Using Microscopy to Manipulate and Visualize Signal

Transduction in Living Cells

Eric Adam Vitriol

A dissertation submitted to the faculty of the University of North Carolii@hapel Hill
in partial fulfilment of the requirements for the degree of Doctor of Philosopthe

Department of Cell and Developmental Biology.

Chapel Hill

2009

Approved by:
Ken Jacobson, Ph.D.
Klaus Hahn, Ph.D.
Gary Johnson, Ph.D.
Keith Burridge, Ph.D.

James Bear, Ph.D.



ABSTRACT

Eric Adam Vitriol

Using Microscopy to Manipulate and Visualize Signal Transduction in Living Cells
(Under the direction of Ken Jacobson, Ph.D. and Klaus Hahn, Ph.D.)

Signaling events in cells are often localized and transient. Understanding how
these pathways are regulated in space and time requires the developmentoolse
that reveal spatiotemporal transduction. Subcellular events can be visualizaktime
by high-resolution light microscopy. Technological advances in live-celiimgehave
offered the means to not only observe the phenotypic consequences of signaling events,
but to visualize and manipulate the activity of their components. This dissertation
describes four studies in which microscopy is implemented to manipulateializes
signal transduction in living cells. The first study demonstrates contrilsuioon
Chromophore Assisted Laser Inactivation, a light-mediated loss of funatbrhe
second study describes the generation of a new probe to visualize the activatmn of S
family kinases. The third study utilizes a biosensor for the GTPase RhoA tbneveh
information about how this signaling component is spatiotemporally regulated in
neurons. Finallythe fourth study describes a new computational method for the
automated identification and tracking of protein structures called focabexits.
Together these studies demonstrate the power of using microscopy toygausidyets to

the spatiotemporal details of signal transduction.
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CHAPTER 1: Introduction

Overview

The complex system of cellular communication consists of a vast array
components, pathways, and hierarchical networks. These must be preciseltedefgul
a cell to function properly. Many signaling events are localized anddrdns part this
is how specificity is achieved. To better understand the spatiotemporal component of
signal transduction, new tools designed specifically to study it must be deVvelope
utilized. Subcellular events can be visualized in real-time by high-resolight
microscopy. Technological advances in live-cell imaging have offereti¢a@s to not
only observe the phenotypic consequences of signaling events, but to visualize and
manipulate the activity of their components. This allows for a more complete
comprehension of how signaling pathways are compartmentalized and temporally
controlled.

This dissertation contains three methodologies (Chromophore Assisted Lase
Inactivation, Biosensors, and Computer Assisted Image Analysig)tile live-cell
microscopy to study spatiotemporal signal transduction. Because the abkigipe of
this thesis is vast, the background of Chromophore Assister Laser Inactiaat
Biosensors will be introduced in Chapter 1 and the relevant biology for each sliuoky wi

disclosed in the introduction section of its respective chapter.



Chromophore Assisted Laser Inactivation

Although analysis of loss of function phenotypes leads to important clues about
protein function, long-term global protein inactivation via gene knockout or RNA
interference (RNAI) can lead to compensatory changes at the molewdbthat are
difficult to detect or control. Use of pharmacological inhibitors is limitea bgck of
subcellular spatial resolution and transport across the plasma membrane. Bstcontr
instantaneous and spatially precise protein inactivation through chromophotedassis
laser inactivation (CALI); ?in principle, avoids these issues. In CALI, a photosensitizer
chromophore is attached to a target protein within a cell. An area asnhiethen
irradiated with an intense beam of light. Absorption of light by the chromophore teads t
the production of highly reactive free radicals, including reactive oxygen s{&sS)
that in turn inactivate the proximate target(s). Because the freelrsyecses generated
during CALI are short-lived, the damage radius has been reported to be limited to
proteins that are immediately adjacent to the irradiated chromopf@wen that
inactivation can be accomplished within short timescales (often <1 s) dndeha
inactivating light beam can be directed to small regions within a singlehmetet¢hnique
provides a spatially and temporally controlled loss of function tool for cell and

developmental biology.



Figure 1.1. CALI schemaic. Excitation of
the chromophore with laser light leads to
production of free radicals, predominantly|in
the form of reactive oxygen species (ROS).
ROS are highly destructive, immediately
damaging the protein and destroying the
chromophore. However, the short half-life| of
Loss of ROS keeps the destruction radius to just &
Function few nanometers and only the protein diregtly
adjacent to the chromophore is effected.
Combined with the ability to direct light
Protein anywhere within the cell, CALI has the
damage potential for local and instantaneous loss pf
function.

