be 

crucial for the membrane localization of myo1c in certain epithelial cell lines (Hokanson 

et al., 2006), and may also be important for its localization in other cell types (Hirono et 

al., 2004).  It is not known if phosphoinositide binding has cellular roles distinct from the 

spatial regulation of myo1c localization.  However, an intriguing possibility is that once 

bound to phosphoinositides, myo1c concentrates these lipids to regions of high actin 

concentration, similar to the lateral sequestration of PtdIns(4,5)P2 by the myristoylated 

alanine-rich protein kinase C substrate (MARCKS) protein (McLaughlin and Murray, 

2005).  While there are other proteins in the cell that bind phosphoinositides, high local 

concentrations of myo1c could sequester PtdIns(4,5)P2 in a given region of the cell since 

PtdIns(4,5)P2 that has dissociated from one myo1c molecule could bind to a nearby 

myo1c. 

Given the high concentrations of soluble inositol phosphates required to 

accelerate dissociation (Figure 2.6), it is unlikely that soluble inositol-phosphate-induced 

dissociation is a physiologically relevant dissociation mechanism.  Rather, this 

experimental phenomenon suggests that the phosphoinositide binding site on myo1cIQ-tail 

is transiently unoccupied while the protein is membrane bound.  Therefore, myo1c may 

remain attached to the membrane via the secondary binding site, while 

phosphoinositides are free to dissociate from its PH domain and interact with and 

activate other phosphoinositide binding proteins.  Thus, actin-bound myo1c may act as a 

“pipmodulin” (Gambhir et al., 2004; McLaughlin and Murray, 2005; Laux et al., 2000), in 

that it may spatially control the amount of free PtdIns(4,5)P2 available for 

phosphoinositide-activated proteins.  Given the predicted importance of 
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phosphoinositides in regulating the formation and dynamics of actin-rich structures 

(Insall and Weiner, 2001; Yin and Janmey, 2003; T. et al., 2007; Kolsch et al., 2008), it 

will be important to further examine the cellular and mechanical consequences of the 

myo1c-phosphoinositide interaction. 
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2.5 CONCLUDING REMARKS 

2.5.1 Model for myo1c binding to phosphoinositide-containing membranes 

 Myo1c binds to anionic membranes containing PtdIns(4,5)P2 through more than 

one binding site (Figure 2.9).  This claim is supported by the finding that the observed 

dissociation rate of myo1cIQ-tail from PtdIns(4,5)P2-containing LUVs is hyperbolically 

dependent upon the concentration of soluble inositol phosphates (Figure 2.6), as 

discussed in section 2.4.2 [Soluble inositol phosphates induce membrane dissociation of 

myo1cIQ-tail].  In contrast to the PtdIns(4,5)P2-binding domain of PLCδ, myo1cIQ-tail 

dissociation from PtdIns(4,5)P2-containing LUVs is dramatically slowed by the presence 

of additional anionic lipids (Figure 2.4, Table 2.2) (Figure 2.9). 

 The primary binding site is the putative PH domain previously identified in the tail 

of myo1c (Hokanson et al., 2006).  Rather than mediating a purely electrostatic 

interaction with negatively-charged lipids, this site confers specificity for 

phosphoinositides with phosphates at the 4- or 5-positions in the inositol ring (Hokanson 

et al., 2006).  Notably, mutation of either of two important basic residues (K892 or R903) 

to alanine disrupts myo1c binding to PtdIns(4,5)P2-containing LUVs in vitro and the 

plasma membrane in vivo (Hokanson et al., 2006).  

 The secondary binding site interacts electrostatically with anionic phospholipids, 

including phosphoinositides.  It does not, however, confer specificity for 

phosphoinositides, nor is it sufficient for the initial binding of myo1c to membrane 

(Hokanson et al., 2006).  This secondary site contributes substantially to the affinity of 

the myo1c-membrane interaction (steady-state data, (Hokanson et al., 2006)), which is 
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primarily mediated through the putative PH domain, and dramatically increases the 

lifetime of membrane attachment (kinetic data, Figure 2.4, Table 2.2).  Importantly, this 

secondary site could allow myo1c to remain bound to membrane while 

phosphoinositides in the membrane bind to and dissociate from the putative PH domain. 



71

Figure 2.9  Positive charges in myo1c contribute to membrane binding and slow 
dissociation in the presence of anionic lipids.  

(Top) The putative PH domain in the tail of myo1c binds phosphoinositides such as 
PtdIns(4,5)P2 (red headgroup with negative charges).  This interaction is sufficient for 
myo1c membrane association. 

(Bottom) However, additional electrostatic interactions between positive charges in 
myo1c with anionic lipids (red headgroups) dramatically slow myo1c membrane 
dissociation (indicated by arrows).  In addition, this secondary interaction site may 
allow the myo1c putative PH domain to bind and unbind phosphoinositides while 
myo1c remains associated with membrane. 

Specific interaction:
Putative PH domain
PtdIns(4,5)P2

Specific interactionNon-specific interaction:
Basic residues
Anionic lipids
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Chapter 3. Sites of glucose transporter-4 vesicle fusion with 

the plasma membrane correlate spatially with microtubules 

 

 

 

 

 

A manuscript of this research is currently in preparation.  

Dawicki McKenna JM, Goldman YE, Ostap EM. Sites of glucose transporter-4 vesicle 

fusion with the plasma membrane correlate spatially with microtubules. 
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3.1 BACKGROUND AND SUMMARY 

The localization of glucose transporter-4 (GLUT4) to the plasma membrane is 

important for the insulin-stimulated uptake of glucose into fat and muscle.  In adipocytes, 

vesicles containing GLUT4 (GLUT4 vesicles) redistribute from intracellular stores to the 

cell periphery in response to insulin stimulation.  Vesicles then fuse with the plasma 

membrane, facilitating glucose transport into the cell.  While the cytoskeleton is known to 

be involved in this important process, the role microtubules play is not understood at a 

mechanistic level.  This chapter of my thesis focuses on the role of microtubules in the 

accumulation of GLUT4-containing vesicles at and fusion with the plasma membrane. 

 

3.1.1 Specific Aims 

While it is clear that microtubules are involved in GLUT4 vesicle motility, it is not 

clear if microtubule-based GLUT4 vesicle movement is required for the insulin-induced 

GLUT4 redistribution to the plasma membrane.  Insulin may regulate GLUT4 vesicle 

engagement or movement along microtubules as suggested by work in 3T3-L1 

adipocytes, in which the fraction of mobile vesicles and vesicle speed increased upon 

insulin stimulation (Fujita et al., 2010).  However, others observe a halting of vesicle 

trafficking along microtubules in response to insulin in primary rat adipocytes (Lizunov et 

al., 2005).  An absolute requirement for an insulin-stimulated increase in GLUT4 

mobilization along microtubules has been challenged by experiments showing that 

expression of constitutively active Akt is sufficient even in the absence of an intact 

microtubule cytoskeleton to redistribute GLUT4 in response to insulin (Eyster et al., 
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2006).  Therefore, an understanding of the role of microtubules in this important process 

requires further investigation. 

 

Specific Aim 1.  How are microtubules organized in 3T3-L1 adipocytes and what 

are their dynamics? 

Microtubules have been proposed to serve as tracks along which GLUT4 

vesicles are transported to the surface in response to insulin.  In addition, microtubules 

could influence the actin cytoskeleton, which is known to play a role in GLUT4 trafficking, 

through the localization of actin regulatory proteins such as the regulators of small 

GTPases, for example (Basu and Chang, 2007).  It will be important, therefore, to 

determine the organization and dynamics of microtubules.  This area has received 

surprisingly little investigation, even in studies analyzing GLUT4 vesicle motility.  Most 

often, the locations of microtubules are presumed by the trajectories of GLUT4 vesicles 

moving long distances, with little information provided about the total population of 

microtubules or how their localization or dynamics might be affected by insulin.  I 

address this question by examining the localization and dynamics of microtubules in 

3T3-L1 adipocytes, the effect of insulin on microtubule distribution, and the temporal 

relationship between the effects of insulin on the microtubule cytoskeleton and on 

GLUT4 redistribution to the plasma membrane.  
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Specific Aim 2.  How are microtubules, GLUT4 vesicles, and sites of fusion 

spatially and temporally related? 

A greater understanding of how microtubules and microtubule motors influence 

GLUT4 mobilization, vesicle dynamics, and fusion is also required.  In particular, the 

spatial relationship between microtubules, GLUT4 vesicles, and sites of fusion with the 

plasma membrane in living cells over time has not been adequately explored.  

Simultaneous imaging of microtubules and GLUT4 vesicle dynamics in live cells will 

provide important information about potential mechanisms for microtubules in GLUT4 

trafficking.  I have, therefore, examined the time course and extent of GLUT4 

redistribution to the plasma membrane following microtubule disruption and the spatial 

relationship between microtubules, mobile GLUT4 vesicles, and sites of GLUT4 vesicle 

fusion with the plasma membrane. 

 

3.1.2 Summary 

To gain insight into the molecular role of microtubules in GLUT4 vesicle 

trafficking in response to insulin stimulation, we examined the spatial organization and 

dynamics of microtubules in relation to GLUT4 vesicle trafficking at the attached surface 

of 3T3-L1 adipocytes using total internal reflection fluorescence (TIRF) microscopy.  We 

found that insulin stimulation increased the density of microtubules within the TIRF-

illuminated region of the cell.  The time course of the density increase preceded that of 

the increase in intensity of HA-GLUT4-eGFP in this same region.  In addition, portions of 

the microtubules are highly curved and are pulled closer to the cell cortex, as confirmed 

by Parallax microscopy (Sun et al., 2009).  Nocodazole treatment to disrupt microtubules 

modestly reduced the insulin-stimulated increase in HA-GLUT4-eGFP intensity and 
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delayed the accumulation of GLUT4 at the plasma membrane, suggesting an impaired 

efficiency of GLUT4 translocation in the absence of microtubules.  We detected fusion 

events and determined their spatial relationship to microtubules using a pH-sensitive 

GFP variant (pHluorin) fused to insulin-regulated aminopeptidase (IRAP), a protein that 

co-traffics with GLUT4.  Interestingly, quantitative analysis revealed that fusions of 

GLUT4-containing vesicles with the plasma membrane preferentially occur near 

microtubules, and long-distance vesicle movement along microtubules visible at the cell 

surface prior to fusion does not appear to account for this proximity.  We conclude that 

microtubules may be important in providing spatial information for fusion events, 

although they are not required for GLUT4 vesicle fusion. 
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3.2 MATERIALS AND METHODS 

3.2.1 Reagents 

Tissue culture reagents were from Gibco, except fetal bovine serum (FBS) and 

recombinant, human insulin, which were from Sigma.  Nocodazole, cytochalasin D, and 

latrunculin B were obtained from both A.G. Scientific and Sigma.  Radioimmuno assay-

grade bovine serum albumin (RIA-BSA) (Calbiochem) was used for serum starvation.   

 

3.2.2 Cloning and Constructs 

For a schematic illustration of GLUT4 and IRAP constructs used see Figure 3.1.  

mCherry-IRAP-pHluorin (pJDM19) was constructed by inserting mCherry (Dr. R. Tsien 

(Shaner et al., 2004)) prior to the N-terminal 393-bp fragment of IRAP in the IRAP-

pHluorin construct (Dr. D. James (Jiang et al., 2008)) using Nhe I and Bgl II restriction 

sites.  PCR primers were used to generate restriction sites flanking mCherry lacking a 

stop codon: 5’- GAAGCTAGCGACCATGGTGAGCAAGGGCGAGGAGG -3’; 5’- 

TGCAAGATCTTCTTGTACAGCTCGTCCATGCC -3’.  Site-directed mutagenesis was 

then used to correct a base insertion in the reverse primer: 5’- 

GACGAGCTGTACAAGAGATCTCGAGCCACC -3’; 5’- 

GGTGGCTCGAGATCTCTTGTACAGCTCGTC -3’.  Sequences were confirmed using 

the dideoxy method. 

HA-GLUT4-mCherry (pJDM12) was constructed by substituting mCherry for 

eGFP in the HA-GLUT4-eGFP construct (Dr. S. Cushman (Dawson et al., 2001)) using 

KpnI and XbaI restriction sites.  PCR primers were used to generate restriction sites  
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Figure 3.1  GLUT4 and IRAP constructs.  

