


ABSTRACT

Investigations of macromolecular complex functions in living cells

by

David S Tsao

Characterizing the collective functions of cytoskeletal motors is critical to under-

standing mechanisms that regulate the internal organization of eukaryotic cells as well

as the roles various transport defects play in human diseases. While in vitro assays

employing synthetic motor complexes have generated important insights, dissecting

collective motor functions within living cells still remains challenging. Here, we show

that the protein heterodimerization switches FKBP-rapalog-FRB can be harnessed

in engineered COS-7 cells to compare the collective responses of kinesin-1 and myos-

inVa motors to changes in motor number and cargo size. The dependence of cargo

velocities, travel distances and position noise on these parameters suggest that multi-

ple myosinVa motors can cooperate more productively than collections of kinesins in

COS-7 cells. In contrast to observations with kinesin-1 motors, the velocities and run

lengths of peroxisomes driven by multiple myosinVa motors are found to increase with

increasing motor density, but are relatively insensitive to the higher loads associated

with transporting large peroxisomes in the viscoelastic environment of the COS-7

cell cytoplasm. Moreover, these distinctions appear to be derived from the differ-



ent sensitivities of kinesin-1 and myosinVa velocities and detachment rates to forces

at the single-motor level. The collective behaviors of certain processive motors, like

myosinVa, may therefore be more readily tunable and have more substantial roles in

intracellular transport regulatory mechanisms compared to those of other cytoskeletal

motors.

IQGAP1 is a large, multi-domain scaffold that helps orchestrate cell signaling and

cytoskeletal mechanics by controlling interactions among a spectrum of receptors,

signaling intermediates, and cytoskeletal proteins. While this coordination is known

to impact cell morphology, motility, cell adhesion, and vesicular traffic, among other

functions, the spatiotemporal properties and regulatory mechanisms of IQGAP1 have

not been fully resolved. Herein, we describe a series of super-resolution and live-cell

imaging analyses that identified a role for IQGAP1 in the regulation of an actin

cytoskeletal shell surrounding a novel membranous compartment that localizes se-

lectively to the basal cortex of polarized epithelial cells (MCF-10A). We also show

that IQGAP1 appears to both stabilize the actin coating and constrain its growth.

Loss of compartmental IQGAP1 initiates a disassembly mechanism involving rapid

and unconstrained actin polymerization around the compartment and dispersal of

its vesicle contents. Together, these findings suggest IQGAP1 achieves this control

by harnessing both stabilizing and antagonistic interactions with actin. They also

demonstrate the utility of these compartments for image-based investigations of the

spatial and temporal dynamics of IQGAP1 within endosome-specific actin networks.

Using these endosomes as a model system of IQGAP1 regulation and function, in

our next investigation we express a series of IQGAP1 domain mutations in MCF10A

cells that allow us to investigate the effects of removing or enhancing specific IQGAP1

interactions while otherwise preserving the overall regulatory network surrounding
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IQGAP1 activities. The strength, directionality, and timing of interactions between

IQGAP1 domains and endosomal cytoskeleton and membrane constituents are eval-

uated via time-lapse imaging of endosomal dynamics. We identify IQGAP1 states

in which domain-level interactions with F-actin and Exo70 are coordinated through

the GRD. Our findings are summarized in a proposed model of IQGAP1 domain

activation and coordination.
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My contribution to this work came after Anand Radhakrishnan and Artem Efremov

created the live cell, synthetic biology based assay for manipulating the motor density

on and the radius of peroxisome cargos in COS-7 cells. I collected the kinesin data

contained in this chapter. I analyzed both the kinesin and myosin data to compare

the effects of perturbing motor density and cargo size on transport parameters like

cargo velocity and root-mean-square position fluctuation. A key contribution I made

was to develop a Hidden Markov Model that was used to objectively dissect cargo

subtrajectories as being in ‘stall’ or ‘run’ states. This enabled us to show important

differences between myosinVa and kinesin-1 driven transport, with implications for

potential regulation mechanisms over these motor types. I also developed and per-

formed a single-molecule assay based on fluophore blinking that was able to count

the number of receptors on a peroxisome cargo.

In chapters 2 and 3, I shift gears from studying collective motor functions to

the scaffold protein IQGAP1. Edward Samson performed super-resolution STORM

imaging of IQGAP1 in the epithelial cell line MCF-10A. This led to the discovery of a
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novel membranous compartment surrounded by an actin shell. Chapter 2 documents

this discovery, the association of other endosomal proteins for the compartment, and

the role of these compartments in receptor recycling. In particular, live cell imaging

of IQGAP1, actin, and the exocyst subunit Exo70 was especially informative for

beginning to understand the role of IQGAP1 in regulating endosomal compartment

activities. My main contribution to Chapter 2 was to analyze the time-dependent

intensity fluctuations of protein markers in individual endosomes to support those

results. Crucial to that endeavor was the image processing pipeline I developed for

quantifying endosomal marker intensities, which I present in Appendix A. The work

in chapter 2 has been submitted as

Samson, E. B., Tsao, D. S., Zimak, J., McLaughlin, R. T., Trenton,

N. J., Mace, E. M., Orange, J. S., Schweikhard, V. & Diehl, M. R. The

coordinating role of IQGAP1 in the regulation of local, endosome-specific

actin networks. Biology Open (revised manuscript submitted)

My work in chapter 3, titled ‘IQGAP1 domain-level coordination of Exo70 and F-

actin interactions revealed by a systems-level approach’, continues to study IQGAP1

functions within the compartments discovered in chapter 2. With the goal of identify-

ing IQGAP1 domains responsible for compartment membrane and cytoskeletal activ-

ities, I assayed a series of IQGAP1 mutants designed to knockout specific IQGAP1 /

protein interactions that had been described in the literature. I also developed analy-

ses based on quantitative comparisons of spatiotemporal behavior between IQGAP1

WT and IQGAP1 domain mutants that are used to infer the IQGAP1 domain-level

associations with endosomal constituents and how these associations may be coor-

dinated by IQGAP1 responses to signaling. Tyler McLaughlin, Nicholaus Trenton,

Satya Bellamkonda, and Edward Samson contributed by cloning genetic constructs,
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Chapter 1

Delineating cooperative responses of processive

motors in living cells

Abstract

Characterizing the collective functions of cytoskeletal motors is critical to understand-

ing mechanisms that regulate the internal organization of eukaryotic cells as well as

the roles various transport defects play in human diseases. While in vitro assays

employing synthetic motor complexes have generated important insights, dissecting

collective motor functions within living cells still remains challenging. Here, we show

that the protein heterodimerization switches FKBP-rapalog-FRB can be harnessed

in engineered COS-7 cells to compare the collective responses of kinesin-1 and myos-

inVa motors to changes in motor number and cargo size. The dependence of cargo

velocities, travel distances and position noise on these parameters suggest that multi-

ple myosinVa motors can cooperate more productively than collections of kinesins in

COS-7 cells. In contrast to observations with kinesin-1 motors, the velocities and run

lengths of peroxisomes driven by multiple myosinVa motors are found to increase with

increasing motor density, but are relatively insensitive to the higher loads associated

with transporting large peroxisomes in the viscoelastic environment of the COS-7

cell cytoplasm. Moreover, these distinctions appear to be derived from the differ-

ent sensitivities of kinesin-1 and myosinVa velocities and detachment rates to forces

at the single-motor level. The collective behaviors of certain processive motors, like
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myosinVa, may therefore be more readily tunable and have more substantial roles in

intracellular transport regulatory mechanisms compared to those of other cytoskeletal

motors.

1.1 Introduction

Significance Statement

Although many vesicles and organelles are known to be transported by groups of

interacting cytoskeletal motors,the precise impact of collective motor behaviors on

intracellular transport and trafficking processes remains controversial. By engineer-

ing COS-7 cells to provide genetic control over the density of motors on and the

sizes of vesicles (peroxisomes), we performed systematic comparisons of the collective

behaviors of kinesin and myosinVa motors. The responses of cargo velocities, run

lengths and position fluctuations to these parameters suggest that myosinVa motors

can cooperate more productively than kinesins when transporting cargos as a team.

This behavior is derived from the mechanochemical properties of these motors and

suggests that the collective functions of motors like myosinV can be regulated more

sensitively than those of kinesin.

The transport of vesicles and organelles along cytoskeletal filaments by processive mo-

tor proteins is essential to physiological processes in eukaryotic cells requiring the spa-

tial regulation of signaling complexes and other important subcellular commodities.

Aberrant motor functions have also been implicated in several human diseases [Mil-

lecamps and Julien, 2013]. The mechanochemical properties of motors have been
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studied extensively using suites of single-molecule and bulk biochemical techniques.

Yet, many cargos are propelled in cells by systems of motors containing multiple

copies of the same and even of different types of microtubule and actin-dependent

motors [Barlan et al., 2013]. Characterizing how these motors cooperate or compete

with one another is therefore critical to understanding mechanisms that regulate the

internal organization of cells and how disrupted motor functions lead to diseases.

Despite increased attention, current studies of collective motor behaviors are often

limited by the challenges associated with analyzing or controlling the number and or-

ganization of motors on individual cargos. These issues have been addressed in part

by synthetic approaches that employ protein [Diehl et al., 2006,Xu et al., 2012] and

DNA-based molecular scaffolds [Rogers et al., 2009, Furuta et al., 2013, Derr et al.,

2012, Jamison et al., 2010] to prepare organized multiple motor complexes of known

composition. Subsequent theoretical studies of these systems have uncovered key

differences in the way that classes of processive motors function in groups [Driver

et al., 2011,Berger et al., 2012]. Relatively modest increases in cargo run lengths and

detachment forces have been observed when multiple processive motors possessing

high single-motor stalling forces, such as kinesin-1, are grouped together on a com-

mon cargo [Rogers et al., 2009,Furuta et al., 2013,Jamison et al., 2010]. These weak

collective responses occur due to effects from motor interference as well as kinetic

constraints that limit the abilities of multiple kinesin complexes to bind cytoskeletal

filaments in configurations that allow motors to share applied loads equally [Jamison

et al., 2010,Driver et al., 2011,Jamison et al., 2012,Driver et al., 2010,Uppulury et al.,

2012]. Similar studies have shown that motors whose velocities decrease more rapidly

with increasing load, such as the non-processive, minus-end directed kinesin called

NCD (kinesin-14), can cooperate much more productively via load sharing, yielding
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higher sensitivities of cargo transport parameters to variation in motor number [Fu-

ruta et al., 2013]. Along these lines, our group has demonstrated that the velocities

of elastically-coupled myosinVa motors are much more sensitive to changes in motor

number than systems of coupled kinesins in the absence of an applied load [Lu et al.,

2012]. Under these conditions, coupled myosinVa motors were found to move with

lower velocities than single myosinVa molecules, a response we attributed to the large

step size and relatively small stalling force of myosinVa. Together, these properties

lead to high sensitivity of collective motor stepping rates to strain produced when

the motors step asynchronously. As with NCD, we also expect that this behavior

will allow multiple myosinVa motors to cooperate more productively than kinesins

in the presence of an applied load. Such distinctions are significant since they sug-

gest cells may be able to modulate the collective functions of certain types of motors

more sensitively than others, which could elevate the role of these motor systems in

mechanisms that regulate cargo motion.

Various signatures of the collective behaviors observed in vitro appear to be re-

flected in recent particle tracking and optical trapping analyses of cargo transport

in living cells [Hendricks et al., 2012, Rai et al., 2013]. However, resolving the re-

sponses of cargo transport to the number and organization of motors on endogenous

cargos in living cells remains challenging. It is still not clear whether the collective

responses found using synthetic motor complexes, where the motors are coupled elas-

tically, translate directly to scenarios where motors are bound to vesicular cargos

that are transported along the native cytoskeleton. Resolving this issue is critical to

ultimately determining how sensitively regulatory factors that affect motor functions

can modulate intracellular transport processes, and how severely mutations in motor

proteins can perturb a cell’s transport machinery.
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Figure 1.1 : Expression regulation of motor densities and cargo sizes in COS-7 cells. (A
and B) The TET-ON and cumate operons are used to regulate the expression levels of the
PEX-mYFP-FKBP and mYFP-SKL genes, which are targeted to the surface and lumen
of peroxisomes, respectively. Incubation with rapalog couples transiently expressed motors
(kinesin-1 and myosinVa) incorporating mCherry and FRB fusion to peroxisome surfaces
via the formation of a FKBP-rapalog-FRB complex. (C) Peroxisome diameters increase
dramatically in time when mYFP-SKL expression is induced with 100 µg/ml of cumate.
Each histogram displays size distributions of >7000 peroxisomes measured in approximately
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Here, we describe a method to configure live-cell particle (peroxisome) tracking

assays where the type of motor, motor surface density on vesicular cargos, and cargo

size are controlled via the regulation of synthetic genes. Comparisons of the col-

lective behaviors exhibited by kinesin-1 and myosinVa motors revealed several key

distinctions in the way that these motors cooperate as a team. MyosinVa motors dis-

play much higher sensitivities to changes in motor density and appear to cooperate

more productively when transporting vesicular cargos against cargo size-dependent

viscoelastic loads imposed by the cytoplasm compared to kinesin motors. Implica-

tions of these different responses to mechanisms that regulate intracellular trafficking

and transport processes are discussed.

1.2 Results

1.2.1 Controlling motor number and cargo size in living cells

Building upon the experimental framework of the live-cell peroxisomal trafficking

assays developed by Kapitein et al [Kapitein et al., 2010b, Kapitein et al., 2010a],

clonal COS-7 cell lines were generated to gain genetic-level control over the number

of motors attached to and the size of peroxisomes via the inducible regulation of two

genes. The first gene, PEX3-mYFP-FKBP, functions as an engineered peroxisomal

surface receptor for recombinant motors. It was prepared by fusing the FKBP portion

of the FKBP-rapalog-FRB protein hetero-dimerization system [Clackson et al., 1998]

to a fluorescent protein, mYFP, and a peroxisome membrane-targeting signal, PEX3

(Fig 1A). This design allows overexpressed motor constructs possessing FRB protein

fusions (Kif5B770-FRB or MyoVa1098-FRB) to be coupled to peroxisome surfaces

by adding a cell permeable analogue of the drug rapamycin (rapalog) to the cell
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media (Fig. 1B). The PEX3-mYFP-FKBP gene was placed under the control of a

doxycycline-inducible (TET-ON) promoter and integrated into the COS-7 cell genome

using lentiviral transduction techniques. The maximum number of FKBP receptor

sites available for motor binding can therefore be tuned by modulating PEX3-mYFP-

FKBP expression with different doxycycline concentrations (SI Appendix, Fig. S1).

With this approach, motor densities on peroxisomes can be controlled while using

saturating rapalog concentrations to enable efficient formation of the FKBP-rapalog-

FRB complex which triggers motor-dependent transport.

PiggyBac transposase technologies were used to integrate a second gene into the

COS-7 genome that encoded for a mYFP reporter fused to the tri-peptide serine-

lysine-leucine (SKL) that targets proteins to the peroxisome’s lumen (Fig. 1A). This

gene was placed under the control of a cumate inducible promoter. Although the

mYFP-SKL gene was originally introduced to further enhance peroxisome fluores-

cence intensities, we also discovered that the regulation of mYFP-SKL expression

could be used to control the distribution of peroxisome sizes. The diameters of nearly

half of the peroxisomes are smaller than the diffraction limit of an optical micro-

scope (<250 nm) in the absence of cumate (Fig. 1C). The sizes of the remaining

peroxisomes are distributed across a broad range. Yet, the proportion of peroxisomes

possessing larger diameters increased dramatically with time, after mYFP-SKL ex-

pression is induced. This makes it possible to examine the dynamics of a sufficient

number of large peroxisomes in order to evaluate size dependent trends. Confocal

microscopy showed that the large diameter peroxisomes can be counterstained with a

fluorescently-tagged, peroxisomal membrane protein construct, PMP34-cerulean (SI

Appendix, Fig. S2A), indicating that peroxisomal membrane proteins are retained

on their surfaces. Furthermore, mYFP signals do not colocalize with a fluorescent
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construct composed of a RFP fusion to the lysosome-associated-membrane protein,

LAMP1 (SI Appendix, Fig. S2B). Hence, the increase in peroxisome size is not caused

by lysosomal autophagy. Taken together, these results suggest that the engineered

COS-7 cells can serve as an experimental platform to perform live-cell structure-

function assays where the densities of different types of motors and cargo sizes are

controllably tuned.

1.2.2 Size-dependent peroxisome mobilities

Peroxisome localization behaviors and mobilities were first characterized in the ab-

sence of expressed motors to evaluate whether the regulation of peroxisome size affects

non-motor-dependent interactions between peroxisomes and the COS-7 cell cytoskele-

ton (Fig. 2). Single-particle tracking analyses have shown peroxisomes are rarely

transported by endogenous motor proteins, and tend to diffuse locally within the

perinuclear space in COS-7 cells (Fig. 3A, left panel) [Wiemer et al., 1997]. Nei-

ther of these behaviors changed appreciably when peroxisome sizes were modulated.

Peroxisomes were much more uniformly dispersed throughout the cytoplasm when

cells were exposed to the microtubule depolymerizing drug, nocodazole (Fig. 2A),

indicating that the microtubule meshwork plays a key role in their perinuclear con-

finement. Mean squared displacements (MSD) analyses of peroxisome trajectories

also reflect particle confinement by the microtubule cytoskeleton (Fig 2). Plots of

average peroxisome MSD values as a function of time tend to exhibit concave down-

ward curvature (Fig. 2B). This behavior is consistent with power law dependencies

describing subdiffusive particle motions [Saxton and Jacobson, 1997, Nelson et al.,

2009]. Peroxisome mobilities decreased with increasing particle size and with noco-

dazole treatment. This effect indicates that peroxisomes can diffuse more freely within
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Figure 1.2 : Size dependent mobility of peroxisomes in COS-7 cells. (A) Confocal images
show that peroxisomes (yellow) localize to the perinuclear region of COS-7 cells due to
microtubule (red) confinement. Upon treatment with nocodazole, actin filaments (green)
reorganize and peroxisomes become more uniformly distributed throughout the cell body.
(B) Mean square displacement (MSD) analyses of passively diffusing peroxisomes show per-
oxisome mobilities decrease with increasing particle size in both untreated and nocodazole
treated cells. Over 1500 peroxisome trajectories were averaged in each MSD curve. Line
widths indicate SEM. The black dashed lines indicate fits to a corralled diffusion model
(equation 2) (R2 and adjusted R

2
> 0.99). (C) The model fits in B provide estimates of

rheological parameters including the average size of cytoskeletal cages, cage velocities due to
activated filament motions, passive cage diffusion coefficients and the intra-cage peroxisome
diffusion coefficients. The observed trends generally reflect lower mobilities of the large per-
oxisomes. Error bars indicate SEM, but are only visible in plots of cage velocity since the
errors in the remaining plots are smaller than the size of the symbols.



10

the native cytoskeleton compared to the denser actin networks alone.

To gain further insight into physical constraints imposed by the COS-7 cell cy-

toskeleton, MSD data were also analyzed using a rheological model of corralled diffu-

sion that assumes particles diffuse within cages that also diffuse locally and move with

some average velocity due to activated cytomechanical processes [Saxton, 1993,Saxton

and Jacobson, 1997](equation 2, Methods). Average MSD data for each peroxisome

size group were fit to this model in order to estimate the sizes of peroxisome cages,

cage velocities and diffusion coefficients, as well as intra-cage diffusion coefficients

(Fig. 2B and 2C). Plots of these fit parameters as a function of peroxisome size dis-

play two key trends. First, cage sizes increase with increasing peroxisome size (Fig.

2C; top left panel). While this trend persisted both in the presence and absence of

nocodazole, cage sizes were smaller when microtubules were depolymerized and the

peroxisomes diffused in the actin meshwork. Importantly, calculated cage sizes were

only slightly larger than the corresponding average peroxisome size determined from

image analyses. The difference between peroxisome and cage sizes also decreases with

increasing peroxisome size. These observations suggest that the peroxisomes can only

move a small distance along or away from a filament before they encounter another

cytoskeletal filament, particularly at large peroxisome sizes. The second trend is

displayed in plots of the cage diffusion and intra-cage diffusion coefficients (Fig 2C;

bottom panels). Both of these parameters decreased with increasing size, consistent

with expected size dependent behaviors of particles within viscoelastic media. Of

note, intra-cage diffusion coefficients are appreciably higher than cage diffusion co-

efficients, indicating that peroxisomes diffuse within cages more rapidly than their

cages diffuse themselves, at least in the absence of rapalog-coupled motors.
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1.2.3 Rapalog-induced motor transport of peroxisomes

We next performed a series of live-cell peroxisome trafficking assays where rapalog

was used to controllably induce kinesin-1 or myosinVa-dependent peroxisome trans-

port. Both motors were introduced by transient transfection of the engineered COS-7

cells with constitutively active motor constructs possessing mCherry and FRB fusions

(kinesin-1: Kif5B770-mCherry-FRB; or myosinVa: MyoVa1098-mCherry-FRB). The

expression of PEX3-mYFP-FKBP and mYFP-SKL was also regulated with doxycy-

cline and cumate, respectively. Both genes were induced prior to transfection with the

motor constructs. The doxycycline concentration was varied between 2 and 10 SImi-

crogram/ml in order to tune PEX3-mYFP-FKBP receptor densities. Within this con-

centration range, a sufficient number of peroxisomes exhibited activated transport be-

haviors within observational windows that were amenable to fast particle tracking (91

frames per second, fps, for 2-3 min), particularly in the myosinVa assays. Cumate con-

centrations and incubation times were the same for all assays (100 SImicrogram/ml,

and 76 hrs). These conditions produced broad distributions of peroxisome sizes. Con-

sequently, trajectories of different size peroxisomes can be examined in the same cells

to minimize effects stemming from potential crosstalk between PEX3-mYFP-FKBP

receptor, mYFP and motor expression. As found by Kapitein et al [Kapitein et al.,

2010b], the coupling of kinesin-1 motors to peroxisome surfaces leads to greatly en-

hanced peroxisome mobility (Fig. 3A) and efficient transport from the perinuclear

space to the cell periphery due to the plus-end-directed movement of kinesin along

microtubules (Fig. 3B; left panel). Despite their rapid redistribution, individual per-

oxisome trajectories contained multiple segments, or ‘runs’. Unidirectional motion of

peroxisomes was interspersed between events where they moved much more slowly,

presumably due to a variety of behaviors where the particles diffused locally, stalled
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and/or switched transport directions at filament intersections (Fig 3B; right panel).

Overall, such behavior highlights the need to consider the roles of multiple types of

transport modes as well as the potential impact of local environmental factors when

characterizing structure-function relationships underlying collective motor responses.

Following transient transfection with MyoVa1098-mCherry-FRB, rapalog addition

triggered myosinVa recruitment to the peroxisome surfaces, resulting in increased mo-

bilities (Fig. 3A). In this case, particle trajectories also appeared to be composed of

activated transport, diffusive, and pausing events. Yet, myosinVa driven peroxisomes

moved in more random directions and exhibited distinct localization behaviors com-

pared to those found for kinesin-1 (Fig 3A, and 3C). Instead of translocation to the

cell periphery, a portion of the peroxisomes tended to cluster within local regions of

the cell body. The triggering of myosinVa dependent transport was also commonly

accompanied by the slow contraction of the cells over long incubation periods (>20

min). These behaviors imply that myosins on the surfaces of individual peroxisomes

readily form linkages between different actin filaments and apply appreciable forces

to the actin networks.