N—r

Methods for CALI

CALI requires that a photosensitizer chromophore is placed immediatabeatl
to a protein of interest. Over the years there have been several createges to
achieve light inactivation, with innovations made in both the type of chromophore used
and how it is directed to its intended target. Here are the methods used to acHiéve CA
to date:

Malachite green or fluorescein conjugated antibodiedn the original
demonstrations of CALI by D.G. Jay and colleagues, the dye malactete wees
conjugated to a target-specific non-function blocking antibody that was micreshject
into the cell* >*°This methodology is still being employed toddy?* Later malachite
green was substituted with the fluorescent dye fluorescein, due to its maeneff
generation of free radical specféshe use of fluorescein as a photosensitizer also
prompted a name change to FALI (Fluorophore Assisted Light Inactivation). Though

effective, this technique never became widely used most likely becausebiines the



need to microinject live cells and requires a reagent that is not avadalh@$t targets

(non-function blocking antibody).

FIAsH and ReAsH. More recently, methodologies have been described using
membrane-permeable fluorescent ligands that bind to genetically erteogked
sequences. These strategies vastly expand the pool of potential CALY,tasgebn-
function-blocking antibodies that are specific for a single targetatg fare. They also
avoid having to use microinjection for cytoplasmic targets. The first methodhgses
biarsenical dyes ReAsH (resorufin-based arsenical hairpin bifidag FIAsH
(fluorescein-based arsenical hairpin bindéfkeAsH and FIAsH have an intrinsic high-
affinity interaction with the tetracysteine motif Cys-Cys-Pro-Gls-Cys (Kd in the pM
or lower range). ReAsH-based CALI was used to inactivate connexin 43 that was
expressed as a tetracysteine fusion, and loss-of-function was monitored
electrophysiologically by the decrease in intracellular coupling atedliiby gap
junctions®® FIAsH was demonstrated to label synaptogamin-1 into which the tetrawystei
motif was engineered and expressed in synaptogamin-I null Drosophila mutantfCAL
dissected larvae that had been labeled with FIASH impaired neurotransetétese from
the neuromuscular junction by interfering with the synaptic vesicle postrdpftigion

mechanisnt®

FK-FALI. An alternative targeting strategy was subsequently developed that
exploited the high-affinity interaction between FKBP12 (F36V), a protein that tonds

the natural ligand FK506, and its synthetic ligand for FKBP12 (Sk@ ~.10 pM)?’ In



this methodology, the protein target is expressed as a fusion with FKB12 and the cell is
incubated with fluorescein-labeled SLELF is membrane permeable and thus avoids the
need to microinject any reagents. It was demonstrated that CALI of fheamdabeled

SLF targeted t@-galactosidase could inactivate this enzyme both in vitro and when

expressed in fibroblasts.

Environment-sensitive photosensitizersTo reduce off-target effects of non-
specific labeling, compounds termed Environment-sensitive photosensiE&ters)
have been developed that consist of a CALI chromophore, a targeting ligand and a
polarity-sensitive electron-donor moiety, all covalently conjug&tddhe electron donor
guenches singlet-oxygen production by the excited CALI-chromophore in aqueous
environments; however, when this new class of CALI reagent is bound to a hydrophobic
environment of a target receptor, singlet-oxygen generation occurs and iesctineat
receptor. Using this new strategy, the inactivation of the inositol (1,4sprosphate
[Ins(1,4,5)P3] receptor in DT40 cells was demonstrated by monitoring the inhibition of
calcium release from the endoplasmic reticulum (ER) into the cytoplasm upon

Ins(1,4,5)P3 stimulation.

Suicide enzyme system$ecent development of protein tags that form a
covalent bond with their ligands has expanded the repertoinevofo protein labeling.
These include HaloTag® and Snap-tag labeling systems: the formezwuéilizydrolase,
the latter an alkylase. These genetically-encoded small enzyengarsslationally added

to the target protein and form covalent attachments at their active sites tespective



ligands, preventing reaction with additional substrates. For both systems, membrane
permeable fluorescently labeled substrate reagents are commeacalable.
Additionally, both the enzyme dependent linkage of labeling agent to target pradein a
the subsequent stable structures that are formed decrease the risk of rfanlapalng.
HaloTag® CALI has been demonstrated but anlyitro,?® while CALI of fluorescein

labeledo. ndy-tubulin SNAP-tag fusions has been demonstrated in living ¥ells.