(A) GLUT4 constructs have a hemagglutinin epitope tag (HA) inserted between amino 
acids 67 and 68 in the first exofacial loop of human GLUT4.  Either eGFP (Dawson et al. 
2001) or mCherry has been fused to the C-terminus, which is cytosolic.  N- and 
C-termini are indicated.

(B) To better detect GLUT4 vesicle fusions, the pH-sensitive fluorescent protein 
pHluorin has been fused to the C-terminus of amino acids 1-393 of IRAP (Jiang et al. 
2008).  pHluorin fluorescence is low in the acidic lumen of GLUT4 vesicles.  When 
exposed to the neutral pH of the extracellular environment following vesicle fusion 
with the plasma membrane, pHluorin fluorescence increases.  N- and C-termini are 
oriented as in (C).

(C) mCherry has been fused to the N-terminus of IRAP-pHluorin (B) so that GLUT4 
vesicles can be detected prior to fusion.  N- and C-termini are indicated.  Figure is 
adapted from (Shi, Huang & Kandror 2008).
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flanking mCherry: 5’- GGGGTACCGCAATGGTGAGCAAGGGCGAGG -3’; 5’- 

GCACTCTAGATTACTTGTACAGCTCGTCCATGC -3’.  Sequencing was confirmed 

using the dideoxy method. 

 

3.2.3 Cell Culture, Transfection, and Live-cell Imaging 

Mouse 3T3-L1fibroblasts (source: Dr. M. Birnbaum, University of Pennsylvania) 

were cultured in growth medium (high glucose (4.5 g/L) DMEM + 10% FBS 

supplemented with antibiotics) in a 37 °C, 5% CO2 incubator.  Fibroblasts were 

differentiated into adipocytes in differentiation medium (DMEM, 10% FBS, 0.5 mM 

isobutylmethylxanthine, 400 ng/mL dexamethasone, 400 nM insulin, and 10 µg/mL 

troglitazone) essentially as described (Garza and Birnbaum, 2000).  Adipocytes were 

used at 6 – 10 days post-differentiation for live cell imaging or 7 – 14 days for fixed cell 

imaging.  Morphologically, we considered cells with prominent lipid droplets to be 

adipocytes.  These cells were generally more rounded than cells lacking lipid droplets, 

although adipocytes were somewhat less rounded following replating of the cells for 

imaging. 

For transient transfection, 3T3-L1 adipocytes were trypsinized (0.25% trypsin-

EDTA), washed twice, and resuspended in PBS without Ca2+ or Mg2+.  DNA and cells 

were added to a 0.4 cm electroporation cuvette in a final volume of ~700 µL.  Cells were 

electroporated at 200 V, 950 µF and re-plated onto acid-washed coverslips.  The amount 

of DNA used per transfection varied by construct: HA-GLUT4-eGFP, 80 µg; IRAP-

pHluorin, 20 – 25 µg; eGFP-human-α-tubulin (Clontech), 40 µg; mCherry-human-α-

tubulin (Dr. R. Tsien (Shaner et al., 2004)), 40 µg; 3xGFP-EMTB (ensconsin 
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microtubule-binding domain) (Dr. C. Bulinski (Faire et al., 1999)), 5 µg; mCherry-IRAP-

pHluorin, 10 µg; GFP-CC1 p150Glued (Dr. E. Holzbaur (Mentlik et al., 2010)), 60 µg.  Cells 

were imaged 24 – 48 hours following transfection. 

Prior to live-cell imaging, adipocytes were serum-starved for a minimum of 2 

hours in either Krebs Ringer Phosphate buffer (136 mM NaCl, 4.7 mM KCl, 10 mM 

NaPO4, pH 7.4, 0.49 mM MgCl2, and 0.9 mM CaCl2) + 0.2% RIA-BSA or high glucose 

DMEM + 0.5% RIA-BSA.  Where indicated, cells were pre-treated with 10 µM 

nocodazole for a minimum of 20 minutes.  Coverslips were then transferred to an 

enclosed Bioptechs chamber (Butler, PA), and the temperature was controlled at 37°C. 

 

3.2.4 TIRF, Two-wavelength imaging, and Parallax microscopies 

Live-cell imaging was conducted on one of two microscopes using total internal 

reflection fluorescence (TIRF) microscopy.  For single wavelength imaging, a Leica DM 

IRB microscope was used with a Nikon 60x, Plan-apochromat 1.45 NA oil immersion 

objective and a Hamamatsu C4742-95 camera.  A Melles Griot (Albuquerque, NM) 43 

Series Ion Laser was used to excite the fluorophore at 488 or 514 nm.  Imaging of two-

wavelengths and 3-dimensional spatial imaging using Parallax microscopy (Sun et al., 

2009) were conducted on an inverted Nikon TE-2000U microscope with a Nikon 100x, 

Plan-achromat 1.49 NA oil immersion objective and a Photometrics Cascade-512B 

camera.  Solid state 488-nm (Sapphire 488 LP, Coherent, Santa Clara, CA) and 561-nm 

(CrystaLaser, Reno, NV) lasers were used to excite eGFP and mCherry, respectively.  

Spectral separation of the emission was accomplished using a Dual-View (Photometrics, 

Tucson, AZ) system with an insert containing 565 dichroic, 580 LP, and 515/30 BP filters 

from Chroma (Bellows Falls, VT).   
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3.2.5 Live-cell Image Analysis 

HA-GLUT4-eGFP and IRAP time courses 

Differentiated cells transfected with HA-GLUT4-eGFP or IRAP-pHluorin were 

stimulated with starvation medium alone or starvation medium + 100 nM insulin.  TIRF 

images were acquired at 1 frame per 10 s.  Intensity within the initial cell footprint was 

measured at each time point, and measurements were background-subtracted.  For 

evaluation of transient intensity changes, measurements were binned in 0.5 min 

intervals and intensity changes were calculated by dividing by the average intensity prior 

to insulin stimulation.  The graph of intensity was normalized from 0, the average 

intensity prior to insulin addition, to 1, the average of the last minute of the plot.  Cells 

scored as responding to insulin (fluorescence intensity increased by at least 10%) were 

averaged together, and the 95% confidence interval was calculated. 

Microtubule curvature and density time course 

Differentiated cells transfected with GFP-tubulin, mCherry-tubulin, or 3xGFP-

EMTB were stimulated by the addition of 100 nM insulin.  TIRF images were acquired at 

1 frame per 10 s.  A subset of cells was co-transfected with HA-GLUT4-eGFP and 

mCherry-tubulin for temporal correlation analysis, and a dual-view insert was used to 

spectrally separate the fluorescence emissions.  For quantification of microtubule density 

(Figures 3.4B and 3.5A), images were background-subtracted in ImageJ (version 1.44c), 

and the intensity was thresholded to create a binary image of the microtubules.  Density 

was measured by dividing the microtubule area determined from the binary image by the 

total cell area.  For each trace, measurements were binned in 0.5 min intervals.  Density 
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was normalized as described for HA-GLUT4-eGFP intensity, except that the average of 

the last 8 minutes was used for the final density value.  Cells responding to insulin with a 

visible microtubule density increase were averaged together, and the 95% confidence 

interval was calculated. 

For visualization and quantification of microtubule curvature (Figures 3.2 and 

3.6A), images were background-subtracted, and microtubule contours were outlined by 

hand using a spline fit in ImageJ.  The cosine correlation function was calculated for 

each contour at least 3 µm in length. 

 

Cosine correlation function 

To calculate the cosine correlation function, the microtubule was first divided into 

segments of length s (µm), and the angle theta (θ, rad) relative to the x-axis was 

determined for each segment.  Any two segments are separated by a distance x (µm) 

along the contour of the microtubule.  Their angles differ by a value delta θ = θSn+x - θSn.  

Segments close to each other (i.e., x is small) will have similar values for theta, and the 

cosine of delta θ will be close to 1.  However, when the contour distance between 

segments increases, the correlation between the two angles decreases.   

When all values for cos(θSn+x - θSn) for segments separated by a given distance x 

are averaged and plotted against x, the resulting cosine correlation function (CCF) 

decays with increasing x.  How the CCF decays depends on the microtubule curvature.  

For a relatively straight microtubule (red), the CCF is nearly flat.  For the curved 

microtubule (blue), <cos(θSn+x - θSn)> decays relatively rapidly toward 0.  Calculations of 

<cos(θSn+x - θSn)> were limited to contour lengths of 0.45 times the filament length since  
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Figure 3.2  Microtubule contours and cosine correlation function.  

(A)  Contours for a straight (red) and curved (blue) microtubule from Figure 2.9 were 
replotted to share the same origin and initial orientation.  Segments along the contour 
of the microtubule (sn) make an angle (θSn) with respect to the horizontal axis.  

(B)  Cosine correlation function for microtubule contours shown in (A).  Cos(θSn+x - θ
Sn) was calculated for each pair of segments separated by contour distance x (μm), 
and values for all pairs were averaged.
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the largest contour distances represent the average of just a few pairs of segments.  See 

Figure 3.2. 

Parallax and 3-dimensional imaging of microtubule 

Differentiated cells were transfected with 3xGFP-EMTB.  TIRF images were 

acquired at 1 frame per 10 s using Parallax microscopy (Sun et al., 2009).  Microtubule 

contours for each pair of images were obtained using NeuronJ (Meijering et al., 2004) 

(Figure 3.9).  Contours were divided into discrete segments, and the z-coordinate was 

calculated for each segment. 

To calculate the z-coordinate, the effective z calibration factor, which relates the 

separation in y of a pair of images to the relative distance in z, was obtained as 

described (Sun et al., 2009).  Briefly, Invitrogen 540/560 beads were tracked while an 

oscillation was applied to the stage in the z-dimension.  The change in separation in y 

between pairs of bead images was plotted against the stage position in z.  The slope of 

the line yields the apparent calibration factor, which is multiplied by a focal shift ratio to 

get the effective z calibration factor.   

To generate the Parallax movie (Movie 7), the z-coordinate for each segment of 

the microtubule contour was calculated for each of the 21 frames of the acquisition.  To 

aid in visualization of the final movie, microtubule contours were interpolated in time so 

that between each pair of frames calculated from acquired images are inserted two 

frames of interpolated data. 
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Correlation of fusion locations with microtubules 

Differentiated cells were co-transfected with IRAP-pHluorin and either mCherry-

tubulin for quantification or 3xGFP-EMTB for visualization and stimulated with 100 nM 

insulin.  TIRF images were acquired several minutes following insulin addition at 20 Hz, 

and a dual-view insert was used to spectrally separate the fluorescence emissions.  

IRAP-pHluorin fluorescence was scored as a fusion event if the fluorescence appeared 

during acquisition of the video sequence and dispersed within the plane of the 

membrane during subsequent frames.  Microtubule intensity was thresholded as 

described above and skeletonized in ImageJ to create a 1-pixel line locating the 

microtubules.  Fusion location was determined, and the distance of the fusion to the 

nearest microtubule location was calculated.  Due to photobleaching, analysis was 

limited to the first ~15 s of the acquisition.  To compare the distribution of fusion sites to 

a random distribution, ‘mock’ fusion locations (i.e., random locations) were randomly 

chosen within the area of the cell.  Distance of the random location to the nearest 

microtubule location was calculated (n = 100 repetitions).  Microtubule density was 

calculated by dividing the number of positive pixels in the binary image by the cell area.  

Cells were grouped according to microtubule density, and a cumulative distribution and 

histogram of the fraction of events occurring within a given distance from a microtubule 

were generated.  Error bars for fusions represent the standard deviation resulting from 

bootstrapping (n = 100 repetitions) the data. 
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Vesicle movement prior to fusion 

Differentiated cells transfected with mCherry-IRAP-pHluorin were stimulated with 

100 nM insulin.  TIRF images were acquired as described for the preceding section.  

Vesicle movements prior to fusion were scored as long-distance if the vesicle moved ~1 

µm or more.  Otherwise, vesicle movements were scored as not long-distance.  