1.2.4 Motor density and peroxisome size-velocity relationships differ for

kinesin and myosinVa

Analyses of the responses of peroxisome velocities to doxycycline concentration and

peroxisome sizes revealed significant differences between kinesin and myosinVa trans-

port behaviors (Fig. 4). For simplicity, we first compared peroxisome velocities

that were averaged over entire trajectories. In this case, peroxisome velocities were

much less sensitive to doxycycline concentration in the kinesin-1 assays compared

to the myosinVa experiments. For example, the average velocities of peroxisomes
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whose diameters were larger than 600 nm changed by less than 2 ± 5% when the

doxycycline concentration varied between 2 and 10 SImicrogram/ml (Fig. 4A). The

average velocities of smaller peroxisomes increased by 30± 6%, at most. In contrast,

myosinVa-dependent velocities increased by a minimum of 51 ± 6% and as much as

112 ± 4% over the same doxycycline concentration range. This result indicates that

the regulation of PEX3-mYFP-FKBP receptor expression provides systematic control

over relative motor surface densities, at least within a size group. Kinesin-driven per-

oxisomes velocities also decreased by as much as 48± 4% with increasing peroxisome

size between the smallest (<300 nm diameter) and largest (0.9 – 1.2 nm diameter)

size groups. MyosinVa-powered peroxisome velocities exhibited different and more

complicated dependencies of cargo size. Nevertheless, the trends in Fig. 4C appeared

to reflect an overall weaker sensitivity of transport velocities to cargo size and sug-

gest the size-dependent factors affecting peroxisome velocities in kinesin assays may

be less influential to myosinVa-dependent transport modes. Of note, average per-

oxisome velocities were considerably lower (⇠200nm/s for each motor type) than in

vitro measurements of single, unloaded kinesin or myosinVa motors. The low speed is

reflected by distributions of kinesin-dependent velocities, which possessed a dominant

low velocity peak (⇠50 nm/s), and a long tail extending towards much higher veloc-

ities (Fig. 5A). Myosin-velocities were distributed similarly (Fig. 5D). Consistent

with the properties of individual trajectories, such behavior indicates that, despite

their rapid redistribution in the cytoplasm upon addition of rapalog, peroxisomes

spend an appreciable amount of time either diffusing or paused. Doxycycline and

peroxisome size-dependent modulation of this behavior is therefore likely influencing

velocity trends shown Fig. 4.
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Figure 1.4 : Collections of kinesin-1 and myosinVa motors exhibit distinct motile behav-
iors. (A) Average peroxisome velocities are largely insensitive to doxycycline concentration
/ motor density, but decrease with peroxisome size when transport is driven by kinesin-1
(left). MyosinVa-dependent velocities (right) display characteristically different size depen-
dencies and generally increase with increasing motor density. (B and C) Distributions of
RMS position fluctuations and mean RMS position fluctuation amplitudes exhibit unique
dependencies on doxycycline concentration and cargo size in kinesin-1 (left) and myosinVa
(right) assays. The RMS positional distributions in B correspond to large peroxisomes (dia.
= 0.9 — 1.2 µm). The black line in B displays RMS position distributions measured in the
absence of rapalog. Over 100 trajectories in a minimum of 10 cells were measured for each
bin in A and C. Doxycycline (Dox) concentrations are reported in SImicrogram/ml. Error
bars represent SEM.
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1.2.5 Positional fluctuation analysis of kinesin vs myosinVa

Expecting that peroxisome position fluctuations should change as motors are re-

cruited to their surfaces and engaged in transport, we next explored whether kinesin-

dependent responses to doxycycline would be reflected in measurements of peroxi-

some position noise. To do so, root mean square (RMS) position fluctuations within

x,y-trajectories were calculated by measuring average position deviations relative to

traces that were smoothed using a 15 frame boxcar average. RMS position fluctuation

amplitudes indicate the extent to which peroxisomes move in a constant direction and

with a uniform velocity when they are transported actively by motors, as well as the

amplitude positional noise when they diffuse passively within their cytoskeletal cages

or pause along filaments.

Somewhat surprisingly, RMS position fluctuations were more broadly distributed

when rapalog was used to induce kinesin transport compared to distributions mea-

sured in the absence of rapalog-coupled motors (Fig.4B; left panel). These trends

were most pronounced with distributions for the large peroxisomes (900-1200 nm di-

ameter), which developed a shoulder at large RMS values (>30 nm) in the presence

of rapalog. This response suggests that the kinesin motors are responsible for gener-

ating the high RMS noise. Subsequent analyses of RMS position fluctuations within

fast, activated transport components of trajectories (identified using the procedures

described below) confirmed this behavior (SI Appendix, Fig. S3). Nonetheless, av-

erage RMS values decreased as a function of increasing doxycycline by as much as

25± 7% (Fig. 4C; left panel). This response is accompanied by the loss of amplitude

in the shoulder of the distribution at large RMS values and provides evidence that the

doxycycline-dependent modulation of FKBP receptor expression provides systematic

control over kinesin density. Furthermore, the dependence of positional fluctuations
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on doxycycline at all particle sizes suggests that, while the kinesin motors behave as

noise source, the noise generated by individual motors is reduced as motor density

increases.

Distributions of RMS position fluctuations displayed characteristically different

dependencies on doxycycline concentration and cargo size when rapalog was used to

trigger myosinVa motions instead of kinesin (Fig. 4B and C; right panels). In this

case, the amplitude of the shoulder at high RMS values (>20 nm) increased with

increasing doxycycline and even emerged as a distinct peak at 10 SImicrogram/ml

doxycycline for all peroxisome size groups (SI Appendix, Fig. S3). RMS distribu-

tions also contained a prominent peak at ⇠10 nm. This peak shifts towards lower

RMS values with increasing doxycycline concentration. The opposing shifts of the

high and low RMS components yielded more complicated dependencies of average

RMS position fluctuations on peroxisome size and doxycycline concentration (Fig.

4C; right panel). Nevertheless, average positional fluctuations increased significantly

(a minimum of 23 ± 6%) at high doxycycline concentration (10 SImicrogram/ml),

indicating that, in contrast to the trends found for kinesin, position noise is increased

by the binding of multiple motors to actin filaments.

1.2.6 Collections of kinesins and myosinVa motors exhibit distinct load-

dependent responses

Considering that motors experience viscoelastic loads when transporting cargos in the

cytoplasm, the dependence of average peroxisome velocities on cargo size described

above suggests that collections of kinesins and myosinVa motors possess different

collective force production capabilities. Yet, in each case, peroxisomes also exhibit

multiple types of transport behaviors: fast activated transport modes, and slower
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modes that are likely associated with peroxisome diffusion or pausing during trans-

port. Thus, factors other than the load imposed on a cargo may also play a role in

governing collective motor responses. To address this complexity, we developed ap-

proaches to delineate these components within trajectories. The goal was to examine

whether changes in the velocity and/or prevalence of certain transport modes, par-

ticularly those where peroxisomes moved directionally with large velocities, dominate

the responses to doxycycline concentration and cargo size shown in Fig. 4. To avoid

methods requiring potentially biased manual selection of trajectory components, we

analyzed peroxisome velocity distributions using a simple, two-state hidden Markov

model. This objective approach can be used to evaluate the potential presence of sub-

populations within velocity distributions without prior knowledge of their properties.

The derived sub-distributions can then be used to identify trajectory components

possessing properties underlying their associated velocity distributions.

Again, kinesin and myosinVa velocity distributions both possessed prominent low

velocity peaks and a long tail extending towards much higher velocities (Fig. 5A

and 5D). The hidden Markov model identified two distinct components within these

distributions: a high velocity sub-population peaked at approximately 200 nm/s,

and a low velocity component peaked at 50 nm/s that we attribute to combinations

of peroxisome diffusion and pausing behaviors convolved with drift due to the slow

motions of the cytoskeletal filaments. Inspection of individual peroxisome trajecto-

ries show that the components contributing to the high-velocity sub-distribution are

primarily associated with relatively persistent ‘runs’ where the peroxisomes moved

continuously with high velocities (SI Appendix, Fig. S4). The remaining low-velocity

components stemmed from much slower and less deterministic motions.

Further analysis of the fast components within kinesin trajectories showed that the



19

probability that a peroxisome moved in a fast transport mode, the average velocities

and the distances traveled during these transport events are all largely insensitive

to variation in doxycycline concentration (Fig. 5B-C; Table 1). As with analyses

of entire trajectories in Fig 4, all three of these parameters decrease with increasing

peroxisome size. The size dependence of kinesin velocities in both Fig 4 and 5 implies

that the directional transport of the large peroxisomes may require the production of

larger forces in comparison to the small peroxisomes. Estimates of drag forces imposed

on peroxisomes obtained using the micro-rheological formalism developed by Mason

[Mason, 2000] supports this interpretation (Methods). Using this approach, the drag

force on a peroxisome moving with a constant velocity of 500 nm/s is predicted to

increase from 2 pN to 15 pN, approximately twice the stalling force of a single kinesin,

when peroxisome diameters increase from across the full range of peroxisomes sizes (SI

Appendix, Fig. S5). Of note, this formalism treats the cytoskeletal environment as

a homogeneous visco-elastic medium. Factors affecting the loads on the peroxisomes

could vary considerably depending on their local environment and the presence of

specific obstructions presented by other organelles and sub-cellular structures. We

believe these estimates should be considered as an upper-bound for the average forces

imposed on the peroxisomes. Nevertheless, the decrease in the proportion of fast

transport events, as well as peroxisome velocities and distances traveled all suggest the

loads introduced by these factors increase with increasing peroxisome size. Moreover,

the weak response of these parameters to doxycycline concentrations/kinesin density

implies that the presence of additional kinesins does not fully compensate for the

increased loads presented when multiple kinesins transport large peroxisomes in the

cytoplasm.

The high velocity components found within the myosin-dependent trajectories
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exhibited characteristically different responses to modulation in doxycycline concen-

tration / myosin density and peroxisome size compared to the kinesin trends described

above (Fig. 5D-F). In this case, the proportion of trajectories corresponding to fast

transport events increased significantly with increasing doxycycline (e.g., by a min-

imum of 57 ± 17%, and as much as 171 ± 12% between 2 and 10 SImicrogram/ml

doxycycline). Thus, motor surface densities influence the probability that a myos-

inVa team will transport peroxisomes actively in the COS-7 cytoplasm to a much

greater degree compared to multiple kinesins. Average velocities and lengths of the

fast trajectory components also increased by as much as 48±3% with increasing doxy-

cycline. Finally, in contrast to kinesin, all of these transport parameters were largely

insensitive to particle size (Table 1), indicating multiple myosinVa motors can readily

produce large forces and cooperate more productively under loads than collections of

kinesins.

1.3 Discussion

Recent studies of collective motor functions suggest that the abilities of processive

cytoskeletal motor proteins to cooperate productively may depend strongly on motor

type. Such behavior can result in differential sensitivities to changes in motor num-

ber and cargo size, and implies that the collective functions of certain cytoskeletal

motors could have particularly significant roles in mechanisms that regulate intracel-

lular transport. However, various confounding factors have limited live-cell analyses

of these effects. To address these issues, we developed engineered COS-7 cell lines

that can facilitate structure-function analyses of collective motor behaviors in living

cells. These assays harness FKBP-rapalog-FRB protein hetrodimerization switches

to control the coupling of either kinesin-1 or myosinVa motors to the surfaces of vesic-
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Figure 1.5 : Structure-function analyses of fast components of peroxisome trajectories. (A)
An example of fast (red) and slow (gray) components of peroxisome velocity distributions
were identified within kinesin trajectories using a hidden Markov modeling (HMM) approach.
The total distribution is indicated by the black dashed line. (B) The fraction of kinesin-
dependent trajectory components attributed to fast directional motion is largely insensitive
to motor density, but decreases with increasing size. (C) Similar trends are found for the
average velocities (left panel) and the lengths of the fast runs (right panel). (D)
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ular cargos (peroxisomes). Genetic regulation of the FKBP component of the switch,

which is targeted to the peroxisome membrane via a PEX3 gene fusion, provides con-

trol over the density of motor binding sites on peroxisome surfaces. The simultaneous

regulation of the expression of a second peroxisome-targeting protein (mYFP-SKL)

protein provides control over peroxisome size.

1.3.1 MyosinVa motors work better as a team than kinesin motors

Live-cell assays employing these handles revealed key distinctions between the collec-

tive behaviors of kinesin-1 and myosinVa motors (summarized in Table 1). Consistent

with expectations that multiple kinesins have difficulties cooperating productively,

collections of kinesin-1 motors transported large peroxisomes more slowly than smaller

peroxisomes, presumably due to the increased viscoelastic load imposed by the COS-7

cell cytoplasm. Moreover, this trend was largely unaffected by doxycycline-dependent

regulation of motor surface densities, indicating that the number of kinesin motors

engaged in transport does not change appreciably as the total number of kinesins

on a cargo is modulated. In contrast, the velocities of myosinVa-driven cargos were

generally much more responsive to doxycycline-controlled motor density and less re-

sponsive to peroxisome size. Overall, these responses are suggestive of much more

productive collective behaviors where the addition of motors increases the net force

production capabilities of the motor system.

1.3.2 Variations in fast versus slow transport for the two motors

Analyses of fast and slow transport components of trajectories using the hidden

Markov model also highlighted key distinctions between the collective behaviors of

kinesin-1 and myosinVa motors. The ratio of these events was largely insensitive to ki-
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nesin density. However, the proportion of fast, directional transport events decreased

significantly with increasing peroxisome size, indicating that cargo size influences the

probability that a peroxisome switches between these two general transport modes.

It is difficult to distinguish whether the slow transport events should be attributed

to diffusive or pausing behaviors without additional information. Nevertheless, the

observation that the length of the fast ‘runs’ also decreases with increasing peroxi-

some size may provide insights. The average distances traveled during fast kinesin

runs is much smaller than the run length of a single kinesin (⇠1 µm) at all particle

sizes. This behavior implies that ‘fast’ runs are often terminated when peroxisomes

reach a cage boundary. Assuming the microtubule network plays a role in defining the

effective cage sizes, this dependence suggests that many of the slow transport events

can be attributed to peroxisome interactions at microtubule intersections. In turn,

because the number of these events is insensitive to doxycycline, the probability that

a peroxisome will pause, or remain paused, at filament intersections does not appear

to depend strongly on motor density, at least in the motor number regime explored

here.

In contrast to kinesin-1 behaviors, the ratio of fast to slow transport components

of trajectories are much more sensitive to myosinVa density. Assuming the slow

transport events correspond to peroxisome diffusion, this response suggests that the

collective binding of multiple myosinVa motors to the actin filaments has an apprecia-

ble influence over their ability to engage in activated transport in cells. Alternatively,

if these events primarily reflect pausing behaviors, the sensitivity to doxycycline con-

centration suggests that increasing motor number affects the ability of a peroxisome

to transition into and out of a pause state. Furthermore, the distances traveled during

the fast transport events were insensitive to peroxisome size, implying that cytoplas-
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mic/ cytoskeletal cage sizes are not the only factor affecting the lengths of myosinVa

runs. Considering the multiple lines of evidence that collection of myosinVa motors

can produce large forces, the sensitivity of these behaviors to myosin density may

stem from the ability of myosinVa motors to cooperate with one another in order

to reposition their surrounding actin filaments as they move through the filament

meshwork.

1.3.3 Predictions of cellular behavior from in vitro derived parameters

The distinctive collective behaviors of kinesin-1 and myosinVa motors in COS-7

cells appears to be consistent with theoretical models that have been used success-

fully to describe the cooperative behaviors of synthetic multiple motor complexes

in vitro [Driver et al., 2011, Jamison et al., 2012]. These models suggest that the

sensitivity (susceptibility) of motor velocities and detachment rates to force at the

single-motor level play key roles in determining whether a team of motors can coop-

erate productively by sharing the applied load imposed on a cargo. The unloaded

velocities of kinesin-1 and myosinVa are similar. However, myosinVa stalls at a much

lower force (⇠1 pN) compared to kinesin-1 (⇠7 pN) [Purcell et al., 2005, Uemura

et al., 2004,Jamison et al., 2010,Visscher et al., 1999]. Consequently, myosinVa step-

ping rates / velocities will decrease more rapidly with increasing force (i.e., dv/dF is

large at most forces). The resultant high susceptibility of myosinVa velocity to force

also dictates that motors within a complex will move with different velocities when

they bear different portions of the applied load on a cargo. This behavior increases

the probability that a group of myosinVa motors will transition into filament-bound

configurations where the motors share their applied load. In contrast, the differences

between individual kinesin-1 velocities will be much smaller in circumstances where
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one or a few motors bear the applied load. As a result, these relatively unproductive

states will persist for longer periods of time, yielding less productive collective force

production and transport behaviors.

The force-dependent susceptibility of motor detachment rates is also an impor-

tant determinant of collective motor behaviors. This property dictates whether a

team of motors can remain associated with a filament for a sufficient amount of time

to allow it to transition from states where loads are distributed unequally to those

where motors share their applied load. This sensitivity can be approximated by a

parameter called the critical detachment force (F
d

). It is important to note that F
d

is

not an actual force, but rather a parameter that characterizes the free energy profile

of the detachment reaction coordinate (i.e., F
d

= k

B

T/d, where d approximates the

distance between the filament-bound state and the transition state along the coor-

dinate). Single-motor analyses suggest that F

d

for myosinVa is appreciably higher

than its stalling force (F
d

⇠ 4pN) [Veigel et al., 2005], while F

d

for kinesin is much

lower than its stalling force (F
d

⇠ 3pN) [Driver et al., 2011,Klumpp and Lipowsky,

2005]. Consequently, motors within a multiple kinesin system will be more prone to

detachment as they attempt to generate load sharing configurations.

Finally, this picture of collective motor dynamics was developed through detailed

analyses of synthetic complexes where motors were coupled elastically using polymer

linkers. The differences between kinesin-1 and myosinVa behaviors in the engineered

COS-7 cell suggest the factors outlined above also influence collective motor behaviors

when motors are connected to vesicular cargos, and could potentially diffuse much

more freely on the surface of a cargo.
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1.3.4 Implications for cellular trafficking

The sensitivity of multiple myosinVa behaviors may have important implications for

mechanisms that regulate cargo motion in cells. Multiple copies of kinesins, myosins,

as well as other types of processive motors including dynein are often bound to the

same cargo [Barlan et al., 2013,Hendricks et al., 2012,Rai et al., 2013]. The maximum

force that a system of processive kinesin or myosinVa motors is capable of producing

is predictive of which motor team will win a competition between these motors at

filament intersections [Schroeder et al., 2012]. The present responses suggest that

the balance between kinesin and myosin can be tilted more sensitively via control

over myosinVa number / activity level during these competitions. Insensitivities to

the density of other motors like kinesin-1 could also increase how robustly regulation

of myosinV number and activity level impacts cargo trafficking between cytoskeletal

networks. This expectation is consistent with results from live-cell motility assays

showing that the addition of myosinVb motors to cargos can arrest kinesin-2 depen-

dent vesicle motions [Kapitein et al., 2013]. Such responses are also consistent with

observations that myosinV motors play key roles in neuronal trafficking processes

while interacting with kinesins [Lewis et al., 2009]. Fully confirming such behavior

will require further investigations and assays using additional cell types. Nevertheless,

the synthetic biology approach provided by this cellular platform will likely provide

important avenues to resolve these mechanisms.
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1.4 Methods

1.4.1 DNA constructs and cell lines

All genes were generated using standard cloning procedures and were verified by se-

quencing. Genes encoding the FKBP and FRB proteins were obtained from ARIAD

Pharmaceuticals. The PEX3-mYFP-FKBP gene was generated using overlap PCR

and cloned into a TET-ON Lentiviral vector (Clontech). The mYFP-SKL gene was

prepared similarly and cloned into a cumate-inducible vector (pCumate; System Bio-

sciences). Both vectors were used to generate clonal COS-7 cell lines as described

below. The kinesin-1 and myosinVa constructs (KIF5B-mCherry-FRB and MyoVa-

mCherry-FRB) were cloned into separate pEGFP-N1 vectors (Clonetech). Each con-

struct incorporated a CMV promoter and was expressed in the engineered COS-7

cells via transient transfection. The PMP34-cerulean and LAMP-1-RFP vectors were

kind gifts from James McNew.

Stable cell lines expressing PEX3-mYFP-FKBP under the control of the TET-

ON regulator was created using lentiviral vectors (Clonetech) according to the man-

ufacturer’s protocol. Briefly, cells were first transduced with the TET-ON regulator

vector daily for 5 consecutive days, selected with G418, and then further transduced

with lentivirus containing the PEX3-mYFP-FKBP gene. After a final round of se-

lection with G418 and puromycin, clonal cell populations were prepared from the

resulting cell population via the limited dilution method. PiggyBac transposase tech-

nologies were then used to incorporate the cumate-inducible mYFP-SKL gene into

the COS-7 cell genome. In this step, the cells were co-transfected transiently with

pCumate-mYFP-SKL (10 SImicrogram) and pCMV-PiggyBac [Wilson et al., 2007]

(SI1microgram) (a gift from Matthew H. Wilson) vectors using Xfect transfection
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reagents (Clontech). Clonal cells were then generated via a second round of limited

dilution. Clonal COS-7 cells incorporating pCumate-mYFP-SKL gene alone were

also prepared similarly. In each case, inducible PEX3-mYFP-FKBP and mYFP-SKL

expression control was confirmed by fluorescence microscopy.

1.4.2 Live cell imaging

The engineered COS-7 cells were prepared for live cell motility assays as follows.

mYFP-SKL and PEX3-mYFP-FKBP expression was induced for 76 and 48 hrs, re-

spectively. The doxycycline concentration was varied between 2 and 10 SImicro-

gram/ml depending on the experiment. mYFP-SKL expression was induced using

100 SImicrogram/ml cumate for all peroxisome motility assays. Under these condi-

tions, peroxisome size distributions contained significant amplitudes at all particles

sizes. This allowed the motile behaviors of different sized particles to be assayed while

maintaining the same FKBP induction period. The cells were transfected with mo-

tor constructs for 24 hrs prior to seeding them into custom-fabricated, glass-bottom

incubation chambers. The cell line that incorporated only the pCumate-mYFP-SKL

gene was found to express mYFP-SKL more rapidly than the PEX3-mYFP-FKBP

expressing cells and required shorter incubation times to generate larger peroxisomes,

presumably due to increased pCumate-mYFP-SKL gene copy number in these cells.

Motility assays were performed using microscope cell incubator (Okolab) to main-

tain 5% CO2 and a humidified atmosphere at 37 �C. The mCherry signals from the

motor constructs were imaged to locate cells exhibiting the transient motor expression.

Motor-driven peroxisome transport was then initiated by adding rapalog (AP21967)

at a final concentration of 1 µM. All rapalog-triggered motility assays were performed

within 6 hrs after cells were seeded into their chambers. Peroxisomes were imaged
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using a 100x 1.4NA oil immersion objective and an Eclipse TiE epi-fluorescent mi-

croscope, except for the images from Fig. 2 and Fig. S2, which were collected using a

hyperspectral confocal laser scanning microscope (Nikon A1). Long range peroxisome

motions were monitored using a 14-bit depth EMCCD (Luca, Andor) at 1-2 frames

per second (fps) over a period of 20-30 minutes. Particle tracking analyses were per-

formed with a 16-bit depth EMCCD (Photo MAX 512, Princeton Instruments) at 90

fps rate. Trajectories were analyzed using a centroid tracking algorithm written in

Matlab as described in [Crocker, 1996] with some minor modifications.

1.4.3 Peroxisome size determination

Peroxisome sizes were determined by comparing their intensity profiles to a stan-

dard curve that was generated computationally as follows. The point spread function

(PSF) of the microscope was measured in three dimensions using 50 nm radius flu-

orescent microspheres (FluoSpheres, Invitrogen). This allowed the PSF of single

mYFP molecules to be estimated and used to approximate the size-dependent PSFs

of computer-generated spherical particles that were homogeneously filled with mYFP

(Fig. S6). Here, the intensity profile for each sphere corresponds to the convolved

signal from each internal FP. The apparent mean squared radii, hr2i, of computa-

tionally generated particles in the microscope’s image plane were then plotted over a

range if particle sizes using the following formula:

hr2apparenti =

P
i,j

r

2
ij

I

ij

P
i,j

I

ij

(1.1)

where
P
i,j

is the sum over all (i, j)-pixels in the tracked particle neighborhood; r
ij

is

the distance of the (i, j)-pixel from the particle’s center, and I

i,j

is the intensity of
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the (i, j)-pixel. Finally, the resultant plot of simulated r

2
apparent vs real radius was fit

with a polynomial function to generate a final calibration curve for peroxisome size

estimates.

Analyses of peroxisome sizes were performed by subtracting mean background

signals in each image. The centroid position of peroxisomes in each frame of a movie

was determined by fitting their intensity profiles to a Gaussian function. Values for

r

ij

and I

ij

were then measured to calculate hr2apparenti. Only the top 80% of the

peroxisome intensity profiles were used to estimate r

2
apparent to reduce the influence

of local intensity fluctuations. Identical treatment was applied to the calculated

PSFs used to generate the calibration curve for consistency. Peroxisome radii were

measured at each time point in a trajectory and averaged. The standard error of

these measurements was less than 60 nm. We note peroxisome motions are largely

restricted to a 2-dimensional plane in COS-7 cells due to the highly spread and flat

geometry of these cells. Thus, effects from motions in the z-direction are minimized

in these cells.