Genetically encoded fluorescent protein fusiong here is only one CALI
methodology which obviates the need to add any exogenous labeling agents, and that is
using fluorescent protein fusions. In both single photon and multiphoton excitation
applications, enhanced green fluorescent protein (EGFP), a widely used fmbresc
protein, has been shown to be an effective CALI chromophore. Using cells expressing
EGFPa-actinin, CALI was employed to demonstrate thactinin provides a
mechanical link between stress fibers and focal adhe¥iéhsthermore, EGFP-
connexin 43 expressed in HelLa cells could be inactivated by two-photon excitation wit
the result that electrical coupling between cells was abrogfaléw same study also
showed that two-photon CALI of EGFP-Aurora B disrupts mitosis; Aurora B is aekinas
essential for mitosis.

Although many fluorescent proteins are weak singlet-oxygen producers, an
efficient genetically encoded ROS generator, Killer Ba@sults in cell lethality at high
illumination doses; at lower doses, killer red fusions with pleckstrin homology demai
leads to dissociation of the domain from the plasma membrane, indicating spAtific C

action. Recent structural analysis has determined that the abilitylexf Red to act as a



super-photosensitizing FP lies within a water channel that connects the chromophore t
the environment, allowing a more unrestricted transport of oxygen into and ROS out of

the FPB-barrel®

Mechanism of Inactivation by CALI

Overall, several different molecules have been shown to be adequate CALI
reagents, as assessed by the production of distinct loss-of-function phenotypes. These
results beg the question of how the selective inactivation occurs. CALI-induced
photodamage is photodynamic, meaning that, in addition to the CALI reagent acting as a
photosensitizer, the process involves light and oxygen. In CALI target proteins are
inactivated by ROS. These are generated when chromophores that have bedeahe exci
through light absorption react with oxygen in the environment. The toxicity of ROS is a
consequence of their ability to oxidize proteins, lipids, DNA and carbohydrdtemost
cases, the predominant ROS causing CALI is thought to be singlet 0X@get? ¢> *°
Though evidence does exist that CALI can be mediated by other ROS in the case of
malachite green (OH radicalg)nd Killer Red (superoxide anions in additiori@s).>

Once'0, (and other ROS) is produced, it can either react with cellular targets
including proteins, nucleic acids and lipids, or be physically quenched by readtion wi
other compounds in the cellular environment. The reactions with proteins predominate
and are of immediate interest for CAL, can oxidize side chains of amino acid
residues including histidine, tyrosine, tryptophan, methionine and cysteine, leading t
both intramolecular and protein—protein cross-linking and aggregation, loss of enzyme

and other functional activitie¥: ** The most detailed information to date regarding the



mechanism of CALI inactivation was obtained by Yan éf,alvho showed that oxidative
photodamage to illuminated FIAsH-labeled calmodulin results in sulfoxide formation on
surface methionine residues, which disrupts the binding interface between caimodul
and its partners. No dependence on the distance between FIAsH and particular
methionines was found, indicating that reaction with rather than diffusitih ofas rate-
limiting. In addition, reactive histidine intermediates were formed, leadipgtential
cross-linking to binding partner& Crosslinking as also been shown subsequent to

vitro EGFP-CALI of glutathioneés-transferasé?

Caveats of CALI Methods

Successful inactivation of a target protein through CALI depends upon two
principal factors: the effectiveness of the chromophore in generating ROS and the
reliability of chromophore targeting. It is only when these two factorfutlyi combine
that CALI can occur without causing artifacts due to collateral damaggy Eve
methodology involves a trade-off between these two characteristics.

With regards to photosensitization, it is clear that non-specific photodamage ca
be caused through the absorption of visible light by the cellular environment; tae mor
light used to achieve CALI, the greater the risk. Small molecule dyibe olanthene
family are much better photosensitizers than fluorescent préfefhi.can be presumed
that because fluorescent proteins (FPs) appear in organisms exposed to, sunlight
evolution would require that FPs do not produce abundant ROS upon illumiffation.
With GFP and all other fluorescent proteins, the chromophore is surround¢dday a

structure of the protein with ‘lids’ at either effdThis physically hinders interaction



between the chromophore and molecular oxygen, the source for singlet-oxygen
production. Additionally it prevents release of reactive oxygen products once ptoduce
Presumably this is the reason that it takes much more light (orders oftuciagyno

produce a demonstrable CALI effect when EGFP, rather than small orgasidsly
employed as a chromophdfe.