Sometimes vesicles appeared to change velocity and direction repeatedly and rapidly, 

but these movements remained following nocodazole treatment, were less than 1 µm, 

and were judged not to be long-distance movements.  When a fusion event could be 

detected but nearby vesicle density was too high, or mCherry fluorescence intensity was 

too dim, vesicle movements were scored as unknown. 

 

Attempted disruption of microtubule dynamics 

 Differentiated cells transfected with GFP-tubulin or mCherry-tubulin were treated 

with 2 µM nocodazole during imaging or pre-treated with 1 µM cytoD or 20 µM latB for a 

minimum of 20 minutes prior to imaging.  Alternatively, differentiated cells were co-

transfected with mCherry-tubulin and GFP-CC1 p150Glued.  TIRF images were collected. 

 

3.2.6 Immunofluorescence 

The following primary antibodies were used for immunofluorescence of fixed 

cells: mouse monoclonal anti-tubulin clone DM1A, mouse monoclonal anti-acetylated 

tubulin antibody clone 6-11B-1, and pan-specific sheep anti-tubulin antibody 

(Cytoskeleton).  Secondary antibodies were conjugated to Alexa 488 or Alexa 594 

(Invitrogen/Molecular Probes). 
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For anti-α-tubulin staining (clone DM1A), cells were fixed in methanol + 1 mM 

EGTA pre-chilled to -20 °C for 10 minutes and permeabilized in PBS + 0.1% Igepal for 

30 minutes at room temperature.  For dual-staining of tubulin (pan-specific) and 

acetylated tubulin, cells were fixed in 4% paraformaldehyde in PBS for 15 minutes at 

room temperature and permeabilized in PBS + 0.1% Triton X-100 for 5 minutes at room 

temperature.  Cells were blocked in PBS + 3% BSA.  All antibodies were diluted in 

blocking buffer.  Antibody incubations for anti-α-tubulin were 1 µg/mL for 1 hour at 37 °C 

for the primary and 1:500 for 1 hour at room temp for the Alexa 488-conjugated 

secondary.  For dual-staining, primary antibodies were incubated sequentially 

first with anti-tubulin (1:100) overnight at 4 °C followed by anti-acetylated-tubulin (1:100) 

for 30 minutes at 37 °C.  Secondary antibodies were used at 1:300 and incubated for 30 

minutes at 37 °C.  Samples were mounted in ProLong Gold Antifade Reagent 

(Invitrogen) and imaged using TIRF (anti-α-tubulin) or epifluorescence (dual-staining) 

microscopies. 

 

3.2.7 MATLAB Routines Developed for Data Analysis 

In this section I briefly describe the MATLAB scripts I developed for data analysis 

and presentation. 

1. Time courses (Figures 3.3 - 3.5).   

MATLAB scripts to generate intensity time course data involved: defining the initial 

cell footprint through segmentation of images; calculating the cell intensity within this 

region for each frame; calculating background intensity of each frame and 

subtracting this from raw cell intensity. MATLAB scripts to process intensity and 

microtubule density time course data involved: binning in time; calculating fold 
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changes in intensity or density; normalizing time courses; averaging time courses.  

This semi-automated method of analyzing the data provided flexibility in processing 

large data sets. 

2. Replotting microtubule contours for visualization (Figures 3.2 and 3.6). 

The MATLAB script involved calculating and applying a transform to the x,y-

coordinates of the microtubule contours so that they share an origin and initial 

orientation. 

3. Cosine correlation function (Figures 3.2 and 3.6). 

MATLAB scripts involved: dividing the microtubule contour into discrete segments of 

defined length; calculating the angle each segment makes with the x-axis; calculating 

cos(delta θ) for segments separated by a given contour length and averaging the 

values together; plotting <cos(delta θ)> as a function of contour length up to 0.45 the 

total contour length of the microtubule. 

4. Parallax movie (Figure 3.9 and Movie 7).   

MATLAB scripts involved: calculating the effective z calibration factor from the 

positions of beads in pairs of images acquired during stage oscillation; calculating 

x,y,z-coordinates for discrete segments of a microtubule at each frame; generating a 

3-dimensional color-coded plot for each frame; interpolating in time between frames 

to generate the final movie. 

5. Fusion and microtubule correlation analysis (Figure 3.12). 

MATLAB scripts involved: calculating the distance of the center of fusion events to 

the nearest microtubule location in a binary image; randomly generating locations 

within the cell footprint for comparison of fusion locations to a random distribution of 
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locations; binning the calculated distances and generating a histogram of the data; 

calculating microtubule density. 
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3.3 RESULTS  

3.3.1 3T3-L1 adipocytes redistribute GLUT4 in response to insulin 

TIRF microscopy revealed a striking insulin-dependent movement of HA-GLUT4-

eGFP from internal compartments to the coverslip-attached surface of adipocytes 

(Figure 3.3A; Movie 1).  The average fluorescence intensity from cells that exhibited a > 

10% enhancement (Figure 3.3B, inset) reached a plateau with a half-time (t1/2) of 6.3 min 

(Table 3.1), which is similar to previously observed time courses (Huang et al., 2007; 

Tengholm et al., 2003; Gonzalez and McGraw, 2006).  Control experiments, exchanging 

media without insulin, confirm that the fluorescence change is the result of the addition 

of insulin (Figure 3.4A). 

 

3.3.2 Microtubule density increases in response to insulin stimulation in 

3T3-L1 adipocytes 

The density of microtubules within the TIRF illumination zone increased 

substantially upon insulin stimulation, as detected by the localization of mCherry-tubulin, 

GFP-tubulin, or 3xGFP-EMTB, the microtubule-binding domain of ensconsin (Figures 

3.5A and 3.6A, Table 3.1, Movie 2).  This intensity increase occurred with a half-time (t1/2 

= 2.5 min) that was 2.5-fold faster than the HA-GLUT4-eGFP intensity increase (t1/2 = 6.3 

min; Figure 3.5A; Table 3.1).  The insulin-stimulated increase of microtubule density was 

also observed in cells co-expressing HA-GLUT4-eGFP and mCherry-tubulin (Figure 

3.4B).   
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Figure 3.3  Insulin stimulation increases the intensity of HA-GLUT4-eGFP within 
the TIRF illumination zone.  
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Figure 3.3  Insulin stimulation increases the intensity of HA-GLUT4-eGFP within 
the TIRF illumination zone.  

Adipocytes transfected with HA-GLUT4-eGFP were serum-starved prior to stimulation 
with 100 nM insulin at t = 0 min.  Images were acquired using TIRF microscopy at 1 
frame per 10 s. 

(A)   Pseudocolor of HA-GLUT4-eGFP intensity before and after insulin stimulation.  
Elapsed time from insulin addition is indicated.  Scale bar is 20 μm.  See Movie 1.  

(B)  Time course of the increase in fluorescence intensity in response to insulin.  Fold 
intensity increase relative to the average intensity prior to insulin addition was 
calculated for each cell.  Plotted is the mean ± 95% confidence interval (n = 13 cells).  
(Inset) Histogram of the fold intensity change at plateau.
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Table 3.1  Time course parameters

CONDITION         Max fold  t1/2 (min) tlag (min)  nb

    ± 95% CIa     

HA-GLUT4-eGFP, 0 μM Noc 1.8 ± 0.3       6.3       0.8  13
HA-GLUT4-eGFP, 10 μM Noc  1.6 ± 0.3      9.8       3.5    7
IRAP-pHluorin, 0 μM Noc 2.8 ± 1.1      7.0       1.4    8
IRAP-pHluorin, 10 μM Noc 2.1 ± 0.5      8.5       1.7  12
Microtubule density   1.4 ± 0.1      2.5       0.7  18

Time course parameters are calculated from Figures 3.3, 3.5, and 3.13.
aMax fold intensity or density increase rela ve to baseline.  CI, confidence interval.
bNumber of cells per condi on.
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Figure 3.4  Time courses of HA-GLUT4-eGFP intensity and microtubule density 
increase.  

(A)  Addition of 100 nM insulin (black arrow) results in the increase in HA-GLUT4-eGFP 
in the TIRF illumination zone.  Addition of starvation medium 5-10 min before addition 
of insulin (blue arrow) does not result in a fluorescence increase.  Plotted is the mean ± 
95% confidence interval (n = 8 cells).  

(B)  In cells co-transfected with mCherry-tubulin and HA-GLUT4-eGFP, the time course 
of the microtubule density increase in the TIRF illumination zone precedes the increase 
in the intensity of HA-GLUT4-eGFP.  Intensity or density increases for each cell were 
normalized from 0 to 1 as in Figure 3.5A.  Insulin (100 nM) was added at t = 0 min.  
Plotted is the mean ± 95% confidence interval (n = 4 cells).  (A and B) Images were 
acquired using TIRF microscopy at 1 frame per 10 s.
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Figure 3.5  Time courses of HA-GLUT4-eGFP intensity and microtubule density 
increase.  
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Figure 3.5  Time courses of HA-GLUT4-eGFP intensity and microtubule density 
increase.  

(A)  Insulin increases microtubule density in the region of the cell illuminated by TIRF 
microscopy.  Adipocytes transfected with constructs either to visualize the GLUT4 or 
microtubule time course were serum-starved prior to stimulation with 100 nM insulin 
at t = 0 min.  Images were acquired using TIRF microscopy at 1 frame per 10 s.  
Intensity or density increase for each cell was normalized from 0 (average intensity or 
density prior to insulin addition) to 1 (intensity at last 1 minute or density at last 8 
minutes of time course).  Plotted is the mean ± 95% confidence interval for each point 
(HA-GLUT4-eGFP, n = 13 cells; mCherry-tubulin, n = 18 cells).  

(B)  Nocodazole pre-treatment decreases the fold change in GLUT4 intensity in 
response to insulin.  Adipocytes expressing HA-GLUT4-eGFP were serum-starved and 
pre-treated with 0 μM (blue, n = 13 cells) or 10 μM (red, n = 7 cells) nocodazole for a 
minimum of 20 min prior to stimulation with 100 nM insulin at t = 0 min.  Images were 
acquired using TIRF microscopy at 1 frame per 10 s.  Plotted is the time course of the 
mean fold intensity increase ± 95% confidence interval.  (Inset) Time course of the 
intensity increase normalized from 0 (average intensity prior to insulin addition) to 1 
(intensity at last minute of time course).  Plotted is the mean ± 95% confidence 
interval.  Half-times are plotted (0 μM Noc, t1/2 = 6.3 min, solid black line; 10 μM Noc, 
t1/2 = 9.8 min, dashed black line).
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Treatment of cells with 10 µM nocodazole for 20 min, which results in large-scale 

depolymerization of the microtubule cytoskeleton (Figure 3.7), reduced the insulin-

stimulated increase in HA-GLUT4-eGFP intensity to 1.6-fold (Figure 3.5B, Table 3.I).  

Nocodazole treatment also introduced a time-lag (tlag = 3.5 min), defined as the intercept 

with the baseline of a line drawn through and having a slope determined at the inflection 

point, and slowed the kinetics of the fluorescence increase (t1/2 = 9.8 min) in the TIRF-

zone (Figure 3.5B inset).  

 

3.3.3 Insulin-stimulation induces microtubule curvature 

Strikingly, a population of highly curved microtubules is detected in the TIRF-

illumination zone of adipocytes.  Curvature is detected by immunofluorescence of 

endogenous microtubules as well as by live-cell imaging of adipocytes transfected with 

GFP-tubulin, mCherry-tubulin, or 3xGFP-EMTB (Figures 3.6A and 3.8A, Movie 2).  

When plotted so that the coordinates of continuous microtubule segments ≥ 3 µm in 

length share the same origin and initial microtubule orientation, the curvature appears to 

increase upon insulin stimulation (Figure 3.6B).  We quantified curvature by calculating 

the cosine correlation function (CCF) along the contour of the microtubule (Figures 3.2B 

and 3.6C).  The CCF of more highly curved microtubules decays toward 0 more quickly 

than straighter microtubules.  We plotted the average CCF for microtubule segments at 

least 3 µm in length as a function of time, and found that curvature increased with time 

after insulin stimulation (Figure 3.6D).  