1.4.4 Rheological analyses

The size-dependent diffusive properties of peroxisomes were examined by analyzing

their mean squared displacement (MSD) vs. time in the absence of rapalog. Under

these conditions, peroxisomes primarily diffused randomly in the cytoplasm. Tra-

jectories containing rare active transport events were identified by examining the

trajectory aspect ratios in the x, y-plane as described by S. Huet et al. [Huet et al.,

2006] and were excluded from MSD analyses. The viscoelastic properties of the COS-

7 cells were then analyzed by fitting measure MSD curves with an equation describing
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corralled particle diffusion:

MSD(t) = 0.99R2
cage[1 � exp (�3.4D

a

t/R

2
cage)] + 4D

b

t+ V

2
t

2 (1.2)

Where t is time; Rcage is the effective radius of cytoskeletal cage; D
a

is the peroxisome

diffusion coefficient inside the cage; D
b

is the cage diffusion coefficient; V is the cage

drift velocity. It should be noted that Rcage corresponds the dimension of the space

effectively explored by a particle. When the particle size is much smaller than the

cage size, this radius will be equal to the Rcage cage. Yet, for a particle whose radius

is comparable to cytoskeletal cage sizes, a particle’s excluded volume must also be

considered. In this case, Rcage is assumed to be equivalent to R + r, where r is the

peroxisome radius. To estimate the average drag force acting on a peroxisome moving

in viscoelastic cell cytoplasm we used the same method as described in ref. [Hill et al.,

2004]. Briefly, the frequency (!) dependent complex shear modulus, G

⇤(!) of the

cytoplasm was found using the formula derived in ref. [Mason, 2000]:

|G⇤(!)| = k

B

T

⇡r ⇥ MSD(1/!) ⇥ �(1 + ↵(!))
(1.3)

where k

B

is Boltzmann constant; T is temperature; r is the peroxisome radius for

which MSD was measured; � is Gamma function; ↵(!)) is the slope of a log-log MSD

plot vs. time at the point t = 1/!. Then the real part, Re(⌘(!)), of the cytoplasm

viscosity, ⌘, was calculated as:

Re(⌘(!)) =
|G⇤(!)|

!

sin(
⇡↵(!)

2
) (1.4)
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Finally, the average drag force, Fdrag, acting on peroxisome moving with velocity v

can be estimated as:

Fdrag = 6⇡rv ⇥ Re(⌘(0)) (1.5)

1.4.5 HMM analyses and estimation of transport parameters

Peroxisome velocities distributions and trajectory components were analyzed using a

two-state hidden Markov modeling procedure similar to methods described in [Syed

et al., 2010]. The velocity distributions used for these analyses were constructed by

examining the distance peroxisomes were displaced in a 77 ms time window. Using

this approach, the HMM also examines sub-distributions of distances peroxisomes are

transported within a 77ms window.

Instantaneous peroxisome velocities were measured using 15 frame, sliding linear

regression procedure. Average peroxisome velocities were determined from these val-

ues. The length of the fast and directional ’runs’ were calculated as the total distance

the peroxisome were displaced in the x, y-plane during HMM-identified fast trans-

port events. RMS position fluctuations were measured by calculating the difference

between peroxisome positions in the x, y-plane to their corresponding position in a

trajectory that was smoothed using a 15 frame boxcar averaging procedure.
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1.5 Supplementary Information



Supporting Information 
Efremov et al. 

Fig. S1. Analyses of doxycyline-dependent peroxisome labeling. (A) Western blots displaying 
PEX3-mYFP-FKPB expression as a function of doxycycline concentration in either the absence of 
cumate (left) or while using 100 µg/mL cumate (right) to induce mYFP-SKL expression. Proteins 
were stained using anti-mYFP primary and HRP-conjugated secondary antibodies. The top band 
corresponds to the full length PEX3-mYFP-FKBP receptor protein. The second highest band has ~ 
5 kDa lower molecular weight and its intensity is also doxycycline dependent. The intensity of a 
band of slighter lower molecular weight (~5 kDa) is also doxycycline-dependent.  We attribute this 
band to a recombination event that produced a truncated receptor gene during the preparation of 
the engineered COS-7 cells. (B-D) Analyses of peroxisome fluorescence intensities using cells that 
only incorporate the PEX3-mYFP-FKBP gene. The absence of the mYFP-SKL in these cells allows 
the total fluorescence intensities of PEX3-mYFP-FKBP labeled peroxisomes to be measured 
directly. Distributions of peroxisome intensities at 10 µg/mL doxycycline are shown in B. 
Observations of mYFP blinking after most of the PEX3-mYFP-FKBP receptors have bleached (C) 
allow the intensity of a single PEX3-mYFP-FKBP molecule to be estimated. A distribution of single 
PEX3-mYFP-FKBP intensities is displayed in D. The ratio of average peroxisome (11000 ±1700; 
mean ± SEM in grey scale units, GSU; ~100 peroxisomes in 4 cells) and single mYFP intensities 
(170 ± 0.9 GSU, > 5000 blinking events) indicate the peroxisomes are outfitted with approximately 
64 PEX3-mYFP-FKBP receptors, on average. We expect the PEX3-mYFP-FKBP expression and 
labeling levels in the engineered COS-7 cells containing the mYFP-SKL gene, which were made 
from the cells examined in B-D, will be in a similar range at 10 mg/mL doxycycline. 
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Fig. S3. Size and doxycycline dependent behaviors of peroxisome RMS position fluctuations. (A) 
Distributions of RMS position fluctuations are shown for different doxycycline concentrations and 
peroxisome sizes. (B) RMS position distributions of large (900-1200 nm diameter) peroxisomes for 
the high velocity and low velocity components of trajectories identified by the HMM. The high 
velocity (fast and directional) components of trajectories typically possess larger RMS position 
amplitudes compared to the lower velocity components. 

 

Fig. S2. Co-localization analyses of large peroxisomes produced via mYFP-SKL expression with an 
additional peroxisome (PMP34-cerulean) and the lysosome-targeting protein (Lamp1-RFP). (A) 
COS-7 cells expressing mYFP-SKL under the control of a cumate promoter were transiently 
transfected with PMP34-cerulean. Hyperspectral confocal microscopy images show that PMP34 
localizes to the membrane of mYFP-SKL containing peroxisomes. (B) Similar analyses show that 
signals from a transiently expressed, lysosome targeting protein (Lamp1-RFP) do not co-localize 
with peroxisomes, indicating peroxisome size enhancements are not associated with lysosomal 
autophagy. 
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Fig. S4. Identification of fast, directional transport components of kinesin-1 and myosinVa driven 
trajectories using a hidden Markov model (HMM). Peroxisome position vs. time traces are shown for 
regions boxed in red. Under the assumptions of the HMM, peroxisome transport persists and 
switches between two states where they either moved with low velocities or directionally with a high 
velocity. Training the HMM on peroxisome trajectory data allowed low (shaded) and velocity 
components (unshaded) of trajectories to be identified. Scale in each plot denotes 0.5 µm/sec. 
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Fig. S5. Analyses of average loads imposed on peroxisomes due to viscous drag in the cytoplasm. 
Viscosity and drag forces were calculated according to the procedures described in the methods 
section. The real components of the viscosity for untreated and nocodazole treated cells are 
displayed. Line widths in these plots depict SEM. Drag forces were estimated assuming the particles 
moved with a constant velocity of 500 nm/s. With this assumption, the errors in these plots only stem 
from the errors in the viscosity calculations and are small (< 0.5 pN). Error bars were omitted for 
simplicity.   

Fig. S6. Determination of peroxisome sizes. Peroxisome sizes were measured using the calibration 
procedure described in the Methods. Calibration curves were generated by measuring the point 
spread function (PSF) of the microscope using sub-diffraction fluorescent beads. The apparent 
mean squared radius of a particle in the image plane of the microscope was generated by 
computationally convolving the measured PSF over a sphere filled with point sources (Step 2). A 
calibration curve was then constructed by repeating step 2 over a range of particle sizes and fitting 
the resulting trend to a 5th-order polynomial function (Step 3). 
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Chapter 2

The coordinating role of IQGAP1 in the regulation

of local, endosome-specific actin networks

Abstract

IQGAP1 is a large, multi-domain scaffold that helps orchestrate cell signaling and

cytoskeletal mechanics by controlling interactions among a spectrum of receptors,

signaling intermediates, and cytoskeletal proteins. While this coordination is known

to impact cell morphology, motility, cell adhesion, and vesicular traffic, among other

functions, the spatiotemporal properties and regulatory mechanisms of IQGAP1 have

not been fully resolved. Herein, we describe a series of super-resolution and live-cell

imaging analyses that identified a role for IQGAP1 in the regulation of an actin

cytoskeletal shell surrounding a novel membranous compartment that localizes se-

lectively to the basal cortex of polarized epithelial cells (MCF-10A). We also show

that IQGAP1 appears to both stabilize the actin coating and constrain its growth.

Loss of compartmental IQGAP1 initiates a disassembly mechanism involving rapid

and unconstrained actin polymerization around the compartment and dispersal of

its vesicle contents. Together, these findings suggest IQGAP1 achieves this control

by harnessing both stabilizing and antagonistic interactions with actin. They also

demonstrate the utility of these compartments for image-based investigations of the

spatial and temporal dynamics of IQGAP1 within endosome-specific actin networks.
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2.1 Introduction

Many fundamental cellular processes depend on the coordinated activities of mem-

brane and cytoskeletal proteins. The sub-membrane actin cortex of epithelial cells

functions as a dynamic filament network that organizes integral membrane proteins

and provides structural support that is crucial for the development and maintenance

of cell shape, polarity and cell-cell adhesion. Cytoskeletal-dependent membrane teth-

ering, transport, and contractility are also critical to membrane traffic in endocytic

pathways. [Soldati and Schliwa, 2006, Duleh and Welch, 2010] The cytoskeleton is

widely recognized for its role in regulating the motions, local delivery and global spa-

tial distributions of vesicles and organelles within the cytoplasm [Porat-Shliom et al.,

2013]. Yet, cytoskeletal networks also contribute to membrane and protein traffic at

much finer scales, with key examples being the local organelle-specific actin networks

that help drive membrane processing and protein sorting mechanisms within special-

ized endosomal sorting compartments [Muriel et al., 2016,Seaman et al., 2013] . These

complex sorting stations contribute to numerous cellular processes by controlling the

local storage, recycling, and degradation of protein receptors, signaling intermediates,

and lipids. They are also increasingly recognized for their ability to function as spe-

cialized sensing and signaling platforms that enable local activation or attenuation

of signaling via the templating, compartmentalization and physical sequestration of

interacting signaling molecules [Murphy et al., 2009, Niehrs, 2012, Villaseñor et al.,

2016]. The protein machinery that controls membrane scission, vesicle fission / fu-

sion, and intra-vesicle protein and membrane trafficking mechanisms within these

compartments has been characterized in significant detail [Jovic et al., 2010, Piper

and Katzmann, 2007]. Contributions of numerous cytoskeletal proteins and regula-

tory molecules have also been identified [Anitei and Hoflack, 2012]. Nevertheless, the
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spatio-temporal relationships among these proteins and the associated architecture

of the regulatory circuitry that orchestrates the activities of these proteins remain far

from fully resolved.

This work examines the role of the IQ motif-containing GTPase activating protein

1 (IQGAP1) in the regulation of a local actin shell that surrounds an endosomal

compartment that localizes to the basal cortex of epithelial cells. IQGAP scaffolds

are large, multi-domain proteins that function at the interface between cell signaling

and cytoskeletal regulation, and have been described as potential coordinators of

membrane signaling / dynamics and cytoskeletal regulation in several settings. The

best studied isoform IQGAP1 is expressed ubiquitously and known to participate

in a wide range of important biological processes including cell adhesion [Kuroda,

1998], motility [Choi et al., 2013], cytokinesis [Adachi et al., 2014,Bielak-Zmijewska

et al., 2008], cell polarization and orientation in tissues [Bañón-Rodríguez et al., 2014],

exocytosis [Kimura et al., 2013, Rittmeyer et al., 2008], and phagocytosis [Brandt

et al., 2007]. The domain organization of IQGAP1 is highly conserved across the

IQGAP family. It consists of an amino-terminal calponin homology domain (CHD)

followed by six repeats of a 50-amino acid sequence (repeats domain), a WW domain

that contains two tryptophan residues, four isoleucine and glutamine IQ motifs, a

RasGAP related (GRD) and a RasGAP C-terminal domain [LeCour Jr. et al., 2016].

These domains interact with a spectrum of surface membrane receptor, signaling,

and cytoskeletal regulatory proteins, and are capable of binding directly with actin

filaments [White et al., 2012,Abel et al., 2015].

The multi-domain structure of IQGAP1 should enable multiple modes of actin

regulation. Although it does not have GTPase-activating protein (GAP) activity,

IQGAP1 binds to and stabilizes the active (GTP-bound) forms of the Rho fam-



47

ily GTPases RAC1 and CDC42 through the GRD domain. These associations have

been reported to be sensitive to Ca2+ / Calmodulin signaling, indicating potential for

crosstalk between the functions of the IQ and GRD domains [Watanabe et al., 2015].

In addition to these ubiquitous cytoskeletal regulators, IQGAP1 is known to interact

with potent actin nucleation / polymerization proteins including the actin-related

proteins (Arp) 2/3, which generate branched actin networks, and the Diaphanous-

related formin, Dia1, which processively catalyzes the addition of actin groups to

barbed ends through their formin homology (FH) domains [Brandt et al., 2007]. Do-

mains in the N-terminal and C-terminal regions of IQGAP1 have also been shown to

interact directly with actin filaments in vitro. The CHD domain has been reported

to bind actin and influence filament bundling behaviors [Fukata et al., 1997]. The

C-terminal half of IQGAP1 can also directly cap barbed ends of actin filaments and

inhibit actin polymerization [Pelikan-Conchaudron et al., 2011]. The identification

of these interactions and activities has provided important insights into the regula-

tory functions of IQGAP1. Nevertheless, despite this success, it is also not clear if

these activities are mutually exclusive and context-dependent, or whether IQGAP1

can employ multiple actin regulatory interactions within a more complex cytoskeletal

regulatory network. Moreover, the challenges associated with visualizing the dynam-

ics of local actin structures and regulatory processes present substantial barriers to

characterizing the dynamic spatio-temporal properties of IQGAP1 and its mode(s)

of action within in local cytoskeletal regulatory networks, limiting abilities to re-

solve mechanisms describing the coordinating roles IQGAP1 plays in cytomechanical

processes.

Herein, we employ a series of high-resolution imaging techniques to examine func-

tional relationships between IQGAP1, actin, and membrane dynamics within a novel
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endosomal compartment that localizes selectively to the basal cortex of the non-

tumorigenic human mammary epithelial cell line, MCF-10A. The compartments con-

tain several IQGAP1 interaction partners and exhibit prominent interactions with

recycling endosomes, indicating they function as endocytic sorting stations for ad-

herens junction proteins and other cell surface receptors. High-resolution confocal

and super-resolution imaging show that IQGAP1 colocalizes with bundles of actin

within the actin shell that surrounds the internal membrane core of the compart-

ments. Live-cell analyses of the hierarchy and timing of IQGAP1, actin, compartment

membrane, and membrane proteins indicate IQGAP1 helps regulate the growth, sta-

bility and disassembly of the actin shell, and, in turn, the processing and dispersal of

its internal vesicular components. We discuss how observations of significant nega-

tive correlations between IQGAP1 localization and actin growth at minute timescales

and prominent positive correlations between IQGAP1 and the exocyst complex pro-

tein Exo70 across a range of timescales raise the possibility for a mechanism that

relies on the coordinated activities of multiple IQGAP1 domains, and highlight the

utility of these compartments for imaging-based structural and dynamic analyses of

IQGAP1-dependent regulatory networks.

2.2 Results

2.2.1 IQGAP1 localizes to distinct compartments in the basal cortex of

MCF-10A cells

IQGAP1 localization patterns were evaluated in monolayers of MCF-10A cells via a

suite of multi-color epifluorescence, confocal, and 3D super-resolution imaging proce-

dures (Figs 1, S1). In each case, IQGAP1 was found to selectively colocalize at lateral
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Figure 2.1 : STORM and confocal images showing IQGAP1 localizes to a specialized actin
compartment in the basal cortex of epithelial MCF-10A cells. 3D STORM images of IQ-
GAP1 (A) and actin (B) acquired via an erasable immunofluorescence imaging procedure
and sequential rounds of STORM. The color scale represents axial (z)-position of the single-
molecule centroids. (C) Spatial map of calculated cross-correlation coefficients (�) between
IQGAP1 and actin. Similar positive correlations are seen in compartments (� ⇡ 0.5) and
cell-cell junctions (0.2-0.5). Nearby filamentous actin structures display much lower cor-
relations (� < 0.1). (D) Epifluorescence image of a transiently expressed IQGAP1-EGFP
construct. (E-H) Confocal images of immuno- and phalloidin stained IQGAP1 (green) and
actin filaments (red). Scale bars for the STORM and confocal images are 10 and 5 µm ,
respectively. STORM images (A-C) are representative of observations in 15 cells. Addi-
tional examples are shown in Fig. S3. Live-cell images (D) represent several hundreds of
cells examined in many independent experiments. Confocal images (E-H) are representative
images containing 15 cells.
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cell-cell junctions with the adherens junction proteins E-cadherin and b-catenin, in

addition to actin, as expected (Fig. S1). Super-resolution analyses were performed

using stochastic optical reconstruction microscopy techniques (STORM) [Xu et al.,

2012]. IQGAP1 and actin were imaged sequentially in the same cells via an erasable

immunofluorescence staining procedure [Duose et al., 2012,Schweller et al., 2012,Zi-

mak et al., 2012] and consecutive rounds of three-dimensional STORM microscopy.

Overall, this approach shows that IQGAP1 co-localizes with a very compact band of

actin filaments at cell-cell junctions, but displays little to no associations with other

nearby actin structures.

Epifluorescence imaging, STORM and 3D confocal imaging also all revealed that

IQGAP1 localizes to a second actin-containing compartment within the basal cortex

of MCF-10A cells (Figs 1, 2, S1, S2, S3). Large field of view epifluorescence images of

immunostained endogenous IQGAP1 show that 63% of cells (70 / 111) have compart-

ments (Fig. S4). The number of compartments per cell is broadly distributed, with

a mean (s.d.) of 3.6 ± 5.9 compartments per cell. Analysis of compartment number

in cells stably expressing FusionRed-IQGAP1 showed that compartments were found

in 70% (176 / 270) of cells with a mean (s.d.) of 4.9 ± 7.2 compartments per cell.

The increase in the mean number of compartments per cell with exogenous IQGAP1

expression was not significant (p > 0.05, Welch’s t-test).

Compartment sizes were estimated from epifluorescence image data to avoid the

potential effects of sectioning artifacts and to enable surveys of large numbers of cells.

These analyses yielded root mean squared diameters of 1.18 ± 0.25 µm; mean ± s.d.

(Fig. S5). Confocal imaging yielded multiple examples of larger (⇠2 µm in diameter)

compartments in which it was possible to resolve that IQGAP1 localizes to a hollow

actin shell that surrounds the compartment core (Fig. 1G, H, Fig. 3B). The role of
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Figure 2.2 : Structural analyses of the basal IQGAP1 / actin compartments. (A, B) Multi-
plexed STORM super-resolution images of actin (cyan) and IQGAP1 (red). Insets: Zoomed
regions and corresponding image maps of cross correlation coefficients are displayed. (C)
Total internal reflection fluorescence (TIRF) image of IQGAP1-YFP and microtubules la-
beled using an EMTB-mCherry construct incorporating the microtubule binding domain of
ensconsin. (D) IQGAP1 compartments are also found to reside in voids of the Endoplasmic
Reticulum stained with lysotracker Red. STORM images (A, B) are representative of hun-
dreds of compartments in 15 cells. (C, D) are representative of 6 and 5 cells, respectively.
Scale bars: 5 µm (1 µm for insets A, B).



52

this shell in membrane / endosome traffic is examined below. The STORM images

indicate that the actin shell is composed of short and linear filament bundles of actin

that appear to be similar in size to the compartments (Fig. 2A, B). Anti-IQGAP1

antibodies were also found to decorate individual filament bundles, indicating IQ-

GAP1 interacts either directly with actin or associates indirectly via specific actin

binding proteins. Spatial cross-correlation analyses of IQGAP1 and actin localization

at these compartments (see Methods Section) reflect this selective association, and

notably yield near equivalent cross-correlation values to those found within cell-cell

junctions (� ⇡ 0.2-0.5), indicating that IQGAP1 has a similar propensity to colocalize

with actin in both regions.

Finally, live-cell analyses of IQGAP1 compartments indicate that their mobility

is highly restricted (Fig. S6, Movie 1). Individual compartments largely remained

in place in live cell movies, yielding net sub-diffusive behavior over 30-minute time

periods. Their motion appeared to be primarily influenced by whole cell morpho-

logical changes. This lack of mobility could be derived from their actin coating.

Alternatively, live-cell total internal reflection (TIRF) microscopy also shows that

the IQGAP1 compartments tend to occupy local voids within microtubule networks

(Figs 2C, S7). They also similarly appear in regions that exclude the endoplasmic

reticulum (ER) (Fig. 2D, S7), indicating the microtubule cytoskeleton and the ER

may also potentially contribute to their local confinement.

2.2.2 Basal IQGAP1 compartments are unique to polarized epithelial

cells

The basal localization of the compartments indicates that they may either depend on,

or even function to support, the apical-basolateral epithelial polarization of the MCF-
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Figure 2.3 : Basolateral IQGAP1 compartments are unique to polarized epithelial cells. (A)
Epifluorescence and STORM images of cells with disrupted epithelial polarity via incubation
with TGF-b1 and TNF-a in cell culture for 24 hours (top row) and control cells (bottom row).
Basal IQGAP1 structures are not found in treated cells via STORM images (middle column),
when used to image a 1 µm section near the basal cortex of the cells. (Right column)
Pronounced actin stress fibers polarized along the long axis of the cell are specific to cells
incubated with TGF-b1 and TNF-a. Scale bars: 10 µm. (B) A 3D confocal image showing
that large IQGAP1 compartments are absent in cells incubated with TGF-b1 and TNF-a in
cell culture for 24 hours (top row); instead, y-z slices and corresponding line-intensity plots
show that small IQGAP1 puncta that localize to actin stress fibers on the apical cortex
are observed. Basal compartments can be found in control cells that were cultured without
TGF-b1 and TNF-a (bottom row). For larger compartments it is possible to resolve that
IQGAP1 and actin localize specifically to the outer surface of basal compartments (Indicated
by arrow). Three confocal image stacks were taken for the TGF-b1 TNF-a treated cells, each
of which contained numerous apical IQGAP1/actin punctae. Control images representative
of 15 epithelial cells in 12 3D confocal images. Scale bars: 10 µm.
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10A cells. This issue was further investigated by characterizing IQGAP1 trafficking

in MCF-10A cells that were driven through an epithelial to mesenchymal (EMT)-like

transition by culturing cells in media supplemented with the growth factors TGF-

band TNF-a (Fig. 3A; Fig. S8). Immunostained IQGAP1 compartments could

not be found in the basal cortex of these cells using TIRF / STORM or confocal

microscopy. Instead, small IQGAP1-positive particles appear to associate strongly

with stress fibers on the apical side of the cells as a result of EMT. These associations

are clearly visible in line intensity profiles from confocal sections (Fig. 3B). These

results indicate the basal localization of the IQGAP1 compartments is unique to the

epithelial state.

2.2.3 IQGAP1 compartments function at the intersection of cadherin

junction protein endocytosis and recycling

Considering the known role of IQGAP1 in adherens junction organization and dy-

namics, we next performed a surface antibody internalization assay [Paterson et al.,

2003] to examine whether the compartments participated in E-cadherin trafficking

(Fig. 4A; Figs S9, S10). Anti-E-cadherin antibodies raised against the extracellular

domain of E-cadherin were incubated with MCF-10A cells for 1 hour at 4 �C. The

cells were then either washed to remove unbound antibodies, fixed, and imaged imme-

diately, or washed, incubated at 37 �C to allow for trafficking, and then subsequently

acid stripped to remove the surface-bound antibodies prior to fixation and imaging.