The super-photosensitizing FP Killer Red subvert$than structure through the
introduction of a water channel that allows for a less restricted passagggeh and its
reactive productd’ thus requiring less light for CALI to occur. However, Killer Red is
currently an obligate dimer and may not be suitable for labeling all tafgitgionally,
it has a partially mature green intermediate state that is photargsistil it is
photobleached This requires a pre-bleaching period for Killer Red to reach its full
CALI potential.

There also may be such a thing as photosensitizer that is too effective, egpandi
the damage radius beyond specificity. This question was addressed for dun@Atl
and researchers provided compelling evidence by using sensitive trasspgd tnat the
inactivation radius for fluorescein extends beyond its immediate t4rGet_I| of a
glutamine receptor that modulates N-type calcium channels in neuronsricaspd.
The receptor was modified so that it could be labeled with fluoreadaimgarotoxin. It
was found that CALI significantly affected calcium transport modulateddbytamate
receptor, as expected. However, if tABungarotoxin site was engineered into other
unrelated transporters, modulation of N-type calcium channels was also reduced.
Moreover, even voltage-dependent but receptor-independent modulation of N-type

calcium transport could be disrupted by CALI of a non-GPCR labeled with fluaresce



bungarotoxin. Other evidence of non-specific damage from fluorescien includg¢®CA
labeled antibodies to the4&7 nuclear protein which caused it to be crosslinked to its
upstream binding factdr.

Secondly, and of equal importance as chromophore selection, is the targeting
method used for directing the chromophore to the protein of interest. If there is any
residual chromophore present in the cell after labeling or if it is non-sadigifattached
to something other than the target then there is a strong chance of caateagle
during irradiation, even with the lower light doses that can be used for strong
photosensitizers. Such a risk is incurred by the methodologies that rely omexsige
added labeling reagents that require the washing out of excess unbound chromophore.
Non-transfected cell lines that exhibit background staining after incubaitilorthe
labeling reagent cannot be used. Dyes such as FIAsH and ReAsH and theirsaaoéidote
produce non-specific labeling and resultant toxi&ity’ Specificity can also be
problematic when the FKBP12 (F36V) mutant is fused to target proteins; althosigh it i
not supposed to be recognized any known proteins except the synthetic ligand conjugated
to fluorescein (FL-SLH, cells incubated with this ligand exhibited appreciable non-

specific inactivatiort.

Summary

As described above, every CALI strategy has its own trade-offs invaihioige
of chromophore and targeting method. ReAsH-CALI requires minimal light but has a
large risk of off-target labeling while EGFP-CALI requires the migéit but eliminates

the risk of collateral damage due to non-specific labeling. What is cléeatiany further

10



validation of or modification to the above techniques that increases theineffess
will allow more researchers to utilize these valuable tools to inactivaiteptrotein of
choice with spatial and temporal precision. Chapter 2 of this dissertation provides a

study about validating and increasing the effectiveness of EGFP-CALI.

Biosensors

Signaling for most cellular process is localized and transient. To bettastardte
how these signals are regulated in space and time, probes need to be developed that not
only report the localization about a molecule of interest, and also provide infatmat
about its activation state. While some signaling proteins become disdoeiiyed as
they assert function, many are broadly distributed and it is only theilateductivity
that is spatially discrete (Figure 1.2). For these proteins, biosensdoe cesed to study
their function. Biosensors are fluorescent indicators of activation and agaeik$or use
in high-resolution imaging applications. They offer a living window into the Bigma
mechanisms of a cell and can yield information about transduction pathwaysnbiat is

obtainable through conventional methods.

Biosensor Strategy

Biosensors for protein activation consist of two core components: an affinity
reagent and a fluorescent binding reporter. The affinity reagent providesdhe toe
localize a specific target within a cell while the binding reporter pies/a unique signal
that quantifies this interaction (Figure 1.3). The affinity reagent teéetivation of a

protein either through binding selectively to its activated confirmation ordognézing

11



a molecule formed by the activated target (i.e. a phosphorylated kinasetsutrséréipid
synthesized by the activated enzyme). The binding of the affinity redgpnisiads to a
change in fluorescence of the binding reporter via one of several mechasiapis:
accumulation of fluorescent affinity reagent near activated targetstsefie Forster
resonance energy transfer (FRET), or fluorescence of environmentaliinsedyes.