Many curved microtubules appeared to be actively and abruptly displaced by 

forces that translocated them along the plane of the membrane or pulled them closer to  
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Figure 3.6  TIRF microscopy reveals a population of highly curved microtubules at 
the surface of 3T3-L1 adipocytes.  
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Figure 3.6  TIRF microscopy reveals a population of highly curved microtubules at 
the surface of 3T3-L1 adipocytes.  

Adipocyte transfected with mCherry-tubulin was serum-starved prior to stimulation 
with 100 nM insulin at t = 0 min.  Images were acquired using TIRF microscopy at 1 
frame per 10 s.  Elapsed time from insulin addition is indicated.  See Movie 2.  

(A)  (Upper) Unprocessed and (Lower) background-subtracted, inverted contrast 
images.  Microtubule contours are overlaid in blue.  Scale bar is 10 μm.  

(B)  Contours for microtubules at least 3 μm in length were replotted to share the same 
origin (0 min, 5 contours; 5 min, 8 contours; 10 min, 19 contours; 15 min, 15 contours).  

(C)  Cosine correlation function (CCF) for microtubule contours shown in (B), see 
Figure 3.2 for details.  

(D)  The average CCF up to the minimum contour length for microtubule contours 
shown in (C) are plotted at 0 (red), 5 (orange), 10 (green), and 15 (blue) minutes 
post-insulin.  Error bars represent the 95% confidence interval.
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Figure 3.7 Nocodazole treatment disrupts the microtubule cytoskeleton.

3T3-L1 adipocytes were pre-treated with (Vehicle) DMSO or (Noc) 10 μM nocodazole 
for 10 min prior to fixation in methanol + 1 mM EGTA.  (BF) Brightfield image.  

Microtubules were immunostained for α-tubulin and visualized by using 
epifluoresence while focused (Epi, middle) in the center of the cell or (Epi, c/s) at the 
coverslip or by using (TIRF) TIRF microscopy.  Scale bar is 15 μm.

BF            Epi, middle           Epi, c/s                     TIRF
Vehicle

Noc
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or further from the cell surface (Figure 3.9, Movies 3 – 7).  Several types of motion were 

observed.  For example, microtubule loops often formed when an internal region of a 

microtubule moved parallel to the x-y plane.  In some instances, the locations where the 

microtubule transitioned to visibility in TIRF appeared fixed, as if the microtubule was 

being threaded through these locations on the cell surface (Movie 3).  Microtubules also 

appeared to move relative to or slide along a second, more stationary microtubule or 

microtubule segment (Movie 4).  In other cases, straight segments of microtubules 

appeared to glide in a plane parallel to the coverslip (Movie 5).  Three-dimensional time-

lapse imaging using Parallax microscopy (Sun et al., 2009) revealed abrupt, short 

duration z-displacements of microtubule regions as they moved toward and away from 

the plasma membrane (Movies 6 and 7). 

To investigate whether microtubule polymerization could account for the 

observed microtubule bending, we treated adipocytes with a low dose of nocodazole (2 

µM), and examined microtubule dynamics using TIRF microscopy.  Under these 

conditions, tubulin heterodimers are sequestered resulting in microtubule 

depolymerization (Movie 8).  However, substantial curvature and displacement dynamics 

remain even for depolymerizing microtubules (Figure 3.8B, Movie 8) suggesting that 

forces generated from polymerization are not driving curvature.   

We next tested whether microtubule motor activity or actin-dependent motility is 

responsible for the observed microtubule dynamics.  Over-expression of a dominant-

negative construct of p150Glued (GFP-CC1) to disrupt dynein-dynactin function (Mentlik et 

al., 2010; Quintyne et al., 1999) did not abolish the microtubule curvature or the forces 

displacing the microtubules (Figure 3.8C), nor did treatment with either 2 µM 

cytochalasin D (cytoD) or 20 µM latrunculin B (latB) to disrupt the actin cytoskeleton 

(Figure 3.8D).  These results suggest the involvement of a kinesin motor.  In preliminary  
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Figure 3.8  Microtubule curvature in 3T3-L1 adipocytes.  
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Figure 3.8  Microtubule curvature in 3T3-L1 adipocytes.  

(A)  Curved microtubules are seen when visualized by TIRF via immunofluorescence of 
endogenous tubulin (clone DM1A) in fixed cells, or by direct observation of adipocytes 
transfected with GFP-tubulin, mCherry-tubulin, or 3xGFP-EMTB.  Scale bar is 10 μm.  
Inset is 5 μm x 5 μm.  

(B)  TIRF images of an adipocyte transfected with mCherry-tubulin and treated with 2 
μM nocodazole (added at t = 0) show curved microtubules.   Thus, forces from 
microtubule polymerization are not responsible for bending.  TIRF images have been 
background-subtracted.  Scale bar is 10 μm.  See Movie 8.  

(C)  TIRF image of adipocyte co-transfected with mCherry-tubulin and GFP-CC1 
p150Glued showing the presence of curved microtubules.  Scale bar is 5 μm.  

(D)  TIRF image of adipocytes transfected with GFP-tubulin and treated with 1 μM 
cytoD or 20 μM latB for a minimum of 20 minutes showing curved microtubules.  The 
treatment was sufficient to disrupt the actin cytoskeleton.  TIRF images have been 
background-subtracted.  Scale bar is 5 μm.

(E) TIRF images of curved microtubules in adipocytes co-transfected with 
mCherry-tubulin and the indicated dominant negative kinesin construct.  Scale bars 
are 2 μm.
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Figure 3.9  Curved regions of microtubules are actively displaced.  

Adipocyte was transfected with 3xGFP-EMTB.  Images were acquired using TIRF 
microscopy.  

(A)  Force-induced displacement of a microtubule.  Images from a time course (Movie 
6) have been background-subtracted.  Frames are displayed at 30 s intervals.  
Microtubule contour is overlaid in blue.  Scale bar is 3 µm.  

(B)  3-Dimensional imaging of curved microtubule using Parallax and TIRF 
microscopies.  The microtubule displayed in (A) is plotted as a series of (x,y,z) 
coordinates.  A pair of 2-dimensional TIRF images (A: 1 of pair) was used to calculate 
relative z-depth.  Warmer colors are closer to the coverslip.  For an animation of the 
3-dimensional time course see Movie 7.
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experiments using dominant negative KIF3a and KIF5 constructs, we did not observe a 

disruption in microtubule curvature (Figure 3.8), although it is possible that we did not 

achieve sufficient disruption of endogenous kinesin.  While we chose these kinesins 

because of their reported involvement in GLUT4 trafficking (Imamura et al., 2003; Semiz 

et al., 2003; Lalioti et al., 2009; Huang et al., 2005), another kinesin may instead be 

responsible. 

 Curvature is not correlated with microtubule acetylation (Figure 3.10A), in 

contrast to what has been found in other cell types (Friedman et al., 2010).   Although 

many curved microtubules are highly acetylated in 3T3-L1 adipocytes, many have low 

acetylation levels and, conversely, straight portions of microtubules are also highly 

acetylated.  The primary observation is that more centrally-localized microtubules had 

higher acetylation levels than peripheral microtubules (Figure 3.10A-B), as reported 

previously in other cell types (Friedman et al., 2010).  Microtubules in adipocytes 

appeared to have greater levels of acetylation than microtubules in incompletely 

differentiated 3T3-L1 cells found on the same coverslip (Figure 3.10B).   

 

3.3.4 Fusion events preferentially occur near microtubules 

Both HA-GLUT4-eGFP-containing vesicles in proximity to the cell surface, and 

HA-GLUT4-eGFP inserted in the plasma membrane, contribute to the observed TIRF 

fluorescence intensity.  To better detect vesicle fusions with the plasma membrane, we 

used an IRAP-pHluorin construct that fuses the pH-sensitive eGFP variant (pHluorin) 

(Miesenbock et al., 1998) to the lumenal side of amino acids 1-393 of insulin-regulated 

aminopeptidase (IRAP) (Jiang et al., 2008).  This construct uses IRAP as a surrogate for  
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Figure 3.10 Microtubule curvature does not correlate with acetylation in 3T3-L1 
adipocytes. 
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Figure 3.10  Microtubule curvature does not correlate with acetylation in 3T3-L1 
adipocytes.  

3T3-L1 cells were removed from culture dishes by trypsin treatment and replated in 
growth medium onto glass coverslips, fixed, and immunostained with α-tubulin (for 
visualization of total tubulin) and α-acetylated-tubulin antibodies.  

(A, Top) Epifluorescence images of an adipocyte stained for total (magenta) and 
acetylated (green) tubulin.   The overlay shows regions of colocalization (white).  Scale 
bar is 15 μm.  

(A, Bottom)  Background-subtracted image of overlay with regions of interest 
highlighted in white boxes and expanded to the right.  Scale bar is 15 μm.  Expanded 
regions have dimensions of 5 μm x 5 μm.  

(B) Epifluorescence images of an adipocyte (highlighted by an asterisk) flanked by two 
incompletely differentiated, fibroblast-like cells.  (Bottom Right) The ratio of the 
background-subtracted image of α-acetylated-tubulin to the background-subtracted 
image of α-tubulin was calculated, and values were divided by the minimum value.  
White indicates the highest ratio of α-acetylated-tubulin to α-tubulin.  Scale bar is 20 
μm.
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GLUT4 since both N- and C- termini of GLUT4 face the cytosol (Figure 2.4), and it is 

difficult to place fluorophores on a lumenal domain of GLUT4 without disrupting GLUT4 

trafficking.  IRAP is a transmembrane protein enriched in insulin-responsive vesicles that 

co-localizes and co-fractionates with GLUT4 (Kandror and Pilch, 1994; Ross et al., 1996; 

Sumitani et al., 1997; Martin et al., 1997; Malide et al., 1997) and traffics in a manner 

indistinguishable from GLUT4 (Garza and Birnbaum, 2000).  The lumenal pH of GLUT4 

vesicles, and, therefore, pHluorin fluorescence emission, is low.  Upon fusion of GLUT4 

vesicles with the plasma membrane, pHluorin is exposed to the neutral pH of the 

imaging medium, and the fluorescence emission increases.  To demonstrate the 

improved fusion detection, we co-expressed HA-GLUT4-mCherry and  

IRAP-pHluorin and simultaneously excited the fluorophores.  The time course of a single 

vesicle fusion event is shown (Figure 3.11A), beginning with the initial approach of the 

vesicle to the cell surface and ending with dispersal within the plasma membrane. 

Sites of insulin-stimulated vesicle fusion appear to correlate spatially with 

microtubules in the TIRF-illumination zone.  Simultaneously imaged mCherry-IRAP-

pHluorin and 3xGFP-EMTB in adipocytes show that that many fusion events occur in 

proximity to microtubules (Figure 3.11B, Movie 9).  To obtain a quantitative measure of 

proximity, we correlated the position of microtubules, visualized with mCherry-tubulin, 

with IRAP-pHluorin fusion sites.  Because the probability that a fusion will occur near a 

microtubule depends on the microtubule density, proximity distances were determined 

as a function of cellular microtubule density.  A cumulative distribution of the distance of 

fusion events in cells with low microtubule density shows that ~40% of fusions occur ≤ 

200 nm (approximately the resolution of our measurement) from a microtubule (Figure 

3.12).  Similarly, at an intermediate microtubule density, the probability of a fusion  
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Figure 3.11  Sites of IRAP-pHluorin vesicle fusion with the plasma membrane 
occur in proximity to microtubules at the cell surface.  

Adipocytes co-transfected with the indicated constructs were serum-starved prior to 
stimulation with 100 nM insulin.  Images were acquired using TIRF microscopy at an 
acquisition rate of 20 Hz.  

(A)  Fusion of a single vesicle with the plasma membrane.  Each panel displays a single 
frame of a Dual-View image:  (Top) HA-GLUT4-mCherry, (Middle) IRAP-pHluorin, 
(Bottom) Overlay.  Each box is 1.89 µm x 1.89 µm.  

(B)  Fusions occur in proximity to microtubules visible in TIRF microscopy.  Displayed is 
a 50 frame (2.5 s) maximum intensity projection image of an adipocyte co-expressing 
mCherry-IRAP-pHluorin and 3xGFP-EMTB.  The image has been 
background-subtracted.  Sites of vesicle fusion during the 2.5 s are overlaid (green 
squares).  Scale bar is 10 µm.  See Movie 9.
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Figure 3.12  Sites of IRAP-pHluorin fusion are spatially correlated with 
microtubules present in the TIRF illumination zone.  