The resultant images show that the E-cadherin antibodies traffic to the IQGAP1 pos-

itive compartments. The internalized E-cadherin antibodies are also notably found to

localize to many additional small, IQGAP1-negative puncta, which we presume are

other endosomal compartments that contribute to E-cadherin traffic but don’t asso-
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Figure 2.4 : Basal IQGAP1 compartments participate in E-cadherin endocytosis and re-
cycling (A) E-cadherin trafficking was probed via an antibody internalization assay that
employs an antibody that targets the extracellular domain of E-cadherin. The top row of
images (i) display cells that were incubated with antibodies at 4 �C, and then immediately
washed to remove unbound antibodies, fixed and stained for immunofluorescence imaging.
E-cadherin internalization was examined in rows ii and iii, using cells that were either washed
and acid stripped and fixed immediately to remove unbound and surface-bound antibodies
(ii), or after 60 minutes at 37°C to also allow time for receptor internalization (iii). The
immunofluorescence images in row iii of the internalized E-cadherin antibodies and IQGAP1
display significant colocalization between the two markers within the basal compartments.
After the 60 minute incubation period, E-cadherin was found to localize to 18 out of 62
(29%) of compartments in 13 cells. Additional IQGAP1-negative vesicles were also observed
(white arrows). (B) Live-cell time-lapse analyses of the transient localization of Rab11-GFP
labeled recycling endosomes at the peripheries of basal compartments labeled with RFP-
IQGAP1 (green). Single snapshot images, as well as sums of pixel intensities for Rab11 over
61 images in a movie (30 min) are shown. These images represent movies of 8 cells in 3
independent experiments by two experimenters; an additional example is provided in Movie
2 and Fig. S11. All scale bars = 10 µm
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ciate with IQGAP1 (white arrows in Fig. 4A, panel iii). In addition, a separate set of

immunofluorescence imaging experiments showed that other adherens junction pro-

teins N-cadherin, b-catenin, and cell surface receptors CD44 also localize to the basal

IQGAP1 compartments (Fig. S1). Of interest, E-cadherin, b-catenin, and CD44 were

often found within discrete puncta located at the compartment periphery. By con-

trast, the adhesion receptor CD49f (Integrin a6), did not display strong colocalization

with IQGAP1 compartments (Fig. S1).

To further probe the role of the compartments in endocytic pathways, we also

examined whether the IQGAP1 compartments co-localized with fluorescent protein

constructs that are commonly used as markers to identify early endosomes (Rab5),

late endosomes (Rab7), recycling endosomes (Rab11), and autophagosomes (LC3).

We also stained for lysosomes and other acidic organelles with the fluorescent dye

LysoTracker Red (Fig. 4B, Fig. S11). Finally, we also examined IQGAP1 colocaliza-

tion with WASH (Fig. S12), an endosome-specific actin regulatory protein that has

been shown to regulate endosome shape and traffic [Duleh and Welch, 2010]. None

of these markers were found to label the IQGAP1 compartments directly. However,

time-lapse imaging did reveal significant associations between the basal IQGAP1

compartments and Rab11 positive endosomes (Figs 4B, S11, Movie 2). Punctate

GFP-Rab11 particles appears to exhibit prominent kiss-and-run interactions. The

specificity of these transient interactions is apparent in images constructed by sum-

ming pixel intensities from movies, which display clear rings of Rab11 intensity that

almost entirely surround the IQGAP1 compartments. Rab11 image contrast at the

peripheral membrane also notably increases in the summed images. Both of these

behaviors appeared to be unique to Rab11.The remaining Rab and lysosomal mark-

ers did not display similar interactions (Movies 3, 4, 5). While occasional transient
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associations with Rab5 and Rab7 positive endosomes are observed, it is possible that

these associations simply reflect random colocalization events. Negligible associations

were also found with LC3 labeled autophagosomes (Fig. S11). Overall, we interpret

these data to indicate that, although the IQGAP1 compartments do not present clas-

sical endosomal markers directly, they participate in the vesicular trafficking of cell

junction proteins and exhibit prominent interactions with recycling endosomes.

2.2.4 Basal IQGAP1 compartments present multivesicular endosome mark-

ers and contain membrane tethering and sculpting machinery

The role of the IQGAP1 compartments in membrane traffic was further investigated

via a series of labeling experiments that examined IQGAP1 associations with reagents

that stain plasma and endocytosed membrane, classical endosomal markers, as well as

membrane-associated proteins that have known roles in endosomal membrane process-

ing and multivesicular endosome dynamics (Fig. 5). Plasma / endocytosed membrane

was examined by transfecting MCF-10A cells with an EGFP-IQGAP1 construct and

then incubated with Alexa Fluor 647-conjugated wheat germ agglutinin (WGA), a

lectin that labels the plasma membrane and vesicles internalized via the endocytic

pathway [Cresawn et al., 2007]. IQGAP1 was also cotransfected with a YFP-CAAX,

that contains the membrane localization sequence of H-Ras (GCMSCKCVLS) to fa-

cilitate targeting to the inner plasma-membrane leaflet. Despite the lack of colocal-

ization by endosomal Rab markers described above, both membrane staining methods

show significant colocalization with compartmental IQGAP1 (Fig 5A). Yet, the YFP-

CAAX construct displayed somewhat more selective colocalization within IQGAP1

compared to the WGA, as indicated by calculations of the Manders’ overlap coeffi-

cients [Dunn et al., 2011]. Here, the M1 coefficient, the fraction of IQGAP1-postive
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Figure 2.5 : IQGAP1 compartments present multivesicular endosome markers and contain
membrane processing machinery (A) Live-cell images show that IQGAP1 compartments
colocalize with various multivesicular-endosome-associated proteins. For the live-cell mem-
brane stain, Alexa-647 conjugated WGA was used in place of a transfected construct. Images
were processed via 7 pixel rolling ball background subtraction in ImageJ. Scale bars: 10 µm.
(B,C) M1 and M2 Manders’ overlap coefficients representing the fraction of IQGAP1 that
overlaps with marker X (M1), and fraction of marker X that overlaps with IQGAP1 (M2)
(Dunn et al., 2011). Coefficients were calculated using the Coloc2 plugin for ImageJ and
averaged across 5 cells for each marker pairing (error bars = s.d.). Only pixels within the
boundary of the cell were considered. Marker expression at cell-cell junctions was excluded;
hence, for IQGAP1 a vast majority of the pixels above background were contributed by
basal compartments. Statistics for the colocalization analysis are presented in Table S1.
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pixels also that also possess positive WGA- Alexa647 or YFP-CAAX signals are quite

similar, whereas the M2 coefficient, the fraction of WGA- Alexa647 or YFP-CAAX

that also display positive IQGAP1 signals differed since more significant overlap is

found with the YFP-CAAX construct (Supporting Table 1). This difference appears

to stem from the trafficking of the WGA-Alexa647 stain. In this case, substantial

numbers of WGA-Alexa647 but IQGAP1-negative vesicles appear to accumulate in

the perinuclear space and near the compartments (Movie 6).

We next examined the colocalization of IQGAP1 with several membrane-associated

proteins that have known roles in endosomal membrane processing and multivesicular

endosome dynamics. IQGAP1 was first co-transfected with a construct containing

an enhanced green fluorescent protein (EGFP) gene fusion to the tetraspanin protein

CD63 (Fig. 5). Although its precise functions remain undetermined, CD63 is known

to be enriched in late endosomes, lysosomes, and exosomes, as well as the intralumi-

nal vesicles of multivesicular bodies (MVBs) [Pols and Klumperman, 2009] [Beatty,

2006]. The CD63-EGFP construct exhibited diverse punctate staining patterns and

was found to localize to both IQGAP1-positive and negative compartments within

in the same cells. As a result, the M1 and M2 coefficients followed similar behavior

found with the WGA Alexa647 stain. The CD63-EGFP also tended to notably be

dimmer within the IQGAP1 compartments compared to other punctate structures.

Much more selective colocalization with surface membrane and compartmental IQ-

GAP1 was found upon co-expression of IQGAP1 with an EGFP-tagged subunit of

the exocyst complex, Exo70, an EGFP-labeled construct for charged multivesicular

body protein 6 (CHMP6), or a YFP-tagged ADP-ribosylation factor 6 (ARF6) (Fig.

5), particularly for Exo70 and ARF6, which displayed the highest Manders’ overlap

coefficients in the series (M1 or M2 >0.8). Although additional analyses are likely
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ultimately required, all of these associations suggest there may be potential roles for

membrane sculpting and processing machinery within the compartment. Exo70 has

been found to function as a tether for Rab11-positive recycling endosomes at the

plasma membrane [Takahashi et al., 2012]. It has also been shown to be capable

of generating negative membrane curvature presumably via an oligomerization-based

mechanism [Zhao et al., 2013]. CHMP6 is a key component of the ‘endosomal sorting

required for transport’ complex III (ESCRT-III), a complex that plays a central role

in the formation and sorting of proteins into MVBs [Henne et al., 2013]. ARF6 is

a small GTPase that is well known for its roles in membrane processing and signal-

ing [Donaldson, 2003].

2.2.5 IQGAP1 maintains compartment stability by constraining actin

polymerization

We next performed a series of multi-color live-cell imaging experiments to evaluate

dynamic relationships between IQGAP1, F-actin, and WGA-tagged membrane within

the basal compartments via transient co-transfection of YFP-IQGAP1, F-Tractin-

mTurquoise2, and staining with WGA-Alexa647 (Fig. 6). These experiments showed

that the compartments are quite dynamic despite their restricted lateral mobility.

Compartments were commonly found to appear and disappear during the course of

movies (Movie 1). Significant and rapid IQGAP1 intensity fluctuations were also

observed on sub-minute timescales (Movie 7). The lifetimes of the IQGAP1 signals

at the compartments also varied considerably and were cell dependent. The vast

majority of compartments remained intact for 90 min or less in some cells, while they

appeared to persist over the course of much longer 5-10 hour movies in others (Movie

6). While the mechanistic source of this heterogeneity is difficult to discern at this
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Figure 2.6 : IQGAP1 and actin dynamics at compartments are coupled with the evolu-
tion of the membranous core (A) Live-cell analyses of cells co-transfected with F-Tractin-
mTurquoise2 and YFP-IQGAP1, and incubated with WGA-A647 membrane stain. Images
and corresponding intensity-time traces are displayed for events where compartments assem-
bled and disassembled. Intensities correspond to the summed intensity of all pixels found
within a computationally-defined mask that marked compartment boundaries. (B) Plots
of average marker intensity as a function of time determined from nine distinct bursting
events from 5 different cells whose trajectories were aligned with respect to the peak of the
actin burst, then averaged. Shaded areas represent the mean +/-1 standard error (s.e.m.).
(C) Time-derivatives of the averaged traces shown in B. Traces were processed with an 11-
point (660 s) Savitzky-Golay low-pass filter before taking the derivative. Negative derivative
values for IQGAP1 further confirm its decline prior to the actin burst.
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time, we expect it to be related to differences in metabolic activity and the extent of

epithelial polarization.

The time-dependent intensities of YFP-IQGAP1, F-Tractin-mTurquoise2, and

WGA were also examined using image segmentation algorithms available in ImageJ

to define compartment boundaries. Pixel intensities were then summed to evaluate

the temporal dynamics and relative timing of marker trajectories. Compartments

were imaged at 30 or 60 second frame rates over periods of 1-2 hours since this op-

timized detection of intensity fluctuations, particularly in the actin channel, while

permitting a sufficiently long observation window to visualize compartment assembly

and disappearance. IQGAP1, actin and WGA signals were generally found to rise

together over a period of approximately 30 min during the assembly of compartments

(Fig. 6A, top panel). The most striking IQGAP1 - actin - WGA responses, however,

occurred during compartment disassembly, which was often preceded by a large burst

in actin intensity that lasted a few minutes (Fig. 6A, bottom panel; Fig. S13; Movie

8). The resultant expanded actin shell was found to subsequently depolymerize, dis-

appearing nearly as rapidly as the burst of polymerization. We also observed multiple

examples where the central WGA-Alexa647 stained membrane core of the compart-

ment appeared to break up into multiple small vesicles. The resultant smaller vesicles

often moved too quickly to be tracked at the present frame rates. Not all actin bursts

resulted in compartment disassembly, as similar actin bursts also occurred during

periods in between compartment assembly and disassembly (Fig. S13). The disper-

sion of WGA-Alexa647 positive vesicles was not detected during these events. Yet,

all bursting events were preceded by a decrease in IQGAP1 intensity that appears

to be sustained throughout the duration of the burst. This temporal relationship

is apparent upon visual inspection of individual intensity trajectories, as well as in
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averages of normalized time-intensity traces where the actin intensity peak during the

burst was used to register the busting events in time (Fig. 6B). Time derivatives of

these averages also reflect a clear decline in IQGAP1 intensity prior to and during the

actin burst (Fig. 6C). In contrast, averaged WGA-Alexa647 signals remained con-

stant on average before and after the burst, while the WGA signals dropped during

the bursting event, signifying a loss of membrane components (Fig. 6B).

These results clearly show that compartment-specific IQGAP1 and actin levels

are anti-correlated during actin bursts, and are potentially indicative of an antag-

onistic interaction between IQGAP1 and actin. To further probe this interaction,

we next examined whether IQGAP1 and actin exhibited anti-correlated intensity re-

lationships at other stages in the compartment life cycle. Inspection of time-lapse

movies indicated that IQGAP1 and actin intensities fluctuated appreciably when

compartments persisted in between assembly and disassembly events (Fig. 7A), and

we found various trajectories from multiple cells and independent experiments where

IQGAP1 and actin intensities clearly appeared to be anti-correlated during this ‘per-

sistence’ phase (Fig. S13A). While this was not always the case, a quantitative

analysis of the temporal correlations between IQGAP1 and actin intensities (Fig. 7)

demonstrates that the two markers are indeed anti-correlated on minute timescales

on average. Yet, IQGAP1-actin cross-correlations switch from negative to positive

values at longer (>1-hour) timescales. Overall, the temporal dependence of IQGAP1-

actin cross correlation coefficients reflects that, while IQGAP1 and actin fluctuate in

an anti-correlated fashion at fast timescales, the intensities of both markers gener-

ally grow and shrink with one another on long timescales as the compartments form

and disassemble. By contrast, IQGAP1 and WGA intensities as well as actin and

WGA intensity correlate positively at all timescales. We interpret the latter behav-
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Figure 2.7 : Temporal correlations between marker intensity fluctuations indicate IQGAP1
may play both protagonistic and antagonistic roles in the dynamics of compartmental actin
(A) The image-time series and corresponding intensity-time trajectories for IQGAP1, actin
and WGA. Anticorrelated intensity fluctuations between IQGAP1 and actin can be seen
within the image series and traces. Image data were processed identically to those in Fig
6. (B) Illustration of the frequency-dependent high-pass filtering to examine temporal cor-
relation among markers, as described in the methods section. (C) The normalized cross-
correlations between IQGAP1/Actin, IQGAP1/WGA, Actin/WGA, IQGAP1/Exo70 and
Actin/Exo70 using the resulting traces from the procedure in B. Shaded areas represent
the average correlation value +/- 1 s.e.m (19 compartments from 4 cells were analyzed for
IQGAP1/Actin/WGA, 35 compartments from 5 cells for IQGAP1/Exo70, and 123 compart-
ments from 11 cells for Actin/Exo70).



65

iors to mean that IQGAP1 recruitment may stabilize the compartment, potentially by

crosslinking and stabilizing the filament network. Yet, IQGAP1 also appears to play a

second, concurrent antagonistic role that restricts local actin polymerization around

the compartment. Together, these behaviors appear to contribute to a regulatory

mechanism where compartment assembly and disassembly appears to be controlled

by momentary losses of IQGAP1 and transient bursts of actin polymerization.

2.2.6 Timing of Exo70, CHMP6 and IQGAP1 signals

We next examined the temporal relationships between IQGAP1 and the membrane-

associated proteins Exo70 and CHMP6. Live-cell imaging shows that the ESCRT III

complex protein CHMP6 was retained on compartment vesicles even after disassoci-

ation of IQGAP1 (Fig. 8A). Moreover, similarly to movies of the WGA membrane

stain, multiple small, CHMP6-positive vesicles appeared to be released from the com-

partment in these instances (Movie 9). We also found examples where a subset of

CHMP6-bearing vesicles was trafficked to a different IQGAP1-positive compartment,

while other vesicles from the original compartment appeared to re-acquire new IQ-

GAP1 signal (Fig. 8B).

Finally, to gain insights into IQGAP1 - membrane interactions we performed

cross-correlation analyses of IQGAP1 and Exo70 intensities (Fig. 7C). In contrast to

IQGAP1 actin trends, these two markers are strongly positively correlated on long

timescales, with a decreasing trend towards faster timescales. However, correlation

plots of IQGAP1 versus Exo70 intensities indicate the associations underlying these

correlations depend on whether compartments are assembling or are in the process

of disassembling. Here, time-dependent intensities of Exo70 were generally found

to increase linearly with increasing IQGAP1 signals during compartment assembly
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Figure 2.8 : IQGAP1 and Exo70 and CHMP6 localize and dissociate to and from com-
partments via distinct mechanisms (A and B) Images from a movie showing a CHMP6-
GFP construct is retained on highly motile vesicles that are released upon dissociation
of FusionRed-IQGAP1 (compartment disassembly). The images in B also show the traf-
ficking of CHMP6-positive vesicles to a neighboring IQGAP1-positive compartment, and a
slow re-acquisition of IQGAP1 around CHMP6-positive vesicles that remain near the orig-
inal compartment. (C) MCF-10A cells were co-transfected with FusionRed-IQGAP1 and
EGFP-Exo70. Movie frames and corresponding marker intensity traces during compartment
assembly show that IQGAP1 and Exo70 intensities rise proportionally, yielding a linear re-
lationship when IQGAP1 signal is plotted vs Exo70. (D) Loss of IQGAP1 precedes that
of Exo70 during compartment disassembly, resulting in downward concave curvature in IQ-
GAP1 vs Exo70 intensity plots. Plots for C and D were generated from 14 traces / 5 cells,
and 15 traces / 3 cells, respectively. Scale bars for C, D, A = 2 µm; B = 10 µm.
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(Fig. 8C). However, Exo70 tended to dissociate either with or after IQGAP1 dur-

ing compartment disassembly (Fig. 8D), with near equal frequency (7/14 events vs

6/14 events, respectively). In the latter cases, IQGAP1 intensities decreased faster

than Exo70 levels, yielding non-linear, downward concave curvature when IQGAP1

is plotted as a function of Exo70 intensity.

2.3 Discussion

The multi-domain scaffold IQGAP1 is recognized increasingly for its abilities to func-

tion at key nodes within signaling pathways and orchestrate the activities of mem-

brane receptors, both membrane and intracellular signaling molecules and cytoskeletal

proteins [Choi et al., 2016,Jacquemet et al., 2013]. Yet, despite numerous examples of

roles in local cytoskeletal mechanics, the subcellular spatial and temporal dynamics of

IQGAP1 have not been investigated in significant detail, limiting abilities to construct

mechanistic pictures describing how local signaling and cytoskeletal dynamics are co-

ordinated within and around these structures. This study outlines the discovery that

IQGAP1 helps regulate the assembly and disassembly of an actin shell that selectively

surrounds an endosomal compartment that localizes to the basal cortex of MCF-10A

epithelial cells. Immunofluorescence and live-cell imaging demonstrate that multiple

membrane markers, membrane receptors and membrane trafficking proteins associate

with IQGAP1 within these compartments, many of which are known to interact with

IQGAP1 in other subcellular settings. We interpret these data to indicate that the

compartments function as local endosomal sorting stations and likely participate in

membrane and / or membrane protein recycling. Notable behaviors reflecting this

function include IQGAP1 colocalization with the exocyst complex component, Exo70

and the GTPase ARF6, and observations of prominent associations / kissing inter-
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actions between the compartments and Rab11-positive recycling endosomes. Over-

all, the basal localization, restricted mobility and relatively short life-cycle of these

compartments, along with the strong actin signals and ability to visualize multiple

compartments simultaneously within individual cells, provide unique opportunities

to characterize local IQGAP1 and actin dynamics via multiple precision microscopy

approaches. We generally find that these properties minimize potential ‘interference’

by the non-local / background actin dynamics within the rest of the cell, alleviating

issues that can confound spatio-temporal analyses of organelle-specific actin networks

in other cellular settings.

While epifluorescence and high-resolution confocal imaging indicate that actin

forms a shell that surrounds the central membrane core of the compartments, super-

resolution image analyses using STORM demonstrate that IQGAP1 associates with

bundled actin filaments within this shell. This organization is quite different from

the discrete patches of actin that have been shown to assemble on certain classes of

endosomes via Arp2/3 - WASH dependent mechanisms [Derivery et al., 2009,Seaman

et al., 2013]. These local, endosome-specific networks have been proposed to provide

a structural framework to assemble local signaling networks. They presumably also

help facilitate local force generation during the production or scission of endosomal

tubules. While it is certainly possible that the actin shell of the present endosomal

compartments also contributes to local signaling and membrane mechanics, we believe

our data is consistent with a protective function, where the actin shell both confines

the membrane components to the basal actin cortex and shields them from interac-

tions with other endosomal compartments, as we found a number of instances where

multiple small endosomes emerge from the compartment and are dispersed rapidly

upon actin shell disassembly.
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Interestingly, dynamic live-cell imaging data also provides evidence that IQGAP1

regulates the stability of the actin shell by harnessing a combination of supportive and

antagonistic interactions with actin. Fluorescent signals from IQGAP1, actin, and

WGA-stained membrane were found to rise together on average as the compartments

are assembled. IQGAP1 was also retained until the compartments began to disas-

semble and their internal membrane vesicles were released. However, compartment

disassembly surprisingly involved the rapid and seemingly unconstrained growth of

the actin shell. These brief events were preceded by a significant decrease in the total

compartmental IQGAP1 signal. While similar actin bursting events were also ob-

served that did not appear to be associated with complete compartment disassembly,

IQGAP1 intensities decreased prior to these events as well. Moreover, we found many

instances where IQGAP1 and actin fluctuations appeared to be negatively correlated

within compartment intensity trajectories and IQGAP1 and actin cross correlation

coefficients were negative at intermediate timescales. Together, these observations

and the IQGAP1 decoration of actin bundles in STORM images support a regula-

tory mechanism where IQGAP1 simultaneously plays both a stabilizing role to help

maintain the shell integrity and an inhibitory role to restrict actin polymerization.

A next operative question will be how IQGAP1 coordinates the activities of its

multiple domains to exhibits such complex and multifaceted behavior. Prior analyses

of IQGAP1 actin interactions provide some clues. While the N-terminal calponin

homology domain (CHD) of IQGAP1 has been shown to bind actin, and multiple

domains including the CHD, IQ and GRD domains have been proposed to support

IQGAP1 dimerization / multimerization under certain conditions [LeCour Jr. et al.,

2016, Liu et al., 2016, Ren et al., 2005a]; although this behavior remains controver-

sial [Nouri et al., 2016]. Nevertheless, IQGAP1 dimerization or higher-order mul-
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timerization could potentially support actin crosslinking, bundling and stabilization

of the actin shell. There is also evidence that IQGAP1 recruitment could poten-

tially inhibit further actin polymerization within the shell. The C-terminus of IQ-

GAP1 has been shown to function as an actin capping protein and to block actin

growth in vitro by preferentially binding ADP-actin subunits at the barbed end of

filaments [Pelikan-Conchaudron et al., 2011]. IQGAP is also known to function as an

important regulator of Rho family GTPases through its GRD domain [Fukata et al.,

1997, Watanabe et al., 2015]. These associations could also potentially inhibit the

functions of actin nucleation promoting factors and elongation proteins. In either

case, controlled growth of the actin shell could then be achieved via momentary loss

of IQGAP1 to permit actin polymerization, and then reacquisition of IQGAP1 to re-

stabilize the structure. More significant and sustained loss of IQGAP1 could similarly

result in the large actin bursts during compartment disassembly. It is interesting to

note that this general model framework resembles a negative feedback network where

actin growth recruits IQGAP1 to inhibit further actin growth.

Finally, our observations that IQGAP1 and exo70 localization correlate positively

over a range of timescales highlights the possibility that IQGAP1 helps coordinate

actin and membrane dynamics within the compartment. IQGAP1 has been reported

to interact with the exocyst complex to help drive vesicle tethering in invadopodia

during tumor cell invasion downstream of GTPase signaling [Sakurai-Yageta et al.,

2008]. The N-terminus of IQGAP1 has also been shown to bind the exocyst / septin

complex and enhance polarized secretion in pancreatic b-cells [Rittmeyer et al., 2008].