Many creative combinations of affinity reagent and binding reporter hare be

developed. The design of a biosensor can have profound effects both on its capability to
detect signaling events and its performance in living cells. Differergrdeeencompass a
spectrum of trade-offs between specificity, sensitivity, cell pertubasind difficulty of

use. These design strategies and their pros and cons are discussed below. For the purpos
of this introduction, only biosensors that can detect protein activation and be used in

living cells will be discussed.

Rac localization Rac activation

Figure 1.2 Localization vs.activation of signaling proteins. The images above
show a fibroblast that is migrating in the direction of the red arrow. Psuedogoi®ri
used to display fluorescent intensity, with warm colors indicating high intedsity
biosensor for the GTPase Rac is used to distinguish between its localization (lef
panel) and activation (right panel). Rac is localized diffusely (the incoéasensity
around and in the nucleus are due to volume changes in the cell) but is activated in a
spatially discrete manner at the front of the migrating®ell.

12



Biosensor Designs

Tagged Domains.There are occasions when an affinity reagent for an activated
protein or its modified substrate is robustly localized within the cell. lesetbases it
may be sufficient to simply label the affinity reagent with a fluonespeotein or dye and
observe its subcellular translocation. The two most prevalent adaptationscointept
have used either phosphoinositide-binding pleckstrin homology domains or phosphor-
tyrosine binding SH2 domains labeled with a fluorescent protein variant. Ussng thi
approach researchers have demonstrated: the redistribution of both phosphatwlylinos
4,5-bisphosphat@ and tyrosine phosphorylatibirdownstream of cell surface receptor
activation; the accumulation of phosphatidylinositol-3,4,-trisphosphate and
phosphatidylinositol-3,4,5-trisphosphate at the front of chemotadictyosteliuny® >*
tyrosine phosphorylation within individual focal adhesions of migrating %etfsand
Src-dependent tyrosine phosphorylation at the tips of growth cone fil3padiang
numerous other studies. Of note is that though this technique is the easiest to mpleme
it is also the least sensitive, requiring substantial localizationaseseover background
to visualize discreet signals. It is also most prone to specificitacs if the affinity
reagent is at all promiscuous. Furthermore, there are many examplessigraing
where localization of an activated protein or the byproduct its activityotdoen
discretely localized (Figure 1.2). For these cases more sophisticaéed of reporting

binding interactions must be used.

FluorescenceResonance Energy TransferWWhen the binding interactions

between an affinity reagent and its target are not robust, one case usecEhages

13



Resonance Energy Transfer (FRET). A fluorescent molecule is exgiteghbat one
wavelength and emits light at a higher, lower energy wavelength. Ifub®phore is
paired with a second fluorescent molecule that so that the emission waveleniggh of
(donor) overlaps with the excitation wavelength of the other (acceptor), excitdtine
donor will result in an energy transfer to and excitation of the acceptortizthe
fluorophores are within 60-80 A of each otAer®The efficiency of this reaction is
extremely distance sensitive, determined by the inverse sixth powerdétiwece
between donor and acceptiFRET is fast, reversible and quantifiable and can thus be
used to visualize and measure the interaction between two components with great
sensitivity. Affinity reagent specificity is “enhanced” as only intéians with the labeled
target will be reported. The caveat of FRET is that it requires numerolwesping steps
of the raw images to generate the final re¥uft If this is not done with great care, or if
the optical configuration of the microscope is problematic, then it is easilyj@oss
generate false positive or negative FRET signals. FRET biosensorsrcomedifferent

variations: dual-chain and single chain, which are discussed below.