Adipocytes co-transfected with IRAP-pHluorin and mCherry-tubulin were 
serum-starved prior to stimulation with 100 nM insulin.  Histogram of distance of 
fusion events from a microtubule obtained using TIRF microscopy and a Dual-view 
insert at an acquisition rate of 20 Hz (red, fusions; blue, random locations).  Center of 
bin (width = 0.2 µm) is indicated.  Error bars represent the standard deviation resulting 
from bootstrapping (n = 100 repetitions) the fusion data.  (Inset) Cumulative 
distributions of the data shown in the plots.
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Figure 3.13  Insulin stimulation increases the intensity of IRAP-pHluorin in the 
TIRF illumination zone.  
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Figure 3.13  Insulin stimulation increases the intensity of IRAP-pHluorin in the 
TIRF illumination zone.  

Adipocytes transfected with IRAP-pHluorin were serum-starved and pre-treated with 0 
μM (blue, n = 8 cells) or 10 μM nocodazole (red, n = 12 cells) prior to stimulation with 
100 nM insulin at t = 0 min.  Images were acquired using TIRF microscopy at 1 frame 
per 10 s.  

(A)  Time course of the fold intensity increase.  Plotted is the mean ± 95% confidence 
interval.  

(B)  Time course of the intensity increase normalized from 0 (average intensity prior to 
insulin addition) to 1 (intensity at last minute of time course).  Plotted is the mean ± 
95% confidence interval.  Half-times are plotted (0 μM Noc, t1/2 = 7 min, solid black line; 
10 μM Noc, t1/2 = 8.5 min, dashed black line).
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occurring adjacent to a microtubule is substantially greater than random chance.  At high 

densities, even random sites occur near microtubules (Figure 3.12).  

We confirmed that IRAP-pHluorin TIRF intensity increases in response to insulin 

(Figure 3.13A, Table 3.1).  IRAP-pHluorin intensity increases within the first few minutes 

of insulin addition with a t1/2 = 7 min.  The time to plateau is slightly longer than 

measured for HA-GLUT4-eGFP, which may reflect the selective detection of membrane 

fusion events, rather than proximity to the plasma membrane.  Interestingly, 10 µM 

nocodazole treatment to disrupt microtubules did not markedly slow the time course of 

the IRAP-pHluorin fluorescence increase (Figure 3.13B, Table 3.1).  Nocodazole 

treatment may also decrease the final fold intensity change in response to insulin (Figure 

3.13B, Table 3.1).  Although the error associated with this measurement is large and 

makes interpretation difficult, the reduction in intensity could indicate fewer GLUT4 

vesicle fusion events with the plasma membrane. 

 

3.3.5 Long-distance movement of mCherry-IRAP-pHluorin prior to vesicle 

fusion is only rarely detected  

Given that exocytic events preferentially take place in proximity to microtubules 

visible at the cell surface, we asked whether vesicle movements prior to fusion were 

consistent with microtubule-based transport.  In particular, we asked whether vesicles 

moved linearly distances on the order of a micrometer prior to fusion.  Cells were 

transfected with mCherry-IRAP-pHluorin, a construct which allows us to both observe 

vesicles prior to fusion (mCherry) and detect fusions efficiently (pHluorin).  We observed 

that long-distance movements detectable using TIRF microscopy (Figure 3.14) rarely 

precede vesicle fusion in untreated cells (Table 3.2) and could not be detected in 
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nocodazole-treated cells (data not shown).  Most often, vesicles appeared to approach 

the cell surface vertically without appreciable directed lateral movement, although some 

vesicles appeared to change velocity and direction repeatedly and rapidly prior to 

immobilization and fusion.  These movements occurred in both untreated and 

nocodazole-treated cells (data not shown).  Since 3T3-L1 adipocytes are tens of 

micrometers thick, we cannot rule out that microtubule-based movement from deeper in 

the cell towards the cell surface is not relevant to GLUT4 trafficking.  However, we do 

detect long-distance movement at the cell surface, but this movement rarely culminates 

in vesicle fusion (Movie 10). 

We hypothesize that microtubules may play a role in specifying fusion site 

locations through the delivery, localization, or scaffolding of signaling components or 

fusion machinery.  For instance, in primary adipocytes, Exo70, a component of the 

exocyst complex, has been proposed to tether GLUT4 vesicles at the plasma membrane 

prior to fusion, preventing GLUT4 vesicle translocation along surface-localized 

microtubules (Lizunov et al., 2009).  In preliminary experiments, however, I did not 

observe a spatial correlation of GFP-Exo70 puncta with either microtubules or mCherry-

IRAP (Figure 3.15A-B). 
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Figure 3.14  Movement of vesicles long distances prior to fusion is observed 
infrequently.  

Adipocyte transfected with mCherry-IRAP-pHluorin was serum-starved prior to 
stimulation with 100 nM insulin.  Images were acquired using TIRF microscopy at an 
acquisition rate of 20 Hz, and a kymograph was generated.  A rare vesicle fusion event 
is preceded by a long-distance movement.  A second vesicle approaches the surface in 
the same vicinity as the first but fuses without detected lateral movement.
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Table 3.2  Vesicle movement prior to fusion with 
the plasma membrane

TOTAL Unknowna 
Fusions preceded 

by ~1 μm linear 
displacement 

Fusions in which 
linear displacement 

was undetectedb 

221 47 4 170  

 Vesicle movements prior to fusion with the plasma membrane were deter-
mined in 3T3-L1 adipocytes (n = 4 cells) transfected with mCherry-IRAP-
pHluorin and stimulated with 100 nM insulin.  
aVesicle movements were scored as unknown when high local vesicle density 
or low mCherry fluorescence intensity made determination of movement 
difficult.
bLinear displacement of ~1 μm or more was undetected prior to fusion of 
vesicle.
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Figure 3.15 Exo70 puncta do not spatially correlate with either microtubules or 
IRAP at the cell surface. 

Adipocytes were co-transfected with (green) GFP-rExo70 and either (magenta) (A) 
mCherry-tubulin or (B) mCherry-IRAP and TIRF images were acquired.  Microtubules in 
(A)  have been background-subtracted.  The image in (B) is a maximum projection of 
500 frames acquired at 5 frames per s.  Scale bars are 10 µm.

A B
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3.4 DISCUSSION 

3.4.1 Microtubule curvature and surface density increase may be 

mechanistically linked 

The increases in microtubule density and bending in the TIRF illumination zone 

are striking down-stream effects of insulin signaling (Figures 3.4B and 3.5A).  While it 

has been shown previously that the total amount of polymerized tubulin increases upon 

insulin stimulation (Olson et al., 2003), the dramatic increase in concentration (Figure 

3.5A) and bending (Figure 3.6) of the filaments we observed at the cell membrane was 

unexpected.  The correlated increase in surface density and bending (Figure 3.6D) may 

be caused by related mechanisms.  In support of this, microtubules appear to be forcibly 

pulled, often towards the cell surface (Figure 3.9, Movies 3 – 7, see below). 

The high degree of microtubule curvature may result from these pulling forces.  

Cells treated with a nocodazole concentration that inhibits microtubule polymerization, 

but does not result in complete depolymerization, showed persistent microtubule 

curvature and pulling, indicating that the bending dynamics are not the result of 

polymerization-induced buckling (Figure 3.8B, Movie 8).  Likewise, disruption of the actin 

cytoskeleton (Figure 3.8D) or dynein-dynactin function (Figure 3.8C) did not noticeably 

diminish the microtubule curvature or the microtubule displacements.  Thus, kinesin 

motors are likely responsible for microtubule bending.  One candidate motor that should 

be considered is kinesin-1 heavy chain, which is involved in microtubule-microtubule 

sliding in Xenopus and Ptk2 cells (Jolly et al., 2010).  At this time, it is unclear how 

microtubule curvature and force-induced displacement impact on GLUT4 vesicle 

trafficking.  
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As mentioned above, pulling of microtubule regions to the cell surface may 

contribute to the surface density.  In addition, a net increase in microtubule 

polymerization also plays a role since the amount of polymerized tubulin throughout the 

cell increases in response to insulin (Olson et al., 2003).  It is unclear whether the 

increase in polymerized microtubules reflects an increase in polymerization, a decrease 

in depolymerization, an increase in nucleation, or some combination of the above 

mechanisms. 

 

3.4.2 Microtubules are not required but may contribute to the efficiency of 

the GLUT4 insulin response  

The increase in microtubule density (t1/2 = 2.5 min) at the cell membrane 

preceded the increase in GLUT4 intensity (t1/2 = 6.3 min) in the same region of the cell 

(Figure 3.5A, Table 3.1), so it is interesting to ask if microtubules have a role in the 

transport of GLUT4 to the cell surface or to the distribution of fusion sites.  Nocodazole 

pre-treatment at a concentration and duration sufficient to disrupt the microtubule 

cytoskeleton (Figure 3.7) delayed the half-time for insulin-stimulated accumulation of 

GLUT4 at the cell surface from a t1/2 = 6.3 min in the absence of nocodazole to a t1/2 = 

9.8 min at 10 µM nocodazole (Table 3.1) and introduced a time-lag in the intensity 

increase (Figure 3.5B inset, Table 3.1).  GLUT4 vesicle trafficking is highly regulated so 

it is unlikely that microtubule stabilization is sufficient by itself to drive GLUT4 

redistribution to the plasma membrane in the absence of insulin signaling.  In support of 

this supposition, microtubule stabilization with taxol does not stimulate an increase in the 

basal level of GLUT4 at the cell surface (Molero et al., 2001). 
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Nocodazole also modestly decreased the magnitude of GLUT4 translocation to 

the membrane (0 µM Noc, max fold = 1.8 ± 0.3; 10 µM Noc, max fold = 1.6 ± 0.3) (Figure 

3.5B, Table 3.1).  This result is consistent with several previous studies showing an 

approximate 20% – 40% reduction in translocation or plasma membrane insertion 

(Karylowski et al., 2004; Liu et al., 2003; Huang et al., 2005; Olson et al., 2003; Emoto et 

al., 2001).  One complication in assessing the contribution of microtubules in GLUT4 

translocation is that microtubules are important in the appropriate sequestration of 

GLUT4 in the basal state (Huang et al., 2005).  Some of the effects of microtubule 

disruption on translocation might, therefore, be compensated for by basal GLUT4 

redistribution to regions of the cell closer to the plasma membrane. 

Taken together, our results suggest that microtubules are likely playing a role in 

the efficiency of mobilizing GLUT4 vesicles to the surface.  They are also important for 

appropriate sequestering of GLUT4 in the basal state (Huang et al., 2005).  However, 

there appears to be no absolute requirement for microtubules in increasing the plasma 

membrane-insertion of GLUT4, as indicated by the increase in IRAP-pHluorin intensity in 

response to insulin in nocodazole-treated cells (Figure 3.13, Table 3.1).  Therefore, 

microtubules do not appear to be required for transport of GLUT4 vesicles to the plasma 

membrane for fusion on the time scale of these experiments. 

 

3.4.3 Microtubules may be specifying sites of GLUT4 vesicle fusion with 

the plasma membrane 

This work represents the first quantitative evidence for a spatial correlation in 

3T3-L1 adipocytes between sites of GLUT4 vesicle fusion with the plasma membrane 

and microtubules at the cell surface.  Fusions of GLUT4 vesicles detected using IRAP-
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pHluorin occur more closely to microtubules than would be expected for a random 

distribution (Figure 3.12).  Most, though not all, fusions occur within ~ 0.5 µm from a 

microtubule (Figure 3.12).  In part, detecting fusions occurring at greater distances from 

microtubules is due to a limitation in our ability to detect and segment microtubules, 

especially at high microtubule densities where the skeletonization process used to 

create the microtubule binary image tends to merge filaments that are close together.  

Biologically, such an observation could also reflect that GLUT4-containing 

vesicles may belong either to the insulin-responsive pool of GLUT4 or the biochemically 

distinct pool of general endocytic vesicles that also contain GLUT4 (Martin et al., 1996; 

Zeigerer et al., 2002).  These vesicle populations have different protein compositions, 

associated vSNAREs, and insulin sensitivities (Martin et al., 1996; Zeigerer et al., 2002).  