In this case, over-expression of an IQGAP1 C-terminal domain containing the GRD

domain was found to inhibit secretion, indicating a link to GTPase signaling. It is

therefore quite possible that IQGAP1 operates within a broader regulatory circuit to
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coordinate exocyst-dependent membrane processing events with the dynamic growth

and disassembly of the actin shell. IQGAP1 has also been demonstrated to interact

with other significant membrane tethering and signaling proteins [Choi et al., 2016].

These interactions and the potential for IQGAP1 to occupy multiple functional states

within the endosomal compartments must certainly be considered. Nevertheless, we

believe that resolving mechanistic pictures of the complex regulatory framework will

ultimately require abilities to relate the dynamic functions of IQGAP1 domains to

those activities of actin and membrane regulatory proteins. We also anticipate the

endosomal compartments will constitute a useful platform for these analyses.

2.4 Materials and methods

Cell culture and fixation

MCF-10A human mammary gland cells were purchased from ATCC (CRL-10317) a

cultured in unfiltered MEGM without GA-1000 (Lonza, Texas, USA) supplemented

with penicillin, streptomycin, and ampicillin, and 100 ng/ml cholera toxin, unless

noted otherwise. Cells were trypsinized and then seeded onto fibronectin or matrigel

coated coverslips at partial confluency and incubated for a period of 24-72 hours. Cell

fixation was carried out using 4% paraformaldehyde in MEGM that did not contain

GA-1000 and bovine pituitary extract. Afterwards, cells were washed phosphate

buffered saline (PBS) and incubated in a solution of NaBH4 for 7 minutes to quench

the fixation reaction. After a final wash with PBS cells were permeabilized with 0.5%

triton-x 100 for 10 minutes.

Antibody staining procedures were performed as follows. Samples were incu-

bated in blocking buffer (BB) composed of Herring sperm DNA, bovine serum al-
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bumin (BSA), polyT-DNA, dextran, ampicillin, and NaN3, in PBS for at least

15 minutes. Primary antibodies were diluted in a PBS solution containing 10%

BB. Mouse primaries for b-catenin (Santa Cruz Biotechnology, California, USA; SC-

7963), E-cadherin (Santa Cruz Biotechnology, California, USA; SC-8426), N-Cadherin

(BD Pharmigen, California, USA; 561553), CD44 (BD Biosciences, California, USA;

BDB550392), and CD49f (BD Pharmingen, California, USA; 555734) were incubated

overnight, at room temperature at a final concentration of 2 µg/ml. Mouse anti-a-

tubulin (Sigma Aldrich, Missouri, USA; T6199-200ul) and rabbit anti-IQGAP1 (Santa

Cruz Biotechnology, California, USA; SC-10792) antibodies were incubated in block-

ing buffer for 1-2 hours at 37� at a concentration of 2 µg/ml. Selectivity of the

rabbit IQGAP1 antibody was tested via co-labeling with an exogenously expressed

mYFP-IQGAP1 construct (Fig. S2). Cells were washed 3 times with PBS to remove

unbound antibodies, and then incubated with secondary antibodies in blocking buffer

at 37�. IQGAP1 primaries were stained using goat anti-rabbit Cy3 (Life Technolo-

gies; A10520). All other primary antibodies were stained using goat anti-mouse Cy5

(Life Technologies; A10524). The samples were finally rinsed three times in a PBS

solution prior to imaging. Note, an alternative clone was tested to confirm selective

IQGAP1 localization to the compartments (Fig. S2).

Cell labeling and gene nucleofection and for live-cell analyses

Live-cell stains for the endoplasmic reticulum (ER), lysosomes, and lipid membranes,

(ER-Tracker Red, LysoTracker Red and WGA Alexa-647, respectively) were ob-

tained from Molecular Probes (Oregon, USA). Plasmids encoding for genes of the

following were purchased from Addgene (Massachusetts, USA): GFP-Rab11 WT

(plasmid #12674), DsRed-Rab7 WT (plasmid #12661) [Choudhury et al., 2002],
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mCherry-Rab5 (plasmid #49201) [Friedman et al., 2010] EMTB-mCherry (plasmid

# 26742) [Miller and Bement, 2009], CHMP6-GFP (plasmid # 31806) [Guizetti et al.,

2011] , EGFP-Exo70 (plasmid # 53761) [Martin et al., 2014], CD63-pEGFP C2 (plas-

mid # 62964), EGFP-IQGAP1 (plasmid # 30112) [Ren et al., 2005b], FusionRed-

Lifeact (plasmid # 54778) [Shemiakina et al., 2012]. The IQGAP1 and F-tractin

structural genes were amplified by high-fidelity PCR to generate expression constructs

with different fluorescent protein dyes, permitting multicolor microscopy with the dif-

ferent marker constructs listed above. The resultant gene fusions were inserted into

custom-designed vectors that were engineered to support their subsequent assembly

into larger, multiple gene vectors as described by [Guye et al., 2013].

Cells were passaged 48-72 hours before the day of nucleofecting. For one sample,

0.5 x 106 cells were pelleted and resuspended in 100 µL of supplemented Nucleofector

Solution T (Lonza, Texas, USA). 100 µL of this mixture was added to approximately

2 µg of plasmid DNA. For transfections with two constructs, 1.5 µg of each was used.

Samples were electroporated using a Nucleofector 2b device (Amaxa) set to program

T-024. Nucleofected cells were resuspended immediately in pre-warmed, complete

MEGM and allowed to recover overnight before being seeded onto coverslips coated

with Growth Factor Reduced Matrigel (Corning). Live-cell imaging was conducted

24 hours after seeding.

Epifluorescence and confocal microscopy

Epifluorescence images were acquired using a Nikon Eclipse Ti-E microscope using

60x NA 1.4 oil, 40x NA 0.95 air and 20x NA 0.5 air objectives and a 14-bit depth

EMCCD (Luca, Andor). Images are presented without any processing, except for

the following images, which were background subtracted with a 7 pixel rolling ball
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algorithm in ImageJ: Figure panels 2D, 4B (“30min ⌃” and Rab11 channel in “Merge”

image only), Figs 6, 7, 8, Figs S11 and S12 (“Sum” panels), and Movies 2, 3, 4, 5, 6, 8,

9, and lastly, Fig. S5 for which background subtraction was performed in MATLAB

(Mathworks, Massachusetts, USA) as described in the caption.

All confocal imaging was performed using a Leica SP8 laser scanning confocal

microscope with a 100x 1.45 NA objective. Multi-channel images were acquired by

sequential scanning. Data was acquired with LASAF software and exported to ImageJ

for analysis.

Time-lapse analyses of compartment dynamics

Time traces of marker intensities (IQGAP1, Actin, WGA) within a compartment

were generated using image segmentation algorithms available in ImageJ to define

the boundaries of compartments, and thus, image masks that could be used to for

subsequent intensity analyses. Masks were generated for each frame of time-lapse

movies, and then merged into a final larger mask to allow changes in compartment

intensity to be monitored with minimal influence from compartment motions during

the course of the movies. Time-intensity trajectories where generated by summing

pixel intensity values within the final mask for each movie frame.

To quantify the cross-correlations between fast intensity fluctuations of each pair of

markers, time traces were high-pass filtered by subtracting a trace that was processed

with a Savitzky-Golay low-pass filter. Normalized cross-correlation coefficients (q)

between the filtered traces were computed for each marker pair as a function of the

filter cutoff-frequency. Values were then plotted with respect to the 3dB frequency of

the filter.
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Multi-round STORM imaging

STORM imaging was performed using a custom-built inverted TIRF microscope. A

single 642 nm laser (DL640-100, Crystalaser, Nevada, USA) was used to activate,

deactivate, and excite fluorescence. The laser was focused at the back focal plane of

a high numerical aperture objective to achieve a collimated sample illumination of

2 kWcm�2. An oblique excitation scheme was used to reduce fluorescence background

and limit the laser illumination to the first few microns beyond the glass/water in-

terface formed by the coverslip and the sample. Fluorescent emissions were collected

by the same objective (Nikon, Tokyo, Japan, Plan Apo TIRF 60x, oil immersion,

1.45 NA) and separated from the illumination light by a multi-band dichroic mirror

and band pass filter. A 400 mm achromatic lens was used to image the filtered emis-

sion onto an EMCCD camera (DU-897E-CS0-#BV, Andor Imaging, Belfast, United

Kingdom). Three-dimensional imaging was achieved by placing a weak cylindrical

lens (f = 1 m) into the emission pathway just before the EMCCCD camera [Huang

et al., 2008]. All STORM imaging experiments were conducted using commercially

available coverslips containing embedded gold nanoparticles (Hestzig, Virginia, USA).

The PSF from the stable emissions of these nanoparticles provided fiducial markers

for the alignment of storm reconstructions from each round using custom MATLAB

software.
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Supplemental Figure S1 

 

Supplemental Figure S1: Immunoflourescence images of endogenous IQGAP1 co-stained 
with protein receptors that are common epithelial junction markers and known to interact with 
IQGAP1 (E-cadherin, β-catenin, Cd44). The mesenchymal marker N-cadherin was also 
examined and found to localize to the compartments in a subset of N-cadherin-positive MCF-
10A cells. By contrast, the integrin-α-6 (Cd49f) shows weak co-localization with IQGAP1 
compartments. Scale bar (5 µm) applies to all images except zoom-ins, and where indicated. All 
images are representive of hundreds of cells imaged in muliple experiments.  
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Supplemental Figure S2 

 
Supplemental figure S2: Transfected IQGAP1 colocalizes with IQGAP1 antibody in fixed and 
stained cells. (A) Two separate antibodies (Santa Cruz rabbit polyclonal sc-10792 and 
Invitrogen mouse monoclonal 33-8900 AF1; secondary antibody anti-rabbit or anti-mouse 
Alexa647, respectively) (red) show strong colocalization with YFP-IQGAP construct (green) in 
fixed MCF-10A cells. (B) As in Figure S1, on-transfected MCF-10A cells were also fixed and 
stained using both antibodies and showed similar labeling of endogenous IQGAP1 within the 
compartments. Scale bar: 10 µm.  

88



Supplemental Figure S3 

 

Supplemental Figure S3. Additional STORM images of IQGAP1 and Actin. Color scale as in 
Fig. 1(A, B). Scale bar: 10µm.  Cells were imaged via an erasable immunoflourescent technique 
using the following proceture.  Samples were then incubated with a solution containing 10 µg/ml 
goat anti-rabbit secondary antibodies that were conjugated with synthetic single-stranded DNA 
oligonucleotides. The DNA strands were covalently linked to the antibodies using an antibody-
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oligonucleotide All-In-One conjugation kit (Solulink, California, USA). The resultant DNA-
antibody conjugate was incubated with the samples for 1 hour at 37℃ in a solution of home-
made blocking buffer supplemented with 1 % Triton-X 100. After washing the samples three 
more times in PBS, the DNA antibodies were outfitted with dye molecules using dynamic DNA 
labeling probes and DNA strand exchange mechanisms our group has adapted to facilitate 
erasable immunofluorescence labeling and the sequential imaging of multiple makers within the 
same cells (Schweller et al., 2012). IQGAP1 antibodies were outfitted with dye molecules in the 
present study by incubating cells with an Alexa-647 labeled, two-stranded DNA complex at 100 
nmol/L, for 1 hour at 37℃ in BB.  During this incubation step / dye labeling reaction, the dye-
labeled complex undergoes a sequence-dependent strand-displacement reaction with the free, 
unhybridized single stranded DNA oligonucleotide that is conjugated to secondary antibody, 
yielding a dye-labeled, partial DNA duplex that remains coupled to the antibody.  
            After washing three times with PBS, the sample was imaged in STORM imaging buffer 
[620 µl of 50 mM Tris-HCl (pH 8.0), 10 mM NaCl, 10 % glucose, combined with 70 µl of 1M 
MEA dissolved in .25N HCl and 7 µl of 10 mM Tris-HCl (pH 8.0), 50 mM NaCl, 56 mg/ml 
glucose oxidase (Sigma Aldrich, 100 U/mg), 13.6 mg/ml catalase (Sigma Aldrich, 4966 
U/mg)].  STORM movies composed of 10,000 to 30,000 frames were collected at a frame rate 
of 32 Hz. After imaging IQGAP1, samples were washed 3 times in PBS, and incubated with 5 
µmol/L of an erasing strand in BB for 1 hour at 37℃.  During this incubation step, DNA-mediated 
labeling of the target strand was released via isothermal strand displacement.  The sample was 
then washing three times with PBS to remove the released strands, imaged to confirm IQGAP1 
erasing, and then strained with phalloidin 647 (Life Technologies) for 1 hour at 22℃ to label and 
image actin using identical image acquisition parameters.    
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Supplemental Figure S4 

 
 

Supplemental Figure S4: IQGAP1 compartments are ubiquitous structures in semi-confluent 
colonies of MCF-10A cells. (A) A stitched image of fixed parental MCF-10A cells stained for 
IQGAP1 is shown at multiple scales. Zoomed in images show heterogeneity in the number of 
IQGAP1 compartments per cell. Scale bars: 500 µm (left), 50 µm (middle and right).  (B)  Stable 
cells expressing FusionRed-IQGAP1. Scale bar: 20 µm.  Compartment number per cell in MCF-
10As determined by manual inspection of (C)  111 parental cells or  (D) 270 stable FusionRed-
IQGAP1-expressing cells.  IQGAP1 compartments are present in 60% of parental cells with a 
mean (standard deviation) of 3.6 ± 5.9 compartments per cell.  70% of stable cells contained 
compartments, with a mean (standard deviation) of 4.9 ± 7.2 compartments per cell. Stable cells 
were produced with lentiviral transduction techniques as described in (Efremov et al., 2014). For 
both compartment counting experiments, cells were seeded at densities ≤300 cells/ mm2

.  After -
one doubling time (about 24 hours) cells were fixed or immediately imaged, for parental or 
stable cells, respectively.  
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Supplemental Figure S5 

 
Supplemental figure S5:  Size distribution summary for IQGAP1 compartments. (A, left) 
Weighted centroids (green) for compartments were determined for raw fluorescence images of -
transiently transfected live cells expressing FusionRed IQGAP1.  (A, right) Raw images were 
background subtracted before processing for RMS size analysis (described below).  Scale bars: 
10 µm.  (B) Histogram of IQGAP1 compartment RMS diameter.  Compartments have a mean 
(standard deviation) RMS diameter of 1.18 (± 0.25) µm.   n=3 independent transfections. In 
these experiments, Cells were transiently transfected with FusionRed-IQGAP1 and seeded 24 
hours later onto Matrigel-coated coverslips.  Live cells were imaged another 24 hours later with 
epifluorescence time lapse microscopy at 60X magnification and 60 s frame rate.  Compartment 
masks within individual cells were generated by segmenting live cell movies with Squassh 
(Tarantino et al., 2014), a plug-in for ImageJ.  For each compartment, an intensity weighted 
centroid was calculated from pixels within the corresponding compartment mask.  Raw images 
(A, left panel) were background subtracted with a rolling disk filter (A, right panel). RMS 
diameter was computed for each compartment in the background subtracted images with the 
following equation:  

 
where   is the sum over pixels in a   neighborhood of the compartment’s 
weighted centroid,    is the Euclidean distance between the weighted centroid and pixel  
, and  is the intensity of pixel  .   
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Supplemental Figure S6 

 
Supplemental Figure S6: Motility analysis of IQGAP1 compartments based on a live-cell time-
lapse movie of cells transiently transfected with eGFP-IQGAP1. Over a 1-hour period, the 
centroid positions of IQGAP1 components of the structures were tracked using particle tracking 
algorithms available in ImageJ (trackmate plugin for ImageJ). Compartment centroids were 
found to move by as little as 0.2 μm from their original location, and at most by 5 μm. (B) Mean-
squared displacement (MSD) analysis of a total of 38 compartments from 3 cells was performed 
using msdanalyzer for Matlab (Tarantino et al., 2014). Over a 1-hour window, the mean 
displacement of these compartments was ≈ 0.5 μm. Error bars represent standard error 
(s.e.m.). 
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Supplemental Figure S7 

  

 

Supplemental Figure S7: Additional images of (A) IQGAP1 and microtubules; (B) IQGAP1 and 
ER-tracker. Scale bars: 10 µm. 
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Supplemental Figure S8 

 
Supplemental Figure S8: Additional example of apical IQGAP1 and actin punctae in a fixed 
MCF-10A cell. The epithelial polarity of the cell was disrupted via incubation with TGF-β1 and 
TNF-α for 24 hours prior to fixation. (A) Maximum intensity projections of the x-y planes of the 
confocal z-stack were generated for IQGAP1 (left) and actin (right). These images show the 
presence of many small IQGAP1 puncta and an absence of large IQGAP1-associated actin 
compartments. The dashed line in each maximum intensity projection indicates the x-position of 
the corresponding y-z plane. The y-z image for each marker shows that the small IQGAP1 
puncta localize exclusively to the apical membrane of the cell. (B) A line profile of each marker 
was taken along the apical membrane in the position denoted by the dashed line in the y-z 
images of (A). Overlapping IQGAP1 and actin peaks denoted by black arrows in (B) represent 
colocalization between IQGAP1 punctae and actin stress fibers on the apical membrane. Scale 
bars: 5 µm. 
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Supplemental Figure S9 

 

Supplemental Figure S9: Time series of E-cadherin internalization assay. Each image is 
representative of twelve stitched images with similar fields of fiew. Nomenclature as in Fig. 4. 
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Supplemental Figure S10 

 

Supplemental Figure S10: Zoom-ins of E-cadherin internalization data. At t=0 almost no E-
cadherin internalization is seen. The zoom-in shown here is a rare example in which E-
cadherin-positive/IQGAP1 negative (E+I-) punctae are seen in one cell. At t=20 and 40 min, 
such E+I- punctae appear ubiquitously while localization of E-cadherin to IQGAP1 
compartments (marked by white arrows) is rare. At t=60 min, E-cadherin localization to IQGAP1 
compartments is more frequent, with a heterogeneous intensity even within single cells that 
probably reflects both distinct maturation states of IQGAP1 compartments and a non-uniform 
spatial patterning of E-cadherin trafficking pathways. 
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 Supplemental Figure S11 

 
Supplemental Figure S11: IQGAP1 compartments do not express endosomal markers, but 
show selective, transient associations with Rab11-positive recycling endosomes. Shown are 
epifluorescence images of cells co-transfected with (A) FusionRed-IQGAP1 and GFP-Rab11 
(Full movie shown in Supporting Movie S2), (B) EGFP-IQGAP1 and mCh-Rab5, (C) EGFP-
IQGAP1 and DsRed-Rab7, (D) cells transfected with EGFP-IQGAP1 and labeled with 
Lysotracker Red, (E) co-transfected with FusionRed-IQGAP1 and LC3-EGFP. The third column 
shows the pixel intensity sum of each endosomal marker over the 30-minute runtime of the 
time-lapse movie. Fourth column: merge of IQGAP1 image and endosomal marker pixel 
intensity sum. Images are representative of the following numbers of cells / independent 
experiments: (A) 8/3, (B) 16/4, (C) 9/2, (D) 27/2, (E) 3/1. Scale bars, 5 μm (A-D), 10 μm (E). 
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 Supplemental Figure S12 

 
Supplemental Figure S12: Live-cell analysis of YFP-IQGAP1 and WASH1-mCherry. The last 
panel shows the pixel intensity sum of WASH1 over the 30-minute runtime of the time-lapse 
movie. No evidence is found for a colocalization of the WASH complex and IQGAP1 
comaprtments, or for transient associations between WASH1-positive endosomes and IQGAP1 
compartments. White line indicates the location of line intensity profile. Data is representive of 
cells found in 30 images.  
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Supplemental Figure S13 

 

Supplemental Figure S13: Time-dependent intensities of YFP-IQGAP1, F-Tractin-
mTurquoise2, and WGA-Alexa 647-stained membrane in individual compartments. (A) 
Examples of visually anti-correlated intensity fluctuations of actin and IQGAP1 in the 
persistence phase of compartments. (B) Examples of pronounced actin spikes (shown here at 
time t=0), detected in an automated fashion, by testing for actin intensity fluctuations more than 
4 standard deviations away from the mean in a 30min (30 frame) sliding window. In most cases, 
a significant decline in IQGAP1 intensity precedes the observed actin spike, often accompanied 
by a slight increase in actin signal prior to the spike. WGA intensity levels, by contrast, remain 
approximately constant prior to actin spikes. A step-like decline in WGA during/immediately after 
the spike is seen in some cases, in which the corresponding time-lapse movies is often found to 
coincide with the dissemination of membranous daughter vesicles from the compartment. 
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Supporting Table 1:  Summary of Statistical test of Manders’ Overlap Coefficients for the 
marker analyses presented in Figure 5.* 
 
M1 tests:

 
 
M2 tests: 

 
* Statitical tests were performed using Graphpad Prism software  
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Supporting Movies 

Supporting Movie S1: Time-lapse movie of cells transiently expressing RFP-IQGAP1, demonstrating the 
limited motility of IQGAP1 compartments. Frame rate 2 minutes, run time 4 hours. 20x30 μm field of 
view.  
 
Supporting Movie S2: Time-lapse movie of cells transiently expressing RFP-IQGAP1 (shown in green 
color) and GFP-Rab11 (shown in red). Ubiquitous, transient associations of Rab11-positive recycling 
endosomes with IQGAP1 compartments are seen. 15-second frame rate, 15-min run time, 33x45 μm 
field of view. 
 
Supporting Movie S3: Time-lapse movies of cells transiently expressing EGFP-IQGAP1 and mCh-Rab5. 
15-second frame rate, 30 min run time. 18x18 μm field of view.  
 
Supporting Movie S4: Time-lapse movies of cells transiently expressing EGFP-IQGAP1 and dsRed-Rab7. 
30-second frame rate, 30 min run time. 22x22 μm field of view. 
 
Supporting Movie S5: Time-lapse movies of cells transiently expressing EGFP-IQGAP1 and Lysotracker 
Red. 30-second frame rate, 30 min run time. 30x30 μm field of view.  
 
Supporting Movie S6: Time-lapse movie of cells transiently expressing EGFP-IQGAP1 and stained with 
WGA-Alexa-647, showing the time evolution of WGA-stained membrane. 5-minute frame rate, 17 hours 
run time, 10 μm scale bar shown in first frame. 
 
Supporting Movie S7: Time-lapse movie of cells transiently expressing EGFP-IQGAP1, showing a rapid 
transient burst of IQGAP1 intensity in one ring-like compartment. 30-second frame rate, 30-min run 
time, 44x48 μm field of view.  
 
Supporting Movie S8: Time-lapse movie of cells transiently co-transfected with YFP-IQGAP1, F-Tractin-
mTurquoise2, and subsequently stained with WGA-Alexa647, showing a decline of IQGAP1 signal 
preceding a burst of actin polymerization coinciding with compartment disintegration, and dispersal of 
several WGA-stained vesicles. 60-second frame rate, 120 min run time, 10 μm scale bar shown.  
 
Supporting Movie S9: Time-lapse movie of cells transiently expressing CHMP6-GFP and FusionRed-
IQGAP1, showing decline of IQGAP1 signal preceding compartment disintegration and dispersal of 
multiple CHMP6-bearing, highly motile vesicles. 10-second frame rate, 30 min duration, 5 μm scale bar 
shown. 
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Chapter 3

IQGAP1 domain-level coordination of Exo70 and

F-actin interactions revealed by a systems-level

approach

Abstract

The scaffold protein IQGAP1 is a necessary component of cellular functions includ-

ing phagocytosis, innate immunity, motility, and vesicular trafficking. Essential to

IQGAP1’s role in these processes is its multi-domain interactions with cytoskeletal

effectors, signaling intermediates, and receptors. These interactions and the signal

transduction pathways that govern them are likely multi-faceted, context dependent,

compartmentalized in space and time, and involve feedback. We have previously re-

ported that IQGAP1 is involved in the regulation of actin-ensconsed membranous

compartments localized to the basal cortex of polarized epithelial cells (MCF10A).