The IRAP-pHluorin construct used to detect fusions cannot distinguish between these 

populations of vesicles, and we cannot say whether there is a difference in the 

distribution of their fusions. 

From our present work, it is clear that, although microtubules are not required for 

GLUT4 exocytosis, when microtubules are present, fusions of GLUT4 vesicles with the 

plasma membrane preferentially occur in proximity to them.  Long-distance GLUT4 

vesicle movements can readily be observed at the surface of 3T3-L1 adipocytes (Semiz 

et al., 2003; Fujita et al., 2010).  However, we observed that only a small fraction of long-

distance movements at the surface resulted in vesicle fusion (Movie 10).  In addition, 

using TIRF microscopy, we rarely detected directed transport of GLUT4 vesicles that 

persisted for more than 1 µm along the filaments prior to fusion (Figure 3.14, Table 3.2).  

Long-distance movement on microtubules at the cell surface, therefore, does not appear 

to account for vesicle localization just prior to fusion in 3T3-L1 adipocytes.  The situation 
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may be different in primary rat adipocytes where insulin halts GLUT4 vesicle trafficking 

along microtubules and promotes their fusion with the plasma membrane (Lizunov et al., 

2005).  Differences are likely related to the fact that a large, centralized lipid droplet in 

primary adipocytes excludes the cytoplasm and confines it to a ~1-3 µm region between 

the plasma membrane and the lipid droplet (Lizunov et al., 2005).  

As microtubules at the membrane appear to be more important for specifying 

fusion site locations than for transporting GLUT4 vesicles (Figure 3.12, Table 3.2), they 

could be involved in the delivery, localization, or scaffolding of signaling components or 

fusion machinery.  In support of this hypothesis, results from Eyster et al. suggesting that 

microtubule disruption inhibits Akt activation imply a role for microtubules in organizing 

the insulin signaling complex (Eyster et al., 2006).  Microtubules have also been 

proposed to regulate phosphatidylinositol 3-kinase activity during phagocytosis in 

macrophages (Khandani et al., 2007), a process that shares with insulin-induced GLUT4 

trafficking a requirement for Akt membrane recruitment and activation. 

That microtubules could be playing a role in specifying fusion sites is an 

interesting possibility, and more work needs to be done to investigate this hypothesis.  

One potential approach is to examine whether a spatial correlation exists between 

microtubules and proteins involved in the initial interaction of GLUT4 vesicles with the 

plasma membrane.  One potential candidate protein is Exo70, a component of the 

exocyst complex that has been proposed to tether GLUT4 vesicles at the plasma 

membrane prior to fusion (Lizunov et al., 2009).  Preliminary experiments, however, did 

not reveal a spatial correlation of GFP-Exo70 puncta with either microtubules or 

mCherry-IRAP (Figure 3.15A-B).  For further discussion of why fusions might be 

occurring near microtubules, see section 3.5.2 [Question 5] below. 



 

124 
 

3.5 CONCLUDING REMARKS 

For a discussion of the role of microtubules in GLUT4 vesicle trafficking and 

future directions for this work see section 4.2 [Microtubules in GLUT4 vesicle trafficking] 

below. 
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Chapter 4. Concluding Remarks 

4.1 Myo1c in GLUT4 vesicle trafficking 

The recent finding that myo1c plays a role in the insulin-stimulated trafficking of 

GLUT4 vesicles (Bose et al., 2002; Bose et al., 2004) represents an important 

opportunity to understand in greater detail the function of myo1c in the cell.  Section 1.1 

[Specific Aims] enumerates several potential models for the involvement of myo1c 

(Figure 1.1).  A major difference among these models is whether myo1c functions in 

short-range vesicle transport (Figure 1.1, (1 and 2)) or instead as an anchor or tether 

(Figure 1.1, (3)).  A second open question is the site of action of myo1c.  While there is 

evidence that myo1c is recruited to GLUT4 vesicles (Bose et al., 2002), myo1c is also 

enriched at the plasma membrane and may act there to, for example, affect membrane 

tension (Figure 1.1, (4)). 

 Therefore, the first part of this thesis examined how membrane phosphoinositide 

and anionic composition influence myo1c membrane attachment lifetime.  An 

understanding of myo1c attachment lifetime is important for a number of reasons.  First, 

understanding how lipid composition influences the kinetics of myo1c membrane binding 

could give some indication of the sites of action for myo1c in the absence of protein-

protein interactions since the phosphoinositide content of GLUT4 vesicles is expected to 

differ from that of the plasma membrane.  Second, it will provide insight into the 

mechanism of myo1c recruitment to GLUT4 vesicle membranes.  For example, as 

discussed in section 4.1.1 below, short attachment lifetimes could indicate that a protein-

protein interaction functions to stabilize myo1c membrane attachment.  Section 4.1.2, 
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meanwhile, discusses whether myo1c is capable of transporting cargo along actin 

filaments. 

 

4.1.1 Potential anchoring of myo1c at the membrane through protein-

protein interactions 

 In the absence of force, data from this thesis shows that the lifetime of myo1c 

attachment to physiological membranes (i.e., membrane containing PtdIns(4,5)P2 and 

additional anionic charge) is long enough for myo1c to complete several catalytic cycles 

(Figure 2.4).  In a continuation of the work described here, further investigations in the 

Ostap lab sought to address the question of how much force is required to detach myo1c 

from the membrane.  Pyrpassopoulos et al. found that myo1c attachment to 

PtdIns(4,5)P2-containing membranes can withstand 6 – 16 pN of force (Pyrpassopoulos 

et al., 2010).  To put this in perspective, the force required for membrane detachment is 

greater than the force needed to stall myosin-I motor activity (Laakso et al., 2008; 

Laakso et al., 2010), supporting the argument that myo1c is suitable from a mechanical 

point of view to act as a linkage to cell membranes.  However, force significantly reduced 

the lifetime of the attachment of myo1c to PtdIns(4,5)P2-containing membranes 

(Pyrpassopoulos et al., 2010).   

One question raised by this finding is whether myo1c interacts with proteins that 

could provide an additional membrane anchor for myo1c.  A few protein-protein 

interactions involving myo1c have been suggested.  Proposed myo1c-interacting 

proteins include NEMO, PHR1, RalA, and cadherin 23 (Chen et al., 2007; Etournay et 

al., 2005; Nakamori et al., 2006; Phillips et al., 2006).  Interestingly, PHR1 and cadherin 
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23 are integral membrane proteins (Etournay et al., 2005; Siemens et al., 2004), and 

RalA is recruited to cellular membranes through the post-translational addition of an 

isoprenyl group to a cysteine in the C-terminus (Kinsella et al., 1991). 

 

RalA as a potential membrane anchor for myo1c 

Myo1c was identified as a RalA-interacting protein through immunoprecipitation 

of RalA from adipocytes followed by mass spectroscopy (Chen et al., 2007).  Truncation 

mapping of myo1c identified the myo1c IQ motifs as important in mediating the 

interaction with RalA, which was reported to be calcium-sensitive and regulated by 

calmodulin binding (Chen et al., 2007).  What makes RalA, a small GTPase, an 

attractive candidate for study is that both RalA and myo1c have been reported to be 

important in the trafficking of GLUT4-containing vesicles in response to insulin (see 

section 1.1 [Specific Aims] for a review of the role of myo1c).  Since RalA is activated in 

response to insulin and is localized to insulin-sensitive, GLUT4-containing vesicles, RalA 

has been proposed to serve as a cargo receptor for myo1c during GLUT4 vesicle 

trafficking (Chen et al., 2007). 

It remains an open question, however, whether interaction of myo1c with 

isoprenylated RalA could help to keep myo1c associated to GLUT4 vesicles under force.  

One caveat to this proposal is that it is not clear whether the interaction between RalA 

and myo1c is direct.  The immunoprecipitations described above were carried out in 

adipocyte lysates (Chen et al., 2007), raising the possibility that an unidentified cellular 

factor mediates the interaction.  In vitro binding studies were performed with myo1c 

translated in vitro in the absence of calmodulin (Chen et al., 2007), conditions that 

promote myo1c aggregation and non-specific binding. 
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In preliminary studies, I attempted to confirm a direct interaction in vitro using 

purified GST-RalA and either biotinylated-myo1cmotor-IQ or His-myo1cIQ-tail, both of which 

contain all three IQ motifs.  Myo1c was purified from Sf9 cells in the presence of 

calmodulin, conditions more appropriate for myo1c purification.  I failed to detect an 

interaction (data not shown), although it remains possible that the interaction is direct but 

low affinity.  Failure to detect a high affinity in vitro interaction does not rule out a 

biologically significant in vivo interaction between myo1c and isoprenylated-RalA that is 

potentially stabilized by myo1c membrane binding to GLUT4 vesicles.  By providing 

multiple binding sites for myo1c, GLUT4 vesicles could in theory recruit multiple myo1c 

molecules, allowing vesicles to remain associated to actin filaments over longer periods 

of time (see below, Myo1c in cargo transport). 

 

4.1.2 Myo1c in cargo transport 

 A second question regarding the role of myo1c as a molecular motor is whether 

myo1c is capable of transporting cargo along actin filaments.  The question arises 

because myo1c is single-headed and spends only a small fraction of its ATPase cycle 

strongly-bound to actin in the absence of force.  Individual myo1c molecules would 

dissociate from actin filaments rather than moving processively along them.  One 

possibility is that multiple myosins bound to the same cargo, such as vesicles or protein 

complexes with multiple myo1c binding sites, could effectively increase the amount of 

time the cargo stays associated with actin.  Dissociation from the actin filament would be 

based on the probability of all myosins being detached from actin at once.  Called the 

effective duty ratio, this principle has been demonstrated by Spudich and others who 

have shown a myosin concentration dependence of actin gliding along a surface coated 
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with low duty ratio motors (Uyeda et al., 1990).  The ability of multiple low duty ratio 

motors to transport cargo, however, has not been directly demonstrated.   

 

NEMO as a potential scaffold for recruitment of myo1c in cargo transport 

Recently, myo1c has been reported to play a role in the insulin-induced 

translocation of NEMO, a component of the IκB kinase (IKK) complex (Rothwarf et al., 

1998), from the cytosol to membrane ruffles in 3T3-L1 adipocytes (Nakamori et al., 

2006).  Translocation is dependent upon intact actin filaments but not microtubules, as 

latrunculin B but not nocodazole treatment of cells disrupted translocation (Nakamori et 

al., 2006).  In addition, siRNA of myo1c and expression of a myo1c protein lacking the 

motor domain inhibited NEMO translocation (Nakamori et al., 2006). 

Pull-down assays using cell lysates demonstrate that myo1c and NEMO interact 

in vivo, and insulin increases this interaction.  In vitro binding of recombinant proteins 

suggests that the interaction is direct.  Interestingly, NEMO possesses coiled-coil 

domains important for homo-oligomerization into trimers (Agou et al., 2004) or tetramers 

((Tegethoff et al., 2003)).  Oligomerization of NEMO could generate multiple myo1c 

binding sites on the same complex, raising the question of whether NEMO could act as a 

scaffold for the recruitment of multiple myo1c molecules to transport NEMO as cargo. 

 While this is an interesting proposal, the evidence of a direct interaction is 

compromised by the fact that the myo1c used in the study was expressed in bacteria 

(Nakamori et al., 2006), which is not an appropriate expression system for this myosin.  

As with RalA, my preliminary in vitro pull-down studies attempting to confirm a direct 

interaction between NEMO and myo1c purified from Sf9 cells failed (data not shown).  
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Again, my pull-down experiments would likely not have detected a low-affinity, direct 

interaction.  It remains possible that oligomerization of NEMO could recruit multiple 

myo1c molecules in cells, where other potential protein-protein interactions could 

stabilize the interaction of myo1c with NEMO.  However, the NEMO-myo1c interaction is 

not an ideal in vitro system to investigate whether an increase in the effective duty ratio 

could enable myo1c to transport cargo. 
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4.2 Microtubules in GLUT4 vesicle trafficking 

In preparation for understanding the role of myo1c in GLUT4 vesicle trafficking, 

the second part of this thesis examined microtubule localization and dynamics in 

adipocytes and the spatial relationship between microtubules and GLUT4 vesicle fusions 

with the plasma membrane.  Such information is important since it is clear that GLUT4 

vesicles move long-distances on microtubules (Figure 3.14, Movie 10), and, due to the 

arrangement of the microtubule cytoskeleton in 3T3-L1 adipocytes, such movements 

could displace GLUT4 vesicles from potential fusion sites at the cell surface.  One 

potential role for myo1c, therefore, is to inhibit microtubule-dependent displacement of 

GLUT4 vesicles away from the cell surface by tethering the vesicle to cortical actin 

(Figure 1.1 (2 and 3)).  

 

4.2.1 Model for the role of microtubules in GLUT4 trafficking 

 Microtubules may be contributing to the efficiency of GLUT4 vesicle mobilization 

in response to insulin, and the preceding increase in microtubule density (Figure 3.5A, 

Table 3.1) could possibly enhance this contribution.  In support of such a role, we 

(Figure 3.5B, Table 3.1) and others (Karylowski et al., 2004; Liu et al., 2003; Huang et 

al., 2005; Olson et al., 2003; Emoto et al., 2001)  observe a modest reduction in GLUT4 

surface accumulation in cells pre-treated with nocodazole.  In addition, we also report a 

delay in the GLUT4 time course and the introduction of a time-lag upon microtubule 

disruption (Figure 3.5B inset, Table 3.1).  It is worth noting that the reduction in GLUT4 

accumulation at the surface might be offset to some degree by the dispersal of 
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perinuclear GLUT4 compartments when microtubules are disrupted (Guilherme et al., 

2000; Shigematsu et al., 2002).   

 In contributing to the efficiency of GLUT4 vesicle mobilization to the cell surface, 

we can speculate that microtubules centrally located within the adipocyte, which can be 

several tens of micrometers thick, may serve as tracks for vesicle movement.  However, 

the contribution of microtubules to the increase in GLUT4 at the cell surface appears to 

be modest (Figure 3.5, Table 3.1), and we hypothesize that the long-distance movement 

of GLUT4 vesicles from the center of the cell to the periphery is not the main role for 

microtubules in GLUT4 trafficking.  Our results also suggest that the primary function of 

surface-localized microtubules is not to serve as transport filaments along which GLUT4 

vesicles translocate prior to fusion.  While we observe long-distance movements along 

microtubules using TIRF microscopy, for example, few of these movements end with 

vesicle fusion (Movie 10).  In addition, while GLUT4 vesicle fusions preferentially occur 

near microtubules (Figure 3.12), very few of the fusions are preceded by observed 

displacements of more than 1 µm (Table 3.2).   

Instead, we hypothesize that microtubules may be important in specifying sites of 

GLUT4 vesicle fusion with the plasma membrane.  For example, microtubules could be 

serving as scaffolds for the organization of signaling or fusion machinery.  Such a 

possibility is interesting, especially given that the primary site of insulin regulation is now 

thought to occur at the plasma membrane (Lizunov et al., 2005; Huang et al., 2007; Bai 

et al., 2007) (reviewed in (Eyster and Olson, 2009)).  In primary adipocytes, Exo70, a 

component of the exocyst complex, has been proposed to tether GLUT4 vesicles at the 

plasma membrane prior to fusion in a manner that prevents GLUT4 vesicle translocation 

along surface-localized microtubules (Lizunov et al., 2009).  It will be interesting to 

examine whether a spatial correlation exists between microtubules and proteins involved 
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in the initial interaction of GLUT4 vesicles with the plasma membrane, such as Exo70.  

For further discussion, see section 4.2.2 [Question 5] below. 

Once GLUT4 vesicles have reached the plasma membrane, microtubules are 

clearly not required for GLUT4 externalization since fusions take place in the presence 

of nocodazole (Figure 3.13).  Vesicle fusion is a SNARE-dependent process (reviewed 

in (Bryant and Gould, 2011)), and there is some evidence that GLUT4 vesicle tethering 

is mediated through the exocyst complex (Inoue et al., 2003; Ewart et al., 2005; Lizunov 

et al., 2009). 

However, while microtubules are not required for the process of exocytosis itself, 

it is interesting to speculate that the increased microtubule curvature and density at the 

cell surface following insulin stimulation contributes to the increase in GLUT4 inserted 

into the plasma membrane.  This could result from an increase in the number of potential 

fusion sites itself.  Alternatively, microtubules may be important for increasing the 

fraction of GLUT4 vesicles in proximity to fusion-competent sites at the plasma 

membrane.   

The increase in microtubule curvature may also reflect an increase in the number 

of motors engaged on GLUT4 vesicles as discussed in section 4.2.2 [Question 3] below.  

It is of note that microtubules in 3T3-L1 adipocytes often appear to slide in relation to 

each other (Movie 4) or to the plasma membrane (Movie 5).  Additionally, microtubules 

appear to be threaded through fixed locations on the cell surface to form loops that 

translocate relative to the cell membrane (Movie 3).  One intriguing possibility is that 

motors act at these nodal points or function to cross-link microtubules.  Such dynamics 

may serve to prolong or enhance the localization of microtubules at the cell surface, as 

discussed in section 4.2.2 [Question 3] below, which could in turn have an influence on 

GLUT4 vesicle localization to the cell surface.  Furthermore, fusions, at least in some 
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cells, appear to occur frequently at microtubule-microtubule intersections (Movie 9), 

which could indicate a tug-of-war of motors engaged on the same vesicle (Ross et al., 

2008).  One possibility is that such intersections could prevent the movement of GLUT4 

vesicles away from the plasma membrane.  Microtubule dynamics, therefore, might be 

tuned in 3T3-L1 adipocytes to facilitate an increase in GLUT4 at the plasma membrane. 
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4.2.2 Future Directions 

There are several interesting questions arising from this work that will be of 

interest to both the GLUT4 and the cytoskeletal fields.  In this section, I discuss these 

questions and briefly propose experiments to address several of them.  I conclude with 

some recommendations for optimizing the adipocyte system I have been using. 

 

Question 1: How does insulin signaling lead to an increase in microtubule surface 

density?  What are the targets of insulin signaling to microtubules? 

As a first approach to dissecting signaling leading to increased microtubule 

polymerization, chemical inhibitors could be used to target different proteins involved in 

the insulin signaling pathway.  For example, wortmannin inhibits PI3K and is useful in 

distinguishing PI3K-dependent and independent events.  Next, proteins downstream of 

PI3K-dependent or independent signaling could be targeted.  Once chemical inhibition 

has identified potential candidates, follow-up experiments would involve inactivation of 

the candidate proteins at a genetic level through siRNA.  Mechanistically, insulin 

signaling could lead to an increase in microtubule density through an increase in 

microtubule polymerization, a decrease in depolymerization, or an increased number of 

microtubule plus ends through an increase in nucleation sites.  It is not clear at this time 

which of these mechanisms insulin targets. 

Identifying signaling pathways leading to microtubule density increase may prove 

to be impractical at the single cell level given the low throughput nature of single cell 

imaging, especially if the degree of cell heterogeneity is high.  An alternative method is 

to assay the amount of polymerized tubulin across entire monolayers of 3T3-L1 

adipocytes through differential extraction of monomeric and polymerized tubulin, as has 



 

136 
 

been previously described (Olson et al., 2003).  While this method would permit the 

assessment of many cells in parallel, a disadvantage is that information about 

microtubule polymerization at the cell surface would be lost. 

 

Question 2: What mechanism is responsible for the observed microtubule 

bending dynamics? 

A striking feature of microtubules in 3T3-L1 adipocytes is that a population of 

them is highly curved (Figures 3.6A and 3.8A, Movie 2) and that forces act on them, 

displacing microtubules relative to the membrane (Figure 3.9, Movies 3 – 7).  We have 

ruled out polymerization-induced buckling, dynein-dynactin activity, and actin-dependent 

processes (Figure 3.8B-D, Movie 8) as potential mechanisms.  An obvious remaining 

alternative is that a kinesin is responsible.  Two kinesins in particular have been 

previously reported to play a role in GLUT4 vesicle trafficking: a kinesin II (KIF3) and 

kinesin I (KIF5B).  In addition, kinesin-1 heavy chain mediates microtubule-microtubule 

sliding and is responsible for observed microtubule looping in other cell types (Jolly et 

al., 2010). 

siRNA or dominant-negative constructs could be used to target these kinesins.  

Because of the low efficiency of transfection in 3T3-L1 adipocytes, oligos or constructs 

would need to be tagged with a fluorophore to identify successfully transfected cells.  In 

preliminary experiments, we have co-transfected adipocytes with mCherry-Tubulin and 

GFP-labeled dominant negative KIF3a and KIF5 constructs.  In cells positive for GFP 

expression, we did not observe a disruption in microtubule curvature (Figure 3.8).  To 

rule out involvement of these kinesins, however, it will be important to first confirm their 
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disruption in GFP-positive cells.  It is also possible that another kinesin may instead be 

responsible. 

 

Question 3: Are the increase in microtubule surface density and the increased 

microtubule bending linked mechanistically? 

 Section 3.4.1 [Microtubule curvature and surface density may be mechanistically 

linked] proposes that there could be a relationship between the observed increase in 

surface density and bending of microtubules.  Pulling of microtubules toward the cell 

surface could be a potential mechanism linking the two processes.  As mentioned 

above, this could be mediated through a kinesin. 

 Such a mechanism raises the question of whether an increase in motor 

recruitment to GLUT4 vesicles or activation leads to increased pulling following insulin 

stimulation or whether this simply reflects the availability of more microtubules on which 

motors act.  The microtubule curvature increase following insulin stimulation (Figure 3.6), 

suggests more than an increase in microtubules alone.  Additionally, there is some 

evidence for an increase in recruitment of microtubule motors to GLUT4 vesicles 

(Imamura et al., 2003; Semiz et al., 2003; Lalioti et al., 2009). 

 Even if there is an increase in motor recruitment or activation, a question remains 

about whether a separate mechanism is required to maintain, stabilize, or anchor 

microtubules at the plasma membrane following microtubule pulling to the cell surface. 

For example, stromal interacting molecule 1 (STIM1), an endoplasmic reticulum 

transmembrane protein, has been proposed to play a role in microtubule reorganization 

following activation of mast cells, presumably through its interaction with EB1 (Hájková 

et al., 2011).  Similarly, a membrane-localized protein could interact with microtubules or 



 

138 
 

a microtubule-interacting protein to maintain microtubules at the cell surface following 

insulin stimulation in 3T3-L1 adipocytes. 

 

Question 4: Is the microtubule density increase in response to insulin important 

for mobilizing GLUT4? 

 We observed that microtubule density increased in response to insulin 

stimulation and the increase preceded the accumulation of GLUT4 at the cell surface 

(Figure 3.5A, Table 3.1).  This raises the question of whether microtubule density 

increase is relevant to GLUT4 trafficking.  There are several possibilities, including: (1) 

density increase is a by-product of insulin signaling with no consequence for GLUT4 cell 

surface increase; (2) density increase may be important in retrieval of vesicles following 

GLUT4 endocytosis; (3) density increase may be relevant at the level of GLUT4 vesicle 

docking or fusion; (4) density increase assists in mobilizing GLUT4 vesicles to the 

plasma membrane; (5) density increase is important in the context of the native, 3-

dimensional environment of adipocytes where the lipid is organized into a single, 

centralized droplet, a feature that our experimental system does not replicate.   

 The fourth suggestion- that the availability of more tracks could contribute to an 

increase in vesicle motility and mobilization of GLUT4 to the membrane- is an intriguing 

possibility, especially in light of work in 3T3-L1 adipocytes showing an increase in the 

fraction of mobile vesicles (Fujita et al., 2010).  Of course, release of vesicles from a 

retention mechanism (Bogan et al., 2003), activation, or recruitment of motors (Imamura 

et al., 2003; Semiz et al., 2003; Lalioti et al., 2009) could also be important.  These 

mechanisms are not mutually exclusive. 
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Addressing this question will require some way of uncoupling the two insulin-

dependent processes.  It would be informative to stimulate GLUT4 translocation without 

affecting microtubule density, and ask how the time course of the GLUT4 intensity 

increase was affected.  To accomplish this, however, additional information about how 

insulin signals to the microtubule cytoskeleton will be required.  Existing evidence 

suggests that microtubule density increase occurs through a PI3K-independent, actin-

dependent pathway (Olson et al., 2003). 