Using these endosomes as a model system of IQGAP1 regulation and function, in

this study we express a series of IQGAP1 domain mutations in MCF10A cells that

allow us to investigate the effects of removing or enhancing specific IQGAP1 interac-

tions while otherwise preserving the overall regulatory network surrounding IQGAP1

activities. The strength, directionality, and timing of interactions between IQGAP1

domains and endosomal cytoskeleton and membrane constituents are evaluated via

time-lapse imaging of endosomal dynamics. We identify IQGAP1 states in which

domain-level interactions with F-actin and Exo70 are coordinated through the GRD.
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Our findings are summarized in a proposed model of IQGAP1 domain activation and

coordination.

3.1 Introduction

IQGAP1 is a large (190 kD) multi-domain protein that has been shown in knock-down

assays to be necessary for a variety of cellular processes including migration, phago-

cytosis, exocytosis, and innate immunity cytotoxicity [Brandt et al., 2007,Rittmeyer

et al., 2008, Kanwar and Wilkins, 2011]. It is generally believed that IQGAP1 in-

tegrates a variety of cellular signals, including the Rho GTPases Cdc42 and Rac1,

phosphatidylinositides and their associated kinases, Ca2+ and calmodulin, ERK, and

many others to effect cellular responses via its ability to interact with, among others,

CLIP170, E-cadherin, b-catenin, F-actin, the exocyst complex, and epidermal growth

factor receptor (EGFR). [White et al., 2012,Smith et al., 2015].

We have previously characterized a novel endosomal compartment that localizes

to the basal cortex of polarized MCF10A epithelial cells involved in E-cadherin endo-

cytosis and recycling (Chapter 2). These ⇠1 µm diameter compartments are encased

in an actin shell, labeled by the pan-membrane stain wheat germ algutinin (WGA)

and the plasma membrane targeting motif CAAX, and grow and then disassemble

over the course of ⇠1 hour. A variety of proteins involved in receptor trafficking

and endosome sorting localize to these compartments, including the exocyst subunit

Exo70, E-cadherin, charged multivesicular body protein 6 (CHMP6), and the GTPase

ADP-ribosylation factor 6 (ARF6). Through time-lapse imaging, we identified signa-

tures of dynamic IQGAP1 / Exo70 and IQGAP1 / Actin interactions that suggest

IQGAP1 plays a role in regulating the growth of these compartments by orchestrating

membrane and cytoskeletal activities.
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What are the IQGAP1 domains responsible for controlling endosomal maturation,

and how are interactions with their binding partners modulated by cellular signal-

ing? Many of IQGAP1’s interaction partners have been characterized at the domain

level. The IQGAP1 domain structure is as follows: the amino-terminal calponin

homology domain (CHD), followed by six 50 amino acid IQGAP repeats (IR), a

tryptophan WW domain, four IQ-motifs, a RasGAP related (GRD), and a RasGAP

C-terminal domain. The CHD binds to and cross-links actin [Fukata et al., 1997],

and the IQ-motifs bind calmodulin [Li and Sacks, 2003]. The GRD binds to and

stabilizes the GTP-bound form of Rho GTPases Rac1 and Cdc42, enabling RGCT

associations with CLIP170 [Fukata et al., 2002]. The C-terminus of IQGAP1 also

participates in barbed-end capping of F-actin [Pelikan-Conchaudron et al., 2011].

Exo70 has been shown to associate with IQGAP1 in a C-terminal region via in-

teractions with the exocyst subunits Sec3 and Sec8 downstream of activated Cdc42

in MDA-MB-231 cells [Sakurai-Yageta et al., 2008]. A separate study identified an

Exo70 and septin association with an IQGAP N-terminal region that was disrupted

by activated Cdc42 in pancreatic b-cells [Rittmeyer et al., 2008]. Yet, fully resolving

IQGAP1 multiple-domain responses to signaling have been hampered by difficulties

in purifying full-length or fragments of IQGAP1 that are needed to recapitulate com-

plex intramolecular interactions and the limitations of using static snapshots to infer

properties of dynamic cellular processes.

Here, we monitor the subcellular localization of IQGAP1 and its binding partners

in living cells via fluorescence microscopy. A series of IQGAP1 mutants is utilized to

monitor IQGAP1 / actin / Exo70 associations in individual endosomal compartments.

The subcellular localization and kinetic relationships of these markers are evaluated

to elucidate the structure-function properties of IQGAP1 domains for cytoskeletal
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and membrane processing.

3.2 Results

3.2.1 IQGAP1 localization to compartments is primarily determined by

its C-terminal domains

In order to ascertain the IQGAP1 domain(s) responsible for its subcellular localiza-

tion in basal endosomal compartments, a series of mVenus-tagged IQGAP1 expression

constructs was generated in which the CHD (�CHD, deletion of amino acid residues

1-175); IQGAP1 Repeat and WW domains (�IR-WW, 175-727aa deleted); or IQ

domains (�IQ, 727-943aa deleted) were systematically disrupted (Fig. 3.1A). Co-

transfections of these IQGAP1 deletion mutants and FusionRed-tagged full length

IQGAP1 were then performed in MCF10A cells to enable imaging assessments of

domain mutant localization.

The �CHD mutation most faithfully recapitulated the localization behavior of

WT IQGAP1 (Fig. 3.1B), and this is assessed quantitatively in the next section

on contrast analyses. While the �IR-WW labeled many of the same subcellular

structures as IQGAP1, there were appreciable variations across compartments of �IR-

WW and IQGAP1 intensity ratio. The �IR-WW also formed ring-like structures on

the periphery of WT IQGAP, and even resolved prominent compartment subfeatures

(Fig. 3.1B, white arrows). The �IQ mutant, in which all 4 IQ motifs for binding

Ca2+/calmodulin are deleted [Jang et al., 2011], showed no subcellular localization.

In order to more broadly assess the role of the RASGAP C-terminus (RGCT) on

IQGAP1 function, we also constructed a C-terminal tag of IQGAP1 to the yellow

fluorescent protein variant Venus (Fig. 3.1 A). This ‘C-term Venus’ exhibited greatly
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Figure 3.1 : Domain determinants of IQGAP1 localization. (A) Schematic of IQGAP1
domains and domain deletion mutants. (B) Localization of IQGAP1 domain mutants. A
series of IQGAP1 truncation or deletion constructs were made at the residues labeled in (A)
and dual transfected with WT IQGAP1 into MCF10A cells. Images are representative of
n > 10 cells per mutant. Scale is 10 µm.
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diminished compartment localization.

Altogether, these results indicate that IQGAP1 localization is most sensitive to

perturbations to its IQ, GRD, and RGCT domains, implicating potential roles for

Ca2+/calmodulin; the Rho GTPases Cdc42 and/or RhoA; and components of the

exocyst complex or CLIP170. The third IQ repeat (IQ3) and WW domains have been

shown to play critical roles in phosphatidylinositol signaling through its interactions

with phosphatidylinositol phosphate kinases [Choi et al., 2016, Choi and Anderson,

2016]. The inter-compartment heterogeneity in �IR-WW localization could therefore

reflect local differences in phosphatidylinositol-related signals.

3.2.2 IQGAP’s Calponin homology domain increases affinity to actin-

encased endosomal compartments

We have previously observed that IQGAP1-positive endosomal compartments are

surrounded by an actin shell (Fig. 2.1), and individual actin filament bundles are

decorated by IQGAP1 in super-resolution STORM images (Fig. 2.2). Since it is

well established that the IQGAP1 CHD binds and cross-links F-actin [Mateer et al.,

2004] [Mateer et al., 2002] [Ho et al., 1999] [Liu et al., 2016], we wondered whether

the �CHD mutant could display a localization defect to compartments. Again, the

�CHD mutation did not appear to alter the overall pattern of endosomal colocal-

ization with WT (Fig. 3.1). However, inspection of intensity differences in these

images shows that �CHD compartments are typically labeled less strongly compared

to the cytosolic background fluorescence (Fig. 3.1B and Supplementary Examples

C.1), suggesting that the affinity of the �CHD mutant for compartment localization

is lower.

Subcellular fluorescence intensity contrast analyses were developed and performed
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Figure 3.2 : Contrast analyses for localization binding affinity. (A) Contrast measurement
scheme. An MCF10A cell transfected with mTurquoise2-Exo70 displays subcellular basal
compartmental localization (top). These compartments are automatically segmented, as de-
picted by green outlines. The intensity profile of the dashed yellow line is plotted (bottom).
The cytosolic intensity, I

bg

is calculated by smoothing the image with a rolling ball (red
curve), and segmented pixels are shaded gray. Contrast for each compartment is then calcu-
lated. Scale is 10 µm (B) Compartment contrast measurements are independent of imaging
conditions. MCF10A cells transfected with Exo70 / FusionRed IQGAP1 WT / mVenus
�CHD-IQGAP1 were imaged with a 100ms exposure time and then again at 200ms expo-
sure time. Exo70 contrast measurements of each segmented compartment are shown at both
exposure times, (n > 200 compartments, over 35 cells). (C) Comparison of compartment
contrast for Exo70, IQGAP1 WT and �CHD. Compartment contrast boxplot distributions
of over 200 triply transfected compartments from (B) is shown. For clarity, extreme values
have been omitted from the plot. *** indicates p < 0.001 by ANOVA with post-hoc Tukey
Honestly Significant Difference correction.
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to quantify these compartmental intensity differences. Well known colocalization

analyses based on the Mander’s and Pearson’s correlation coefficient [Dunn et al.,

2011] were considered, but ultimately the limitations in these metrics for describing

intensity variations in subcellular structures motivated us to develop new analyses

based on image contrast (see Discussion). The contrast analysis workflow is as follows.

First, multi-color images of IQGAP, �CHD IQGAP, and Exo70 are acquired (Fig.

3.2A, top). A darkfield correction was applied to all images prior to processing to

account for the constant, positive intensity offset introduced by the camera’s analog to

digital converter (ADC), see methods. Binary masks of endosomal compartments are

automatically generated by a split-Bregman procedure implemented in ImageJ [Paul

et al., 2013] [Rizk et al., 2014] (Fig. 3.2A, green outlines). The intensity contrast, C,

of each compartment is defined as the ratio of the background subtracted intensity

and the background intensity, summed over all pixels (x, y) within a mask.

C ⌘

P
x,y

I � I

bg

P
x,y

I

bg

Under proper imaging conditions (i.e. linear detection of photons, negligible aut-

ofluorescence, ADC bias corrected), the compartment contrast measures the ratio of

endosomal to cytosolic protein concentration and should therefore be related to its

overall affinity with endosomal-specific binding partner(s). Assuming for simplicity

that cytosolic IQGAP1 is recruited to endosomes by a single unknown factor Xend,

IQGAPcyt +Xend ��*
)�� IQGAPend ·Xend

then in equilibrium the contrast measures (up to a proportionality constant that
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depends on endosome geometry and volume sampling imposed by the optical point

spread function, see SI Fig. 3.13D),

C

IQGAP / [IQGAPend]/[IQGAPcyt] = [Xend]/Kd

and contrast ratios of different markers represent fold-change in dissociation constant,

K

d

.

Contrast analyses were performed on MCF10A endosomal compartments labeled

with mTurquoise2-Exo70, FusionRed-IQGAP1, and mVenus-�CHD IQGAP1. Trans-

fected cells containing basal endosomal compartments were first identified in the

Exo70 channel. Captured images therefore are unbiased with regard to the appear-

ance of WT or �CHD labeled compartments. Multiplexed measurements on the

same compartment enable contrast comparisons between these 3 markers because

variables like cell and compartment height and optical sectioning are internally con-

trolled. Exo70 was found to have the highest affinity for these endosomes, followed

by IQGAP1 WT and �CHD (Fig. 3.2C). Linear regression fits of compartment con-

trasts show that, on average, IQGAP1 WT contrast is 2.87 ± 0.13 fold higher than

�CHD (R2 = 0.68), and Exo70 contrast is 1.67 ± 0.21 fold larger (R2 = 0.27) than

IQGAP1 WT. Over 200 compartments from n > 35 cells were analyzed.

Control experiments were performed to assess whether fluorescence intensity con-

trast measurements are independent of imaging conditions. To test camera linearity

and that ADC bias were properly accounted for, a control experiment was performed

in which mTurquoise2-Exo70 labeled compartments were successively imaged in epi-

fluorescence using a 100ms exposure time and again at a 200ms exposure time. All

other imaging conditions were unchanged, and the two exposures were captured con-
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secutively to minimize the effects of stage and illumination lamp intensity drift. Con-

trast measurements for both illumination conditions agree very well with each other

(Fig. 3.2B). The slope of the regression line fit C

200ms = �0 + �1C
100ms is very close

to 1 (�1 = 1.03), indicating that potential systematic errors due to ADC bias and

other causes were properly accounted for.

A similar experiment evaluated the reproducibility of contrast measurements in

IQGAP1 compartments co-labeled by two different fluorescent proteins. MCF10A

cells were co-transfected with FusionRed-IQGAP1 and mVenus-IQGAP1. Compar-

ing contrast from two different fluorophores could potentially introduce systematic

errors from i) the increased cellular and media autofluorescence in the YFP channel,

and ii) slight improvements in optical sectioning and resolution for blue shifted emis-

sion wavelengths. The excellent agreement observed between YFP and FusionRed

compartment contrasts demonstrate that these factors did not impact the contrast

measurements (SI Fig. 3.13B).

3.2.3 Endosomal IQGAP1 localization is controlled by the GRD

It has recently been reported that the GAP Related Domain (GRD) is responsible

for forming IQGAP1 dimers. Moreover, crystal structure guided analyses revealed 6

amino acid resides within the GRD, that when mutated to Alanine (termed GRD6A),

had the effect of abolishing heterotetramer formation of CDC42 with purified frag-

ments of the IQGAP1 GRD (assays of GRD6A within full-length IQGAP1 were at-

tempted, but were unable to be purified) [Liu et al., 2016]. To test whether the GRD

contributed to the spatiotemporal dynamics of IQGAP1 in endosomal compartments,

the GRD6A substitutions were cloned into a full-length IQGAP1 expression vector

tagged with mVenus. Co-expression of GRD6A mutant and WT IQGAP1 revealed
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Figure 3.3 : T1050Ax2 and IQGAP1 WT have distinct localization and dynamics (A)
Effect of GRD mutations on IQGAP1 localization. T1050Ax1 is comprised of T1050A,
V1051A, IT1052A; T1050Ax2 has the same Alanine substitutions and an additional 17aa
insertion; T1050Ax2+GRD6A additionally incorporates the 6 Alanine substitutions that
abrogate CDC42/IQGAP1 dimerization (see text). (B) The T1050Ax2 mutation exhibits
different dynamics from T1050Ax1. Cells were imaged 1 frame/minute for 1 hour. Magnified
compartment and kymograph of outlined compartments (top). The integrated intensity of
the compartment is plotted below the kymograph.
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that the GRD6A causes a severe localization defect similar in phenotype to the C-term

Venus IQGAP. (Figs. 3.1B).

Having introduced mutations in the GRD that destroy IQGAP1 endosomal local-

ization, we next turned to an activating mutation in which insertion of a small pep-

tide within the GRD of IQGAP1 results in a constitutively active phenotype [Fukata

et al., 2002]. This mutant, termed IQGAP T1050Ax2, bypasses the stimulatory effect

of Rac1 on IQGAP1 and CLIP170 interactions and induces multiple leading edges in

fibroblasts.

In MCF10A cells, we observe stronger localization of T1050Ax2 to cell junctions,

in agreement to what has previously been reported in the epithelial cell line MDCK-

II [Watanabe et al., 2004], and we also observe stronger localization of T1050Ax2

to basal compartments (Fig. 3.3A and SI Fig. 3.13). A compelling explanation for

this behavior is that the 17aa insertion of T1050Ax2 induces a conformational change

within the GRD that mimics active Rac1 binding, thereby activating the association

between other IQGAP1 domains and their binding partners. This hypothesis is sup-

ported by the findings, i) IQGAP1 WT interacts with CLIP170 through the IQGAP1

RGCT domain; ii) CLIP170 associates with the T1050Ax2 mutant more strongly than

with IQGAP1 in vitro; iii) T1050Ax2 loses the capability to bind either constitutively

active RAC1v12 or CDC42v12; and iv) the presence of these RHO GTPases increases

the IQGAP1 WT / CLIP170 interaction to nearly the same levels observed for IQ-

GAP1 T1050Ax2 / CLIP170 [Fukata et al., 2002]. These findings have been replicated

in the different context of IQGAP T1050Ax2 promoting invadopodia formation via

enhanced RGCT interactions with the exocyst complex [Sakurai-Yageta et al., 2008],

which suggests that the T1050Ax2 relieves an autoinhibition of the RGCT.

Alternatively, introducing the aa substitutions T1050A, V1051A, IT1052A (termed
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T1050Ax1) without the tandem insertion resulted in identical localization and dynam-

ics behaviors with WT IQGAP1 (Fig. 3.3). This result provides further evidence that

the constitutively active behavior of T1050Ax2 is caused by the extra 17aa insertion

EIVTGNPAAAKMVVSFN and does not arise from the 1050-1052 substitutions to

Alanine.

3.2.4 The GRD modulates F-actin binding via the Calponin Homology

Domain

To gain fuller insight into the regulating function of the GRD, we next created an

IQGAP1 mutant in which the GRD contained both the T1050Ax2 and GRD6A alter-

ations (termed T+GRD6A). Similarly to the GRD6A, the T+GRD6A mutant cur-

tailed IQGAP1 basolateral localization (compare Figs. 3.1B and 3.3A). The GRD6A

mutation therefore dominates over the constitutively active junction and endosome

functions conferred by T1050Ax2. The mechanism for this is currently unclear.

Nonetheless, the nuclear localization distinctive to the T1050Ax2 and �IQ muta-

tions is retained by T+GRD6A, indicating that the GRD6A does not abrogate every

T1050Ax2 phenotype.

To our surprise, time-lapse movies of the T+GRD6A mutant showed large inten-

sity spikes upon IQGAP1 WT disassembly (Figs. 3.4B and SI 3.12). Previously, we

had observed that IQGAP1 disassembly in a compartment can precede a large actin

spike (Fig. 2.6). The T+GRD6A mutant closely resembles these actin spikes in their

duration, intensity, morphology, and timing with IQGAP1 WT (compare Figs. 3.4,

3.6, and SI Fig. 3.12). Subsequent analysis of other IQGAP1 mislocalization mu-

tants, GRD6A and C-term Venus, showed similar spiking behavior. (Figs. 3.4 and SI

3.12B).
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Figure 3.4 : IQGAP1 C-terminal deficient mutants correlate with actin bursts (A) 60 frames
of IQGAP1 / GRD6A / �CHD-GRD6A transfected cells were background subtracted and
summed to create composite images. Scale is 5µm.
(B) Example time trace of IQGAP1 GRD6A+T mutant exhibiting spiking behavior following
IQGAP1 decline (top, also see SI Fig. 3.12A), and averaged intensity fluctuations during a
IQGAP GRD6A+T spike (bottom). IQGAP spikes were identified by intensity deviations
that were > 3� from the rolling mean intensity. n = 22 spikes from 4 cells.
(C) Example IQGAP1 C-terminus Venus spike trajectory (top) and averaged intensity fluc-
tuations aligned at spikes (bottom). n = 11 spikes from 4 cells.
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The close correspondence of actin and IQGAP1 mutant spikes suggests that IQ-

GAP mutants were being recruited by F-actin. Since the IQGAP1 CHD is known to

bind and crosslink F-actin [Mateer et al., 2002], we deleted the CHD from the GRD6A

construct (�CHD-GRD6A) and co-expressed it with IQGAP1 WT and GRD6A. To

better detect the weak localization of the GRD6A mutant, we generated projected

images in which each pixel represents the summed intensity at that position for 60

frames in a time-lapse movie, Iproj
xy

=
60P
t=1

I

xyt

, where I

xyt

is the fluorescence intensity

at pixel (x, y) and frame t (Fig. 3.4A).

The increased signal-to-noise afforded by this method allows even very low contrast

localizations to be precisely measured. A representative compartment has CWT =

2, and CGRD6A = 0.4 and C�CHD�GRD6A = �0.03 (yellow arrow, Fig. 3.4A). The

negative contrast of the �CHD-GRD6A is indicative of the hypodensities seen in

Fig. 3.4A. The abolishment of IQGAP1 localization for the �CHD-GRD6A supports

the notion that the IQGAP1 mutant intensity spikes are due to F-actin affinity.

IQGAP1 WT can also show small spiking behavior that coincides with the peak

IQGAP1 mutant or actin spikes, and this is seen in the example intensity traces in

Figs. 3.4A and B at t = 0. However, the IQGAP1 WT spiking behavior is generally

of lower contrast compared to T+GRD6A spikes (SI Fig. 3.12), suggesting that the

T+GRD6A mutations disrupt IQGAP1 regulation of F-actin affinity, and the F-actin

affinity of cytosolic IQGAP1 pool is ordinarily in a repressed state.

3.2.5 Exo70 overexpression disrupts IQGAP1 localization

We next assessed the capability of protein expression level to disrupt endosomal lo-

calization. Establishing such a dose-response relationship between two endosomal

proteins could indicate which proteins are drivers vs. slaves of endosome recruit-
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ment. Expression levels of fluorescently tagged Exo70 and IQGAP1 varied by >2-3

fold across cells, as measured by cytosolic fluorescence ratio at the 75th and 25th

percentiles (Fig. 3.5). Comparing IQGAP1 and Exo70 contrasts over this hetero-

geneity in gene expression allowed us to evaluate the dose-dependent effects of IQ-

GAP1 (Exo70) expression on Exo70 (IQGAP1) endosomal localization. While Exo70

compartmental contrast was slightly negatively correlated with IQGAP1 expression

level, this effect was weak and did not show a distinctive trend (Fig. 3.5D). Con-

versely, there was a strong negative association of IQGAP1 contrast in response to

Exo70 expression level, as evidenced by the sharp threshold-like drop-off in IQGAP1

contrast above ⇠500 Exo70 Gray Scale units (gsu). Similar threshold-like behavior

was observed between �CHD contrast and Exo70 expression. The ability of Exo70

to disrupt IQGAP1 localization, along with the higher affinity of Exo70 for the com-

partment (Fig. 3.2C) suggests that Exo70 plays a role in recruiting IQGAP1 to the

endosome.

3.2.6 IQGAP1 interacts with Exo70 via an activated GRD state

Again, our initial study of IQGAP1, membrane, and cytoskeletal relationships out-

lined distinctive features of IQGAP1 dynamics with actin and the exocyst compo-

nent Exo70: i) a large actin spike that follows IQGAP1 decline (Fig. 2.6), ii) anti-

correlated compartment endosomal intensity fluctuations between IQGAP1 and actin,

(Fig. 2.7), and iii) sign-sensitive phase lags between IQGAP1 and Exo70 (Fig. 2.8).

To probe the IQGAP1 domain(s) responsible for these kinetic activities, we performed

three-color fluorescence movie imaging of endosomal compartments co-labeled by the

IQGAP1 domain mutants T1050Ax2 (hereafter IQGAP1-T) or �CHD (mVenus), IQ-

GAP1 WT (FusionRed), and the F-actin biosensor F-tractin or Exo70 (mTurquoise2).
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We again observe large actin spikes that are concurrent with or slightly after

IQGAP1 disassembly for both the �CHD and IQGAP1-T mutants (Fig. 3.6). While

the �CHD mutant on average slightly precedes IQGAP1 WT in this decline (Figs.

3.6A and 3.9), the constitutively active IQGAP1-T mutant shows a clear phase lag

after IQGAP1 in both the fluorescence intensity trace of a representative compartment

(Fig. 3.6B, top) and averaged fluorescence change during a spike (Fig. 3.6B, bottom).

The resemblance of the IQGAP1-T / IQGAP1 phase lag to the Exo70 / IQGAP1

dynamic we had previously characterized (Fig. 2.8) suggested that the IQGAP1-T

dynamics are governed by a stronger association with Exo70. To confirm this, we

imaged compartment dynamics of IQGAP1 and Exo70. In IQGAP1 compartments

undergoing disassembly, we again see that IQGAP1 decline precedes Exo70 (Fig. 3.7),

and this decline occurs in both Exo70 / IQGAP1 / �CHD and Exo70 / IQGAP1

/ IQGAP1-T transfected cells (Fig. 3.7A and B). As before, the concave downward

curvature of the Exo70/IQGAP1 intensity path shows that this phase lag is present

during IQGAP1 disassembly and absent during IQGAP1 growth (Figs. 3.7C). As

seen in the intensity time trace of a disassembling compartment (Fig. 3.7B) and its

corresponding intensity path (Fig. 3.7D), IQGAP1-T dynamics are highly coupled to

Exo70, explaining the observed IQGAP1-T/IQGAP1 phase lag.