 

Question 5: Why are fusions taking place in proximity to microtubules in the 

absence of long-distance transport at the surface? 

While GLUT4 vesicle fusions occur closer to microtubules than would be 

expected for a random distribution (Figure 3.12), very few long-distance movements 

observed at the cell surface result in fusion (Table 3.2 and Movie 10).  This surprising 

finding raises the question of why fusions preferentially occur near microtubules.  In 

terms of insulin-stimulated GLUT4 trafficking, this is the major question raised by the 

present work.  One hypothesis is that not all of the plasma membrane may be equally 

permissive for vesicle fusion to take place, and the membrane in the vicinity around 

microtubules may have specialized features.  For example, microtubules may be 

important in organizing the insulin signaling machinery, as suggested by Eyster et al., 

who report deficient Akt phosphorylation when microtubules are depolymerized (Eyster 

et al., 2006).  Alternatively, microtubules may be important for the localization of vesicle 

tethering or fusion machinery.   

To examine whether a spatial correlation exists between microtubules and 

Exo70, I have co-expressed GFP-Exo70 and either mCherry-tubulin or mCherry-IRAP in 
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3T3-L1 adipocytes in preliminary experiments.  I did not observe a spatial correlation of 

Exo70 puncta with either microtubules or with mCherry-IRAP, which was used to 

visualize GLUT4 vesicles (Figure 3.15A-B).  Fusions could be detected with the 

mCherry-IRAP construct, although not as easily as with the IRAP-pHluorin construct 

since there is no increase in mCherry intensity upon vesicle fusion.  Still, there was no 

obvious spatial correlation between GLUT4 vesicles that fused with the plasma 

membrane and GFP-Exo70 (Figure 3.15B).  My findings do not rule out a transitory 

interaction of Exo70 with GLUT4 vesicles that ultimately fuse, which I might have failed 

to detect. 

An alternate explanation is that the spatial distribution of microtubules at the 

plasma membrane is somehow restricted or that microtubule localization is stabilized in 

areas where vesicle fusions take place, possibly through localization of membrane-

associated microtubule-interacting proteins.  It is also worth noting that GLUT4 vesicles 

display what could be interpreted as an affinity for microtubules.  Using TIRF 

microscopy, for example, many vesicles appear to be immobilized at microtubules 

without any translocation during the acquisition.  In addition, some vesicles appeared to 

change velocity and direction repeatedly and rapidly.  Upon approach to a microtubule 

visible in TIRF microscopy, however, the vesicles often ceased moving for some period 

of time before continuing this motion and moving away from the microtubule. 

 

Recommendations for optimization 

Higher resolution imaging of individual living cells provides advantages over fixed 

cell imaging or live cell imaging at lower resolution.  Information about vesicle dynamics 

and positional correlation of vesicles with cell structures cannot be obtained from these 



 

141 
 

other methods.  There is clearly value to using higher resolution approaches, and 

without this approach I could not have produced several of my major findings. 

One experiment that could benefit from lower resolution, however, is the 

comparison of the GLUT4 and IRAP time courses with and without drug treatment.  Part 

of the problem is the large cell-cell variability.  As a result, the errors associated with 

these time courses are large; increasing the number of observations may decrease the 

uncertainty in these measurements.  Experiments were conducted on an objective-

based TIRF system.  The high numerical aperture objective required for this system also 

had a high magnification, limiting the field of view to a single cell.  A prism-based TIRF 

system with a low magnification objective could provide an alternative approach and 

increase the throughput of the system.  Such a system has previously been used to 

study the insulin response of many 3T3-L1 adipocytes in parallel (Tengholm et al., 

2003). 

A second difficulty I encountered was low transfection efficiency.  Electroporation 

typically resulted in a very small percentage of cells transfected, in keeping with the 

efficiency found by others working with this cell type.  While this method is the field 

standard- other methods such as Lipofectamine produce even poorer results- such low 

transfection efficiency makes finding appropriate cells difficult.  Alternatives to transient 

transfection include the use of viruses such as adenovirus.  I have avoided this method 

because of concern about the effects of viral delivery on the cytoskeleton.  Another 

option is creation of stable cell lines.  While there are drawbacks associated with this 

method- the long period of selection results in increased passage number and the 

process must be repeated for each construct of interest- cell lines expressing a 

fluorescently-tagged GLUT4 have been created (Shi et al., 2008). 
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An alternative would be to use primary rat adipocytes.  While these cells may not 

be easier to transfect, they have been reported to be less variable than cultured 3T3-L1 

adipocytes.  Also, the organization of their lipid is different.  Instead of disperse, smaller 

droplets found in 3T3-L1 adipocytes, primary adipocytes have a single, large, centrally-

located lipid droplet.  The cell architecture confines the cytoplasm to a region within ~1-3 

µm of the plasma membrane (Lizunov et al., 2005) and necessitates a different 

arrangement of the cytoskeleton. 
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APPENDICES 

Movie Legends 

 

Movie 1.  Insulin stimulation increases the intensity of HA-GLUT4-eGFP at the cell 

surface.   

Adipocyte transfected with HA-GLUT4-eGFP was serum-starved prior to stimulation with 

100 nM insulin at t = 0 min.  TIRF images were acquired at 1 frame per 10 s.   Scale bar 

is 15 µm.  Movie corresponds to Figure 3.3A. 

 

Movie 2.  Microtubule density increases upon insulin stimulation.   

Adipocyte transfected with mCherry-tubulin was serum-starved prior to stimulation with 

100 nM insulin at t = 0 min.  TIRF images were acquired at 1 frame per 10 s.  Scale bar 

is 10 µm.  Movie corresponds to Figure 3.6. 

 

Movie 3.  Microtubule loops are formed in 3T3-L1 adipocytes.   

Adipocyte was transfected with mCherry-tubulin.  TIRF images were acquired at 1 frame 

per 10 s.  Elapsed time is indicated in min:sec.  Scale bar is 2 µm. 
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Movie 4.  Microtubule sliding occurs relative to other microtubules in 3T3-L1 

adipocytes. 

Adipocyte transfected with 3xGFP-EMTB was serum-starved prior to stimulation with 

100 nM insulin.  TIRF images were acquired ~5 min following insulin stimulation at an 

acquisition rate of 20 frames per 1 s.  Background-subtraction was performed.  Elapsed 

time is indicated in min:sec.  Scale bar is 2 µm. 

 

Movie 5.  Microtubule gliding can be observed at the surface of 3T3-L1 adipocytes. 

Adipocyte transfected with GFP-tubulin was starved prior to stimulation with 100 nM 

insulin.  TIRF images were acquired ~10 minutes following insulin stimulation at 1 frame 

per s.  Elapsed time is indicated in min:sec.  Background-subtraction and smoothing 

were performed.  Scale bar is 5 µm. 

 

Movie 6.  2-Dimensional view of microtubule dynamics.   

Adipocyte transfected with 3xGFP-EMTB was imaged using Parallax microscopy.  One 

of a pair of 2-dimensional images is shown.  TIRF images were acquired at 1 frame per 

10 s.  Background-subtraction was performed.  Elapsed time is indicated in min:sec.  

Scale bar is 2 µm.  Movie corresponds to Figure 3.9. 

 

Movie 7.  3-Dimensional view of microtubule dynamics.   
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Microtubule from Figure 3.9 and Movie 6 is plotted as a series of (x,y,z) coordinates.  

Relative z-depth is color-coded with 0 (deep red) being the closest approach of the 

microtubule to the coverslip.  For ease of viewing microtubule movements, frames have 

been interpolated in time.  Elapsed time is 3 min 20 s. 

 

Movie 8.  Microtubule curvature and displacement dynamics at the cell surface 

remain following initial treatment with a low dose of nocodazole.   

Adipocyte transfected with mCherry-tubulin was treated with 2 µM nocodazole at t = 0 

min.  TIRF images were acquired at 1 frame per 20 s.  Scale bar is 10 µm.  Movie 

corresponds to Figure 3.8. 

 

Movie 9.  IRAP-pHluorin fusions with the plasma membrane occur in proximity to 

microtubules.   

Adipocyte transfected with mCherry-IRAP-pHluorin and 3xGFP-EMTB was serum-

starved prior to stimulation with 100 nM insulin.  TIRF images were acquired ~4 minutes 

following insulin stimulation at an acquisition rate of 9 frames per 1 s with 488 nm 

excitation and a 530df30 BP filter.  Elapsed time is indicated in min:sec.  Scale bar is 5 

µm.  Movie corresponds to Figure 3.11. 

 

Movie 10.  Long-distance movements of GLUT4 vesicles at the cell surface rarely 

culminate in fusion with the plasma membrane.   
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Adipocyte transfected with mCherry-IRAP-pHluorin was serum-starved prior to 

stimulation with 100 nM insulin.  TIRF images were acquired ~4 minutes following insulin 

stimulation at an acquisition rate of 20 frames per 1 s.  GLUT4 vesicles are visible as 

magenta puncta.  An increase in pHluorin fluorescence (green) indicates vesicle fusion 

with the plasma membrane.  The fusing vesicle briefly appears white (magenta + green) 

before the fluorescence becomes diffuse as mCherry-IRAP-pHluorin disperses within the 

membrane.  Elapsed time is 50 s.  Scale bar is 10 µm.   



 

147 
 

Abbreviations 

AEDANS-PLCδ-PH, PLCδ-PH labeled with IAEDANS 

ARNO, ADP-ribosylation factor nucleotide-binding site opener 

AS160, Akt substrate of 160 kDa 

CaBP1, calcium-binding protein 1 

CCF, cosine correlation function 

CIB1, calcium- and integrin-binding protein 1 

CytoD, cytochalasin D 

DLS, Dynamic Light Scattering 

DOPC, phosphatidylcholine 

DOPS, phosphatidylserine 

EMTB, ensconsin microtubule-binding domain 

FBS, fetal bovine serum 

GAP, GTPase activating protein 

GLUT4, glucose transporter-4 

GRP1, glycine-rich protein 1 

HNa100, 10 mM HEPES, pH7, 100 mM NaCl, 1 mM EGTA, and 1 mM DTT 

IAEDANS, 5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid 
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IKK, IκB kinase 

InsP3, inositol 1,4,5-trisphophate 

InsP6, phytic acid 

IR, insulin receptor 

IRAP, insulin-regulated aminopeptidase 

IRS1/2, insulin receptor substrate 1/2 

LatB, latrunculin B 

LRP1, lipoprotein receptor-related protein 1 

LUVs, large unilamellar vesicles 

MARCKS, myristoylated alanine-rich protein kinase C substrate 

MT, microtubule 

NEMO, NF-κB essential modulator 

Noc, nocodazole 

PBS, phosphate-buffered saline 

PC, phosphatidylcholine 

PE, phosphatidylethanolamine 

PH, pleckstrin homology 

pHluorin, a pH-sensitive GFP variant 
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PHR1, pleckstrin homology domain retinal protein 1 

PI, phosphatidylinositol 

PI3K, phosphatidylinositol-3 kinase 

PLCδ, phospholipase-Cδ 

POPC, phosphatidylcholine 

POPE, phosphatidylethanolamine 

POPS, phosphatidylserine 

PS, phosphatidylserine 

PtdIns(3,4,5)P3, phosphatidylinositol-3,4,5-trisphosphate 

PtdIns(4,5)P2, phosphatidylinositol 4,5-bisphosphate 

RIA-BSA, radioimmuno assay-grade bovine serum albumin 

SM, sphingomyelin 

SNARE, soluble N-ethylmaleimide-sensitive factor attachment protein receptors  

STIM1, stromal interacting molecule 1 

Tf-R, transferrin receptor 

TH, tail homology domain 

TIRF, Total Internal Reflection Fluorescence microscopy 

VAMP, vesicle-associated membrane protein 
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vSNARE, vesicle SNARE 
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