We evaluated the overall dynamic relationships between IQGAP1 domain mu-

tants, actin, and Exo70 by computing Pearson’s correlation coefficients for fluctu-

ations (dĨ
dt

) of each pair of markers imaged within single compartment trajectories

(Fig. 3.8). Fluctuations, dĨ

dt

, were computed by first normalizing the background sub-

tracted fluorescence intensity in each trajectory, Ĩ =
I�Ibg

Imax�Ibg
, and then computing its

time derivative using a 9 point Savitzky-Golay filter. In agreement with the example

compartment trajectory shown in Fig. 3.7B, IQGAP1-T / Exo70 trajectory corre-
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Figure 3.6 : Actin intensity spikes following IQGAP1 disassembly (A) Example trace of
actin spike trajectory in a compartment labeled with WT IQGAP1, �CHD-IQGAP1, and
F-tractin (top). Actin spikes were identified by fluctuations > 3 standard deviations away
from the mean intensity. The peak actin intensity for each spike is set to t = 0, and
the average intensity fluctuations for actin and the IQGAPs are plotted with shaded areas
representing ±1sem (bottom). n = 15 compartments, 10 cells. (B) Same as (A), except in
compartments labeled with WT IQGAP1, IQGAP1-T1050Ax2 (IQGAP1-T), and F-tractin.
n = 72 compartments, 10 cells. The average time lag between WT and mutant IQGAP1 is
analyzed in detail in Fig. 3.10



123

time (sec)

IQGAP1ΔCHDExo70
A B

DC

0.00

0.25

0.50

0.75

1.00

0 1000 2000 3000
frame * frame_interval_sec

in
t.s

ca
le

d channel
iqgap.delCHD
iqgap.fr
exo70

x1_y x2_y

0.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.00

0.25

0.50

0.75

1.00

x

y

1000

2000

3000
frame * frame_interval_sec

IQGAP1IQGAP-TExo70

0.00

0.25

0.50

0.75

1.00

0 1000 2000 3000
frame * frame_interval_sec

in
t.s

ca
le

d channel
T1050
iqgap.fr
exo70

0 1 0 1

0.5

1

IQGAP1 ΔCHD

Ex
o7

0

x1_y x2_y

0.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.00

0.25

0.50

0.75

1.00

x

y

1000

2000

3000

frame * frame_interval_sec

0 1 0 1

0.5

1

Ex
o7

0

IQGAP1 IQGAP-T

x1_y x2_y

0.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.00

0.25

0.50

0.75

1.00

x

y

1000

2000

3000

frame * frame_interval_sec

0

3000

time (sec)

ĨĨ
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Figure 3.7 : IQGAP1 and Exo70/IQGAP1-T sign-sensitive delay
(A and B) Normalized intensity trace of IQGAP1, Exo70, and either �CHD or IQGAP1-T.
(C) Normalized Intensity path of the trajectory in (A) comparing Exo70 / IQGAP1 (left)
and Exo70 / �CHD (right) Note the concave down curvature of the path at t > 2000s

demonstrating precedence of IQGAP1/�CHD loss prior to Exo70. During compartment
growth (t < 1000s), no such curvature is seen. (D) Normalized Intensity path of the tra-
jectory in (B). The absence of a time delay between IQGAP1-T and Exo70 is evident from
their linear decline, and this effect is quantified in Fig. 3.10. To avoid the effects of Exo70
overexpression (Fig. 3.5), only cells weakly transfected for Exo70 were examined.
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Figure 3.8 : Compartment trajectory correlations. Three marker live cell movies were ac-
quired of transiently transfected MCF10A cells. Intensity time traces of markers within each
compartment were analyzed. (A) Boxplots of Pearson’s correlation coefficients for compart-
ment trajectories labeled with IQGAP1 WT / �CHD / Actin (left) or WT / IQGAP1-T /
Actin (right). (B) Boxplots of Pearson’s correlation coefficients for compartment trajectories
labeled with WT / �CHD / Actin (left) or WT / IQGAP1-T / Actin (right). n > 100 com-
partments in at least 10 cells were analyzed for each transfection. *** indicates p < 0.001
by ANOVA F-test with Tukey Honestly Significant Difference post-hoc correction.
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lations are higher than IQGAP1-T / IQGAP1 correlations, on average (Fig. 3.8B).

Correlations between �CHD / Exo70 fluctuations were similar compared to those of

IQGAP1 / Exo70, although slightly smaller.

Compartment subtrajectory and phase relationships

We next used a Hidden Markov Model (HMM) to segment compartment trajectories

into ‘growth’ and ‘disassembly’ events to quantify the sign-sensitive phase lags ob-

served in Fig. 3.7B. IQGAP1 compartment intensities were used to classify when a

trajectory was in a ‘high’ or ‘low’ state (Fig. 3.10A). Growth and disassembly events

are then identified by a time window encompassing transitions from ‘low’ to ‘high’

or ‘high’ to ‘low’, respectively. The cross-correlation function (CCF) is the cross

correlation between two timeseries as a function of a time lag, ⌧

CCF (⌧) ⌘
NX

t=1

(x
t+⌧

� x̄)(y
t

� ȳ)

(N � 1)�
x

�

y

Comparison of the CCF averaged across all subtrajectories shows little difference

between the ‘growth’ and ‘disassembly’ phases for IQGAP1-T and Exo70. A sign-

sensitive phase lag is apparent in the negative shift of the ‘disassembly’ CCF relative

to the ‘growth’ CCF for IQGAP1/Exo70 and IQGAP1/IQGAP1-T (Fig. 3.10B).

The average time delay between pairs of markers is computed from the average CCF

across all compartments for time lags of ±4 frames (corresponding to ±4 minutes).

⌧̄ =

4P
⌧=�4

⌧hCCF (⌧)i

4P
⌧=�4

hCCF (⌧)i

The average time lag for WT / Exo70 and WT / IQGAP1-T correlations are
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not significantly different from ⌧ = 0 during the growth phase (Fig. 3.10D). But

during disassembly, IQGAP1 precedes both IQGAP1-T and Exo70 by an average of

⇠1 minute. In addition, Exo70 fluctuations occur slightly before IQGAP1-T during

the growth phase by about ⇠30 seconds (Fig. 3.10D), which suggests that Exo70 may

have a role in recruiting IQGAP1-T to the compartment. As expected, applying CCF

and phase lag analyses to the control movies of Exo70 / FR-IQGAP1 / YFP-IQGAP1

show no significant phase shifts or compartment maturation differences between the

two differently labeled IQGAPs (SI Fig. 3.14).

Multiple regression analyses of endosomal marker intensity fluctuations

Table 3.1 : Multiple regression models of endosomal marker fluctuations. �BIC values for
each set of experiments are relative to the regression model y ⇠ ȳ. ⇤ indicates the most
plausible regression model for describing intensity fluctuation relationships (see text).

y ⇠ x �BIC R

2

⇤ Exo70 ⇠ FR-IQGAP1 -27 0.12
Exo70 ⇠ YFP-IQGAP1 -24 0.11
Exo70 ⇠ FR-IQGAP1 + YFP-IQGAP1 -22 0.12

⇤ Exo70 ⇠ IQGAP1 -43 0.05
Exo70 ⇠ �CHD -7 0.01
Exo70 ⇠ IQGAP1 + �CHD -45 0.05
Exo70 ⇠ IQGAP1 -66 0.11

⇤ Exo70 ⇠ T1050Ax2 -324 0.40
Exo70 ⇠ IQGAP1 + T1050Ax2 -327 0.41
Actin ⇠ IQGAP1 -15 0.03
Actin ⇠ �CHD -83 0.12

⇤ Actin ⇠ IQGAP1 + �CHD -107 0.15
Actin ⇠ IQGAP1 -2.2 0.01
Actin ⇠ T1050Ax2 -58 0.09

⇤ Actin ⇠ IQGAP1 + T1050Ax2 -109 0.16

Given the much larger correlation of IQGAP1-T / Exo70 compared to IQGAP1 /

Exo70 (Fig. 3.8), we wondered whether the IQGAP1 mode represented by IQGAP1-
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Figure 3.9 : �CHD fluctuations precede IQGAP1 (A) Representative compartment trajec-
tory showing a prominent phase-lag between �CHD and WT IQGAP1 (left). The cross
correlation function of this trajectory, which measures the correlation between WT[t + t]
and DCHD[t], shows a prominent peak at ⌧ = 60s, indicating that �CHD fluctuations pre-
cede WT (right). (B) Averaged cross correlation function of control experiment between
FusionRed-IQGAP1 and mVenus-IQGAP1(right). The histogram of argmax

⌧

CCF (⌧)
shows no phase lag was measured in the vast majority of WT / WT compartments. n = 60
compartments across 7 cells. (C) Averaged cross correlation function of between FusionRed-
IQGAP1 and mVenus-�CHD (right). The histogram of argmax

⌧

CCF (⌧) shows that nearly
1
3 of trajectories had peak correlations at a phase lag of ⌧ = 60s. n = 537 compartments
across 45 cells.
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Figure 3.10 : Compartment maturation and phase relationships (A) Example IQGAP1
compartment trajectory with the results of HMM classification of trajectory growth and
disassembly. (B) Average CCF during compartment growth and disassembly for the indi-
cated marker pairs in cells transfected for IQGAP1 WT / IQGAP1-T / Exo70. Shaded areas
represent ±1 s.e.m. The average time lag for the growth and disassembly curves is shown
in the first panel. (C) same as (B), but for WT / �CHD / F-tractin co-transfection. (D)
Average time lags for WT / IQGAP1-T / Exo70. Error bars are ±1 s.e.m., as determined
by bootstrap resampling of compartments. (E) Average time lags for WT / �CHD / Actin.
n > 60 compartments, across > 12 cells for each transfection. ⌧̄ for WT / Actin is not
shown because the error bars exceed the scale of the plot. Stars indicate significant differ-
ences from ⌧̄ = 0 (*** p < 0.001; ** p < 0.01, * p < 0.05). p-values are Bonferroni-Holm
adjusted posthoc for 36 multiple comparisons (3 compartment phases x 3 color experiments
x 4 transfection combinations; see SI Fig. 3.14).
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T could be the only conformation of IQGAP1 that interacts with Exo70. A series

of multiple regression analyses were performed to evaluate the relative importance of

IQGAP1 WT and IQGAP1-T for explaining endosomal Exo70 intensity fluctuations

(Table 3.1). Determining the relative importance of predictor variables in regression

is an active area of research (see [Groemping, 2006]); here we evaluated the change

in Bayes Information Criterion (�BIC) and measures based on the coefficient of

determination (R2) when IQGAP1 WT or IQGAP1-T is added to regression models

of Exo70 fluctuations, which are two commonly assessed metrics for model building

[Kutner et al., 2003]. Briefly, the BIC for a model is defined as �2 ln(L̂) + ln(n)k,

where L̂ is the maximized likelihood of the model parameters, n is the number of

degrees of freedom, and k is the number of parameters to be fit [Kass and Raftery,

1995]. For the specific context of linear regression, the maximum likelihood function

is given by �ln(L̂) / n ln(RSS), where RSS is the ‘Residual Sum of Squares’ of the

regression fit.

Selecting between different models is then guided by minimizing the BIC, which

balances the desire for a model that fits the data well (i.e. minimizing RSS) with a

penalty that encourages fewer variables. �BIC > 10 is generally considered to be

very strong evidence for preferring one model over another, while �BIC  2 is ‘not

worth more than a bare mention.’ [Kass and Raftery, 1995]. Of note, since the BIC is

based on the maximized likelihood function, comparing �BIC is only appropriate for

models that have been fit to the same data. The ‘Usefulness’ of a predictor variable

in the context of model selection is the decrease in R

2 when that predictor variable

is removed [Darlington, 1968]. As seen in the FR-WT / YFP-WT IQGAP1 control,

including either FR-IQGAP1 or YFP-IQGAP1 when the other is already present

in the regression model resulted in negligible decrease in the BIC (Table 3.1). The
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‘usefulness’ of FR-IQGAP1 given YFP-IQGAP1 was also negligible. This is expected

because fluctuations of FR-IQGAP1 intensity in an endosome should be identical to

the YFP-IQGAP1 intensity fluctuations (modulo measurement error). Therefore, the

FR-IQGAP1 signal contains no additional information for predicting Exo70 dynamics

that is not already present in the YFP-IQGAP1 (and vice versa).

For the case of IQGAP1-T and Exo70, the BIC and R

2 of the full regression model,
dĨEXO

dt

= �0 + �1
dĨT

dt

+ �2
dĨWT

dt

, improves only very slightly over the IQGAP-T only

model, dĨEXO

dt

= �0 + �1
dĨT

dt

(Table 3.1). The �BIC of the full model is decreased by

3 over the IQGAP1-T model. The increase of R2 from 0.40 to 0.41 shows that the

usefulness of IQGAP1 is negligible. On the other hand, the usefulness of IQGAP1-

T in predicting Exo70 fluctuations is 0.29. This suggests that IQGAP1 and Exo70

interact primarily, if not wholly, through the activated IQGAP1 state represented by

IQGAP1-T.

3.2.7 Identification of protagonistic and antagonistic IQGAP1 domain

states for F-Actin

In our previous study, we had observed that IQGAP1-specific endosomal compart-

ments assemble, persist, and disassemble in the MCF10A basal cortex in concert with

F-actin, Exo70, and membrane over the course of ⇠2 hours (Fig. 2.6A). An inter-

esting feature of these data is that while IQGAP1 and Actin are overall positively

correlated, reflecting the large magnitude changes during the growth and disassembly

stages of endosomal maturation, detrending of these long timescale changes revealed

that actin and IQGAP1 intensity fluctuations are anti-correlated at time scales of

⇠10 minutes (Fig. 2.7). This suggested that IQGAP1 could play a role in control-

ling sustained actin growth and maintenance by both promoting and constraining
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F-actin polymerization. Both protagonistic and antagonistic IQGAP1 functions are

supported by in vitro evidence that different IQGAP1 domains are responsible for

promoting or inhibiting actin polymerization. The IQGAP1 CHD can crosslink F-

actin [Fukata et al., 1997], and the IQGAP1 RGCT inhibits F-actin growth by acting

as a barbed end capper [Pelikan-Conchaudron et al., 2011].

To further elucidate the domains responsible for specific IQGAP1 / actin inter-

actions, we measured the correlations of intensity fluctuations, dĨ

dt

, between �CHD-

IQGAP1 and actin within endosomal compartments co-labeled by IQGAP1, �CHD

and F-tractin. Comparison of the time-derivative of two different time-series im-

plicitly detrends the long timescale growth or disassembly patterns, allowing us to

examine the how fluctuations of endosomal markers within a compartment are as-

sociated at fast time scales. In agreement with our previous report, we again found

that endosomal fluctuations of IQGAP1 / actin were anticorrelated, on average (Fig.

3.8A). Consistent with the CHD binding to and crosslinking F-actin, the endosomal

�CHD / actin fluctuations are negatively correlated on average, and these anticor-

relations are stronger than for IQGAP1 WT / actin (Fig. 3.8A). The CHD therefore

contributes to positive IQGAP1 / actin associations.

The hCCF (WT,DCHD)i for both the endosomal growth and disassembly mat-

uration stages had a rightward kink (Fig. 3.10C and SI Fig. 3.14A), and this is

reflected in the resulting ⌧̄ > 0 of these curves (Fig. 3.10E and SI Fig. 3.14B). In-

vestigating further, we found that this averaged phase difference between the �CHD

mutant and IQGAP1 WT is readily apparent in the intensity traces of individual

compartments (Fig. 3.9A) where the �CHD intensity prominently precedes WT by

⇠60 s, or 1 frame.

To quantify the number of compartments with phase lags detectable at the frame
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rate of 1/60Hz, we counted the number of trajectories in which the maximum CCF (WT,DCHD)

occurred at ⌧ 6= 0. In the control dataset comparing FR-IQGAP1 and YFP-IQGAP,

the maximum CCF of nearly all compartments occurred at ⌧ = 0, and this is also seen

in the symmetric distribution of hCCF (FR�WT,YFP�WT)i (Fig. 3.9B). �CHD

precedes WT in ⇠1
3

of compartments, and this is evident in the rightward shift of the

hCCF (WT,DCHD)i (Fig. 3.9C).

Furthermore, relative importance analyses show that both the IQGAP1 WT and

�CHD are together important predictors of actin fluctuations (Table 3.1), indicating

that the WT and �CHD signals are representative of multiple, independent modes

of actin interaction.

Path analysis decomposition of direct and indirect IQGAP1 domain / actin

intensity fluctuation correlations

Since we expect the �CHD-IQGAP1 and IQGAP1 WT markers to report on the

CHD-independent and composite IQGAP1 endosomal activities, respectively, we then

performed a path analysis [Beaujean, 2014] to delineate the CHD-dependent and -

independent interactions of IQGAP1 and actin (Fig. 3.11A). The weights between

actin and IQGAP1 or �CHD are the standardized � coefficients from the regression

equation,

Actin = ↵0 + �0�CHD+ �1IQGAPWT

, and the weight between IQGAP1 and �CHD is similarly found from the regression

equation,

IQGAPWT = ↵1 + �2�CHD
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Note that since there is only 1 predictor variable, the standardized weight is equal to

the correlation coefficient, �2 = r(WT,�CHD). The correlation coefficient between

�CHD and actin, r(�CHD, actin), is then decomposed into the sum of the ‘indirect’

and ‘direct’ paths, r(�CHD, actin) = �1�2 + �0. By including both the �CHD and

IQGAP1 WT fluctuations in the regression equation for actin, we are able to control

for the high correlation between �CHD and WT (r = 0.82, Fig. 3.11A) and resolve

the ‘direct’ effect of �CHD on actin, thereby incorporating both �CHD / WT and

WT / actin correlations into the analysis. In doing so, we found that the direct effect

of �CHD on actin is a negative association. Since the only difference between the

WT and �CHD markers is the deletion of the CHD domain, �1 should represent the

effect of the Calponin Homology Domain on actin. Whereas the overall association of

IQGAP1 WT / actin is negative (Fig. 3.8A), we find that �1 = 0.34, indicating that

the CHD promotes IQGAP1 / actin associations. These results further confirm that

the antagonistic IQGAP1 / actin dynamics originate from the IQGAP1 C-terminus,

and that the CHD is responsible for a positive actin/IQGAP1 relationship.

Motivated by our earlier finding that the IQGAP1 GRD controls IQGAP1 asso-

ciations with actin, (Section 3.2.4), we then assayed IQGAP1 / actin activities with

the constitutively active mutant IQGAP1-T. Here, the IQGAP1-T / actin interac-

tions were positive on average (Fig. 3.8A). Relative importance analyses show that

IQGAP1-T is an important predictor for actin fluctuations (�BIC = �51, Useful-

ness=0.15; Table 3.1). Path analysis further indicated that IQGAP1-T / actin are

positively associated after controlling for the confounding effect of WT / IQGAP1-

T interactions. In addition, after controlling for the positive effects of IQGAP1-T

on actin, we found that the direct effect of IQGAP1 / actin interactions were more

negative (r = �0.30 vs r = �0.11, Fig. 3.11B).
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Segmentation of average CCF for compartment growth and disassembly shows

that the IQGAP1-T / actin association is particularly strongly positive during the

growth phase of a compartment (SI Fig. 3.14). The �CHD / actin correlation is

actually negative during the growth phase (Fig. 3.10C), and the overall WT IQGAP1

/ actin correlation during growth is close to zero (Fig. 3.10C and 3.10). The composite

IQGAP1 WT signal within a compartment therefore likely represents an average over

individual IQGAP1 molecules that are either in the F-actin promoting or suppressive

states, as represented by the IQGAP1-T and �CHD mutants respectively.

3.3 Discussion

The multi-domain scaffold IQGAP1 is recognized increasingly for its abilities to func-

tion as an integrator of distinct signaling pathways to control diverse cellular pro-

cesses [Smith et al., 2015], [Malarkannan et al., 2012]. To date, >100 IQGAP1 in-

teraction partners have been identified [Smith et al., 2015]. While many of these

interactions have been mapped to specific IQGAP1 domains, mechanistic insight into

the role of IQGAP1 as a key node for linking signaling activities to functional re-

sponses will require resolving how the strengths of multiple IQGAP1 / downstream

effector interactions are modulated as a functional unit. In this study, we performed

multiplexed live cell imaging of IQGAP1 and constituents of basal endosomal com-

partments involved in E-cadherin recycling and, potentially, epithelial maintenance in

MCF10A epithelial cells. The spatiotemporal resolution afforded by microscopy en-

abled the detailed maturation-dependent interactions between IQGAP1, actin, and

the exocyst constituent Exo70 to be compared in individual endosomes. Further-

more, by monitoring the intensity fluctuations of both IQGAP1 domain mutants and

IQGAP1 WT, we were able to evaluate the effects of specific disruptions in the IQ-
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Figure 3.11 : Proposed model of IQGAP1 mediation of actin growth and membrane process-
ing. Path analysis of marker fluorescence intensity fluctuation, dĨ

dt

. Weights are computed by
regression fit to standardized intensity fluctuations (see text). The direct effect of �CHD on
actin, �0, is antagonistic (A), while the effect of IQGAP1-T on actin is positive (B). Exo70
is proposed to recruit the IQGAP1 conformation represented by IQGAP1-T. (B, top). (C
and D) Model of IQGAP1 conformations and subsequent interactions with actin and Exo70.
Potential drivers of IQGAP1 state transitions from cytosolic to i, ii, and iii are drawn in
grey circles. (D) Schematic of IQGAP1 conformational states and interactions. A recruiting
signal, S

R

, drives IQGAP1 to the compartment (i), that can then transition into a RGCT-
mediated actin-capping conformation (ii) or a F-actin binding state associated with Exo70
(iii). Exo70 may additionally promote F-actin polymerization via recruitment of nucleation
promoting factors (NPF) [Liu et al., 2012].
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GAP1 interaction network. These compartments are an attractive model system for

the study of IQGAP1 structure function in vivo because i) they are easy to auto-

matically segment for intensity quantification owing to their their uniform small size

(⇠1 µm diameter) and confinement to the basal actin cortex; ii) they spontaneously

grow and disassemble over ⇠1hr, which allows us to capture the entire endosomal

life cycle at a fixed focal plane within a tractable imaging session; and iii) a suite of

IQGAP1’s known interaction partners colocalize at these compartments.

Subcellular contrast approaches for probing protein interaction networks

Measurements of localization contrast in fluorescence images were developed to quan-

tify subcellular localization affinity. The Pearson’s correlation (PCC) coefficient and

Mander’s overlap coefficients (MOC) are commonly used metrics to assess colocal-

ization [Dunn et al., 2011], but they suffer from limitations that contrast analyses

were designed to address. Mander’s overlap is a measurement of the spatial overlap

between two different markers within a cell. It is therefore relatively insensitive to

the variation in marker intensity ratios that can result from differential recruitment

affinity. The PCC quantifies intensity variation of two markers within a cell on a

pixel-by-pixel basis. However, this results in the PCC being most sensitive to large

intensity differences that may be outside of the endosome (e.g. nuclear or junction

localization). Since we perform an initial image segmentation of basal compartments,

our contrast analysis is specific to endosomal recruitment. Furthermore, because flu-

orescence contrast is relatively insensitive to labeling heterogeneity, we are able to

pool hundreds of compartment contrast measurements from many different cells to

better evaluate overall differences between IQGAP1 mutants. A PCC analysis would

only be able to compare recruitment differences across the 2-5 compartments that are
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typically present in a cell (see: Section 2.5 S4). Finally, contrast has a straightforward

interpretation as a measure of protein-protein affinity in subcellular localization.

Contrast measurements are also useful for assessing the directionality of protein

recruitment to compartments. A large-scale survey of transiently transfected cells

was conducted to evaluate the dose-response of Exo70 expression on IQGAP1 com-

partment localization contrast, and it was found that IQGAP1 contrast was majorly

impacted when Exo70 expression exceeded a threshold. Although we had previ-

ously performed absolute estimates of intracellular protein levels at the single-cell

level [Efremov et al., 2014], that technique relied on single-molecule counting of rela-

tively low levels of gene expression and is unsuitable for quantitating highly expressed

fluorophores. Here, we exploited the inherent heterogeneity of gene expression in tran-

sient transfection to sample a broad range of intracellular Exo70 levels. Exo70 has

been reported to associate with the IQGAP1 C-terminus via the exocyst subunits Sec3

and Sec8 [Sakurai-Yageta et al., 2008]. One possibility is that Exo70 overexpression

disrupts exocyst complex formation, thereby inhibiting exocyst-mediated recruitment

of IQGAP1 to the compartment. Nevertheless, the ability of Exo70 overexpression

to disrupt IQGAP1 localization indicates that Exo70 or the exocyst helps recruit

IQGAP1 to the compartment, regardless of the precise mechanism.

Multiple regression analyses of endosomal intensity fluctuations for reveal-

ing IQGAP1 structure function

Fluctuations of biosensor recruitment or activation have been utilized to establish the

spatiotemporal coordination of Rho GTPases and phosphoinositide 3-kinase (PI3K)

of cellular protrusions [Machacek et al., 2009] [Welf et al., 2012]. Here, we use sim-

ilar correlative analyses to dissect the timing and strength of associations between
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IQGAP1, cytoskeletal, and membranous components of endosomes throughout their

maturation stages.

It has been proposed that IQGAP1 domain activation and coordination is ac-

complished through transitioning between conformational states that are activatory

or inhibitory for the CHD and RGCT [Choi and Anderson, 2016] [Rittmeyer et al.,

2008]. We expect the composite endosomal IQGAP1 levels to be comprised of multi-

ple conformational states,

[IQGAP1]
total

= [IQGAP1]
i

+ [IQGAP1]
ii

+ [IQGAP1]
iii

+ ...

and transitions between these states have been hypothesized to be driven by 1443Ser-

ine phosphorylation, binding of PIPKI and PIP2, or Rho GTPase binding to the

GRD [Choi and Anderson, 2016]. Since the IQGAP1 T1050Ax2 acts as a con-

stitutively active mutant for IQGAP1 functions induced by GTP-bound Cdc42 or

Rac1 [Fukata et al., 2002] [Sakurai-Yageta et al., 2008], we expect the IQGAP1-T to

act as a reporter of activated GRD IQGAP1 conformation(s) (Fig. 3.11). The �CHD

mutant reports on IQGAP1 conformation(s) that do not depend on the CHD. Be-

cause we observed relatively benign differences in the �CHD / WT colocalization

and kinetics, the �CHD activity is expected to be representative of the WT IQGAP1

subnetwork of protein association in which CHD mediated interactions have been

deleted. To elucidate the role of the CHD for IQGAP1 function, a multiple regression

analysis on both the WT and �CHD is then applied to separate the confounding ef-

fect of the CHD-independent activities present in the WT and �CHD dynamics from

the CHD-dependent activities that are present in the WT dynamics only. Similar

arguments apply to a fluctuation analysis of IQGAP1-T / WT / actin interactions
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for separating the GRD (or Exo70) independent and dependent effects of IQGAP1 on

actin. Path analyses of IQGAP1 WT / mutant intensity fluctuations are then used

to summarize or provide important insights into IQGAP1 domain coordination and

downstream effector functions (Fig. 3.11A and B).

Proposed mechanism of IQGAP1 domain coordination

In this study, we found that IQGAP1 mutants that disrupt the GRD or RGCT

(GRD6A, T+GRD6A, C-terminus Venus) generally decreases IQGAP1 compartment

localization except for an intensity spike during compartment disassembly. These

intensity spikes are correlated with actin intensity spikes that also occur during dis-

assembly. We therefore hypothesized that cytosolic IQGAP1 is normally in a self-

inhibited state that precludes CHD / actin interactions, and that the GRD and RGCT

mutations relieve this auto-inhibition. This is supported by subsequent experiments

in which compartment localization of �CHD-GRD6A was completely abolished, sug-

gesting that the residual GRD6A localization was indeed due to CHD / actin associ-

ations.

Since the �IQ, GRD, and RGCT mutants displayed severe localization defects, we

expect that initial recruitment of the inactive cytosolic IQGAP1 pool to endosomes

(Fig. 3.11C, i) is mediated by one or more of these domains. Consistent with this, it

has been reported that Cdc42 or Rac1 binding to the GRD and phosphorylation of

1443Serine are capable of relieving GRD / RGCT auto-inhibition [Watanabe et al.,

2004] [Grohmanova et al., 2004].

The ⇠3 fold reduction in �CHD contrast compared to WT IQGAP1 indicates

that F-actin plays a key role in bolstering IQGAP1 levels within the compartment.

This is consistent with super-resolution STORM images of IQGAP1 decorating actin
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bundles (Fig. 2.2). Yet, the overall high correlation (r = 0.82) of the IQGAP1

WT / �CHD intensity fluctuations suggests that the increased affinity conferred

by the CHD does not appreciably affect IQGAP1 recruitment. The constitutively

active IQGAP1 mutant T1050Ax2 displayed overall higher contrast than WT and

lower fluctuation correlation (r = 0.44), suggesting that GRD activation determines

IQGAP1 recruitment. We expect that these results are indicative of a rate-limiting

recruitment step that is related to GRD activation and function.

By comparing �CHD and WT IQGAP1 endosomal intensity fluctuations, we were

able to conduct a controlled observational study that isolated the effect of the CHD

on actin / IQGAP1 associations (Fig. 3.11A). Consistent with in vitro evidence that

the CHD binds to F-actin [Mateer et al., 2004] and super-resolution STORM images

of IQGAP1 decorating actin bundles (Fig. 2.2), our analysis of intensity fluctuations

also showed that the CHD is responsible for positive actin / IQGAP1 associations.

CHD-independent IQGAP1 fluctuations occurred before composite WT IQGAP1 by

⇠40s, on average, and were even more strongly anti-correlated with actin than that

of WT IQGAP1. This is explained in our model by initial recruitment of CHD-

independent IQGAP1 that can then transition to either an actin- suppressing (ii) or

promoting (iii) state (Fig. 3.11C and D).

The IQGAP1-T mutation was found to confer strongly positive associations with

both Exo70 and actin. Taken together, the large and comparable compartmental con-

trast of Exo70 and IQGAP1-T; more strongly positive compartment trajectory corre-

lations of Exo70 / IQGAP1-T; close correspondence during all phases of compartment

maturation; and multiple regression analyses of relative importance all suggest that

IQGAP1-T represents or mimics the dominant or perhaps sole IQGAP1 conformation

that interacts with Exo70 (Fig. 3.11B). Furthermore, the higher contrast of Exo70 in
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the compartment and ability of Exo70 overexpression to disrupt IQGAP1 localization

suggest that the exocyst complex recruits IQGAP1 to the compartment (Fig. 3.11D;

iii). This is supported by the ⇠40 s phase lag between Exo70 and IQGAP1-T during

compartmental growth, although faster frame rates would enable this measurement

to be performed in greater detail. Finally, the maintenance of IQGAP1-T / Exo70

association during compartment disassembly suggests that IQGAP1 WT disassembly

is induced when IQGAP1 integration of external signals (potentially loss of Rac1 or

other Rho GTPases) leads to conformations that lose the ability to associate with

Exo70; as a constitutively active mutant, IQGAP1-T is unresponsive to loss of those

signals and continues to bind Exo70 throughout disassembly.

In addition to enhancing the IQGAP1 / Exo70 interaction, activating the GRD

also resulted in strongly positive IQGAP1 / actin associations, on average. This is

in contrast to the overall negative association between IQGAP1 WT / actin. Since

we had determined the CHD to be the source of positively correlated IQGAP1 /

actin fluctuations (Fig. 3.11A), the GRD appears to coordinate activation of positive

IQGAP1 interactions for actin and Exo70 through the CHD and the IQGAP1 C-

terminus, respectively (Fig. 3.11C and D; iii).

The formation of multimeric IQGAP1 complexes has been proposed as a mecha-

nism for regulating IQGAP1 activity, and purified fragments of the CHD or GRD have

been shown to form dimers in vitro [Fukata et al., 1997] [LeCour Jr. et al., 2016] [Liu

et al., 2016]. In particular, it has been shown that purified fragments of the CHD form

head-to-head dimers, and these dimers exhibit reduced affinity for F-actin compared

to a single CHD because the CHD / CHD dimerization interface sterically occludes

CHD / F-actin binding [Liu et al., 2016]. This raises the possibility that CHD /

actin affinity can be modulated via a dimerization-dependent mechanism. Our assays
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did not reveal any signatures of CHD dimerization regulating F-actin affinity. As-

suming that IQGAP1 forms dimers in vivo, cotransfections of �CHD and IQGAP1

WT should result in heterodimers of �CHD/WT. Since the WT and �CHD expres-

sion levels should be comparable (the same mass of DNA was used for transfecting

both constructs), the majority of the �CHD intensity would represent �CHD het-

erodimers with labeled or endogenous WT IQGAP1. These heterodimers should be

incompetent for forming CHD dimers and therefore would be constitutively active in

F-actin binding, resulting in intensity spiking behavior similar to what we observed

for the GRD6A mutants. Yet, no �CHD intensity spikes were detected. CHD /

F-actin affinity thus appears to be regulated by the GRD rather than CHD/CHD

dimerization.

The microscopy and analytical framework developed here should be useful for fur-

ther characterization of the origin and consequences of IQGAP1 and cell signaling.

We expect delineation of endosome maturation phase to continue to be useful for

identifying the IQGAP1 conformation(s) particularly active during growth or disas-

sembly, and the intracellular signals that drive these states. That IQGAP1 responds

to the Rho-GTPases CDC42 and Rac1, phosphatidylinositol signaling, phosphoryla-

tion of IQGAP1 at Ser1443, and Ca+2 or calmodulin has been well established in

vitro. While we do not resolve here the specific IQGAP1 / effector interactions that

lead to domain (in)activation and the resultant effects on endosome physiology, we

expect that doing so will be a straightforward extension of our assay and analyses

to include IQGAP1 mutants that selectively knockdown IQGAP1 / effector associa-

tions. Full-length IQGAP1 mutants that are defective in PIP signaling [Choi et al.,

2016], phosphomimetic or nonphosphorylatable [Li et al., 2005], or deficient in Ca+2

binding [Li and Sacks, 2003] are promising candidates for future study.
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3.4 Methods

MCF10A Culture and Transfection

MCF10A cells were transfected using a Nucleofector IIb (Lonza) machine set to pro-

gram T-024 and solution T. Briefly, 0.5-2 million MCF10A cells cultured in MEGM

Mammary Epithelial Cell Growth Medium without GA-1000 (Lonza) supplemented

with 100ng/mL cholera toxin and penicillin, streptomycin, and ampicillin were treated

with 10-20 minutes of Trypsin-EDTA solution, washed with 10% fetal bovine serum,

washed again in Phosphate-buffered saline, and then finally resuspended in 100 µL

and up to 2 µg total of indicated plasmids (see text and Table 3.2) immediately be-

fore nucleofection, and then plated onto 3mL of MEGM in a 6 well polystyrene tissue

culture dish. 24 hours after transfection, nucleofected cells were transferred to 35mm

no. 1.5 coverglass pre-coated with 1% Growth Factor Reduced Matrigel (Corning),

or frozen in MEGM supplemented in 10% DMSO for later use.

Live cell microscopy

18-36hrs after transfected MCF10A cells were seeded onto coverglass and allowed

to adhere, the coverglass was transferred to a humidified live cell imaging chamber

(Bioptechs) warmed to 37 �C in 5% CO2 (Okolab). Movies were captured in epi-

fluorescence at a frame rate of 1 frame/fluorophore/60 seconds on a Nikon Ti-E

microscope outfitted with motorized stage, filter wheel, and perfect focus system

using a 1.4 or 1.45 NA 60x objective (Nikon) on to an EMCCD Andor Luca camera

set to 2x2 binning.
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Live cell movie processing

See Appendix A

Contrast analysis

Live cell images were acquired as above and segmented using a split-Bergman pro-

cedure implemented in a ImageJ plugin [Rizk et al., 2014]. Background fluorescence

intensity was calculated by smoothing images with a 14 pixel rolling disk filter. ADC

offset bias count was measured by acquiring ‘dark’ images using the same camera

gain and exposure settings without a sample, and this bias count was subtracted

from images prior to processing . The contrast for each compartment, C ⌘
P
x,y

I�Ibg

P
x,y

Ibg

was computed using custom MATLAB scripts.

The summed images in Fig. 3.4A were calculated from 1 frame/minute movies

of triple transfections GRD6A / �CHD-GRD6A / IQGAP1 WT cells. These movies

were dedrifted (Appendix A) and background subtracted with a 7px radius rolling ball

filter. 60 frames of each marker from dedrifted, background subtracted movies were

then projected into a single image by adding pixel intensities. Contrast measurements

of GRD6A were conducted on similarly summed images, with the exception that no

background subtraction was applied to preserve the cytosolic intensity.

Correlation and regression analyses

Correlation coefficients for Fig. 3.8 were computed on compartments that persisted for

>30 minutes (30 frames) as determined by the Squassh segmentation program [Rizk

et al., 2014]. Intensity trajectories of individual compartments were first normalized

by Ĩ = I/I

max

, and the derivative was computed by a 9 point first order Savitzky-

Golay filter [Savitzky and Golay, 1964]. Correlations of marker pairs in each com-
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partment were then computed from this time-derivative.

Multiple regression and path analyses were performed in the R programming en-

vironment. These analyses were performed on intensity time-derivative data points

that were spaced at least 9 frames apart within a trajectory to avoid autocorrela-

tion effects from the Savitzky-Golay filter. The path analysis coefficients are from

standardized regression coefficients.

Hidden Markov Model of compartment intensity

IQGAP1 WT trajectories were classified as ‘high’ or ‘low’ intensity states by a HMM.

[Rabiner, 1989]. IQGAP1 WT intensities were first discretized into 8 bins. The

high and low intensity state distributions and transition probabilities were trained

using the Baum-Welch algorithm in MATLAB (R2012b), and these estimates were

used by the Viterbi algorithm to classify IQGAP1 trajectories. Growth (disassembly)

subtrajectories were defined as 10 consecutive frames of low (high) IQGAP1 followed

by 10 consecutive frames of high (low) IQGAP1. Compartment subtrajectories were

defined as ‘maintenance’ when the compartment persisted in the ‘high’ state for at

least 10 frames.

Genetic constructs

All plasmids used for transfection were purchased from Addgene and used directly

or with the indicated modifications made by Gibson Isothermal assembly [Gibson

et al., 2009]. Plasmids were purified according to manufacturer instructions by either

Midiprep (Qiagen) or PureYield Plasmid Miniprep with Endotoxin removal wash

(Promega). The GRD6A incorporated 6 alanine substitutions: N1011A, N1015A,

Q1016A, R1017A, E1018A, and T1291A [Liu et al., 2016].
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Table 3.2 : List of plasmids used in this study

ID description parental plasmid
IQFR FusionRed IQGAP1 Addgene 30112 [Ren et al., 2005]
pDT1A mVenus IQGAP1 IQFR
pDT1AT mTFP IQGAP1 pDT1A
pDT1ATC mTFP �CHD pDT1AT
pDT1ATW mTFP IQGAP(727-1657) pDT1AT
pDT1K mVenus GRD6A pDT1A
pDT1KT mTFP GRD6A pDT1K
pDT1KTC mTFP �CHD-GRD6A pDT1K
pDT1KM mVenus GRD6A+T1050Ax2 pDT1K
pDT1M mVenus T1050Ax2 pDT1A
pDT1N mVenus T1050Ax1 pDT1A
pDT1RV IQGAP1 Cterm mVenus pDT1A
pRTM028 mVenus �CHD pDT1A
pRTM029 mVenus �IR-WW pDT1A
pRTM02A mVenus �IQ pDT1A
pRTM01F mTurquoise2 Exo70 �IQ Addgene 53761 [Martin et al., 2014]
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Figure 3.12 : Supplementary Figure for Fig. 3.4 (A) GRD6A+T and IQGAP1 WT before
(t=-900s) and during the GRD6A+T burst (t=0s). The compartment indicated by the
black arrow is the trajectory shown in of Fig. 3.4B Scale is 5 µm.
(B) GRD6A compartment burst. MCF10A cell co-transfected for GRD6A and IQGAP1
WT was imaged every 30s. Images are background subtracted. Following IQGAP1 WT
decline, the GRD6A intensity spikes upward. For simplicity, the integrated intensity within
the yellow outline is plotted (bottom). Black arrow indicates the GRD6A spike and the
much weaker IQGAP1 WT spike. Scale is 2 µm.
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Figure 3.13 : Supplementary Figure for Fig. 3.2 Contrast measurement is independent of
fluorophore label. (A) IQGAP1 basal compartments were imaged using a 1.4NA 60x objec-
tive (Nikon) in MCF10A cells triple transfected with Exo70 / FusionRed (FR) WT IQGAP1
/ YFP WT IQGAP1. The contrasts of IQGAP1 compartments labeled by FusionRed IQ-
GAP1 and YFP IQGAP1 are highly correlated (R2

> 0.93). The slope of the regression
line is �1 = 0.9 ± 0.02 and, as expected, is close to 1. The small yet statistically significant
deviation is likely to due to systematic errors in subtracting the camera dark pixel intensity.
(B) Distribution of compartment contrast. In triply-transfected cells, the Exo70 contrast
is significantly larger than either IQGAP1 labels. The mean FusionRed IQGAP1 contrast
is not significantly different from YFP IQGAP1. ** p < 0.01, *** p < 0.001. n > 50
compartments were imaged in over 5 cells.
(C) IQGAP1-T and IQGAP1 WT contrast. MCF10A cells were triply transfected for IQ-
GAP1 / IQGAP1-T/ F-tractin; contrast was calculated for the data in Fig. 3.8. (D)
Illustration of geometrical factor for relating contrast and equilibrium constant. Endosomal
compartments may be smaller than the focal depth (top). In that case, a multiplicative
factor that accounts for the volume sampled by the focal depth, ↵, is required to relate the
endosomal protein content, Iend � Icyt, to endosomal protein concentration.
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Appendix A

Quantitative analysis of live cell Movies

A.1 Endosome intensity quantitation pipeline

A.2 RANSAC intensity normalization

A.3 Fast 2-color imaging



157

0e+00

2e−04

4e−04

6e−04

1000 2000 3000
seconds

dI
/d
t channel

iqgap.fr

iqgap.yfp

SIFT
Dedrift

1

16

Frame

0.4

0.6

0.8

1.0

0 1000 2000 3000
seconds

no
rm

al
ize

d 
in

te
ns

ity

channel
iqgap.fr

iqgap.yfp

Normalize intensity,
Mask cell junctions

Segment 
compartments

1

16

Frame

F̃

dF̃
dt

A

B

seconds0.000

0.005

0.010

0.015

1000 2000 3000
seconds

dI
/d
t channel

iqgap.fr

iqgap.yfp

IQGAP-FR
IQGAP-YFP

R

2 = 0.97 R

2 = 0.77

Figure A.1 : Live cell movie processing pipeline. A representative cell dual-transfected with
IQGAP1-YFP and IQGAP1-FusionRed is shown. A motorized filter wheel is configured
to image each fluorescent marker over a 2 hour time course. To increase data collection
throughput, an automated stage is used to image 4-10 fields of view over the same time
course. (A) ‘Stage drift’ in the resulting movies is significant and primarily due to the im-
precision of repositioning the stage to a given field of view. These positioning errors are
dedrifted by digitally translating each movie frame based on Scale-Invariant Feature Trans-
form (SIFT) keypoints. An intensity normalization procedure is applied to each movie to
correct for photobleaching and illumination fluctuations. Additionally, a user-defined ROI
(yellow) separates basal and lateral IQGAP. Remaining basal IQGAP compartments are
then automatically segmented by a Split-Bergman workflow. (B) Segmented compartments
are stitched into trajectories and analyzed by a suite of time-series techniques. The compart-
ment (green arrow) displays excellent correspondence between the two fluorescently-tagged
IQGAP markers in both normalized fluorescence (left) and fluorescence fluctuations (right).
The fluorescence derivative was computed by a 15-point 1st order Savitzky-Golay filter.
Intensity Normalization for quantitative analyses of live cell movies.
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Figure A.2 : Intensity Normalization for quantitative analyses of live cell movies. Spuri-
ous correlations of multi-marker live-cell movies can be caused by common-mode intensity
fluctuations arising from photobleaching and lamp power fluctuations. These fluctuations
must be corrected in order to discover true dynamical interactions between fluorescently
tagged proteins. (A) Intensity normalization of dual-transfected FusionRed IQGAP1 (WT)
and the dual-mutant YFP IQGAP1-GRD6A-T1050Ax2 (6A+T). 120 frames of each marker
were imaged over 1 hour, during which time the majority of the IQGAP1 compartments had
disassembled. The last frame of the movie in both channels (right panel) has been photo-
bleached by 10-20comparable intensity values to the first movie frame. Intensity normaliza-
tion for each channel was performed by linear regression of the pixel intensities in frame f to
those in the first frame to minimize the residuals, ✏: I(x, y, 1) = a

f

I(x, y, f)+ b

f

+ ✏(x, y, f)
The coefficients a

f

and b

f

are estimated by a RANSAC procedure. (B) RANSAC selects
cytoplasmic inlier pixels for computing intensity normalization parameters. In estimating
a

f

and b

f

, it is necessary to exclude pixels that display biological intensity variations such
as from IQGAP recruitment to a compartment or a moving cell boundary. The inlier pixels
generated by a Random Sampling Consensus procedure correctly identifies the cytoplasmic
background fluorescence where intensity fluctuations are explained by e.g. photobleaching
and changes in lamp power. (C) Normalized intensities are stable and uncorrelated over
time. The integrated intensities of the entire frame exhibit exponential decay due to pho-
tobleaching and high frequency ripples from epi-fluorescence illumination power variations
(arrows). The Pearson’s correlation coefficient of the uncorrected differenced intensities is
0.84, compared with 0.015 for the normalized intensities.
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Figure A.3 : Simultaneous imaging of red and green fluorescence on PhotonMax512 EMCCD
and Andor Neo sCMOS cameras. (A) 200nm fluorescent microspheres were excited with a
473nm laser in a through-objective TIRF configuration using a 1.45NA 60x Nikon objective.
The fluorescence emission was split by a dichroic beamsplitter and then passed through either
a GFP filter onto the Neo or a RFP filter onto the PhotonMax cameras. The bead centroids
were localized to subpixel resolution to compute the homography transform between the Neo
and PhotonMax fields of view. (B) Normalized bead intensity traces of a 5Hz TIRF movie.
(C) Bead intensity across the two channels in both laser illuminated epi-fluorescence and
TIRF modalities are highly correlated. These correlations could be caused by laser power
and pointing fluctuations or axial stage drift. Beads imaged in epi-fluorescence at 0.03Hz
using mercury lamp illumination and a rotating filtercube do not exhibit correlations.
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Figure A.4 : 5Hz TIRF imaging of tdTomato-fTractin and YFP-IQGAP1 in a MCF10A cell.
Images have been background subtracted. The Iqgap image is transformed by the homog-
raphy matrix in (A) to enable merging with the actin image. Actin / Iqgap compartment
intensities vary much more than the <10% laser power variation from (B).
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Appendix B

IQGAP1 marks calcium sensitive actin
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Figure B.1 : (A) MCF10A cell dual-transfected for IQGAP1 and Ftractin were imaged in
TIRF just prior to and after addition of the calcium ionophore ionomycin. Image is rep-
resentative of > 10 cells. Extensive hypodensities in actin and IQGAP develop within 3
minutes of ionomycin treatment. Large actin hypodensities were observed to form only at
areas of high IQGAP localization prior to treatment. (B) Intracellular calcium chelation
inhibits actin dynamics. Epifluorescence movies of dual-transfected cells were acquired over
30 minutes at 0.033Hz (n = 4 cells). The intensity fluctuations of compartment trajecto-
ries were quantified by computing the standard deviation of the frame-to-frame intensity
differences. Upon addition of 100 µM BAPTA-AM and 0.2% Pluronic F-127, the compart-
mental actin intensity fluctuations were drastically quieted. IQGAP intensity fluctuations
were unaffected.
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Appendix C

IQGAP domain mutant colocalization
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Figure C.1 : Supplementary examples of �CHD and IQGAP WT Colocalization
MCF10A epithelial cells co-transfected with �CHD and IQGAP WT, imaged using

the same conditions as Fig. 3.1. Scale is 10 µm.