Dual Chain FRET. When two proteins or a protein and an affinity reagent form a
direct interaction, dual-chain FRET can occur if one of the partners isdabithea
donor fluorophore and the other an acceptor. FRET is commonly achieved between two
fluorescent proteins because of the ease of genetically encoded exprssiohthe
catalysts for mutating GFP after its discovery was to produce colotigasidhat could
undergo FREP? In recent years there have been numerous advances in fluorescent
protein biology that have produced excellent FRET Jairowever, FRET between a

dye and a FE*® or between two dyes has also been perfortfifi A point-in-case of
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this is the biosensor for the GTPase Rac, developed by Klaus Hahn and céfidgees.
original configuration of the biosensor consisted of Rac labeled with the FRET donor
GFP. This portion of the biosensor was genetically encoded. Then an agiegtfies
binding domain of a Rac effector (PBD) was labeled with the acceptordtenedye
Alexa 546. This portion of the biosensor was producedtro and microinjected into the
cell. This biosensor was used to show Rac activation in migrating cellsigseel2 for

)°> 7% "and in response to integrin regulafibi’and mechanical tensidn.

an example
Subsequently, the same affinity reagent and target where tagged with thealjgneti
encoded fluorescent protein FRET pair (the CFP and YFP variants CyPet emdoY P
produce a biosensor that was entirely genetically encoded with very largmidy

range’* The Rac indicator is only one of numerous other dual-chain sensors have been

produceoﬁﬁ, 68, 69, 75-78

Dual-chain FRET requires the most intensive calibrations and image-pngcess
steps™ " For example, coefficients for direct acceptor excitation and donor bleedthrough
must be calculated and used when quantifying FRET; these should be calibttated w
every experiment. Further, variable expression levels of donor and acceptauleslec
can change the apparent FRET efficiency. These should be kept as constanbles poss
with an ideal 1:1 ratio between donor and acceptdris difficult to achieve
unimolecular concentrations if the two components must be introduced sepafaitely. T
also true at the subcellular level- a loss of FRET will be registered ibfathe

fluorophores is excluded from a particular compartrient.
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Single Chain FRET. FRET partners can also be engineered into a single
molecule which undergoes a conformational change upon activation. This can occur if
the fluorophores are integrated in such a way that that their FRET efficdkanges
either through distance or dipole orientation in response a conformational shift of the
protein(s) they are attached to. The single-chain approach overcomes thiersigticy
issues associated with dual-chain FRET, guaranteeing a unimoleco&entration and
equal subcellular distribution of the two fluorophores. Also, FRET can simply be
calculated by exciting the donor and measuring the ratio between the acodpdonar
emissions? Finally, nearly all of the single-chain biosensors made to date have been
genetically encoded and are thus easily introduced into cells. All of #eseds have
combined to make single-chain FRET biosensors more widely accessible todbsologi

than their dual-chain counterparts.

The principal drawback of the single-chain design is the difficulty of anighe
FRET partners on the same molecule so that they undergo a significant FRE/hshift
the molecule changes conformation. Not every protein undergoes a substantiadastruc
change as it switches between active and inactive states or as dtawdth binding
partners. In order to enhance the conformational shift of a single-chain,sepspular
design has been implemented consisting of the two FRET partners, the target prdtein, a
an affinity reagent that binds the target in an activity specific manner.ctiobse is
separated by a flexible protein linker; the order of components, linker lengths, and
affinity reagent can be all be changed to enhance the maximum FRET reé€pUrides
strategy has been used successfully for GTPases, kinases and otfexedra®).

However, even when a significant FRET response can be achieved, it is usually on the
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order of 30-60% total change from the inactive to active state of the biosensas. This
vastly reduced from the potential dynamic range of intermoleculaiRET Fwhich can

exceed changes of 20-foldThis is most likely due to the constrained movement of the
two fluorophores that are covalently linked, preventing them from reaching the upper and
lower limits of their FRET potential. Thus with single-chain biosensors setysis

sacrificed for ease of expression and calculation of FRET.

WASP Figure 1.2. Biosensor schematiclllustrated
Domain here is Mero-CBD, a biosensor for the
GTPase Cdc42 In this biosensors design| a
domain of the protein WASP that only
interacts with the active confirmation of
Cdc42 serves as the affinity reagent. The
binding reporter is an environmentally-
sensitive fluorescent dye. When the affinit
reagent interacts with active Cdc42, the d
increases its fluorescence intensity. This i
measured quantitatively in cells by dividin
the intensity of the dye’s emission by that|of
the environment-insensitive EGFP.

™~ EGFp

(ORI
(.D‘<

Environment-sensitive fluorophores.An alternate approach to reporting binding
interactions is to use fluorescent dyes that change their emission in respthrese
surrounding environment. Many environmentally sensitive dyes have been developed,
but few of these have had any applications in living cells. Recently a nesro€laisght,
photostable, water-soluble, solvatochromic merocyanine dyes suitablesfoell
imaging was developed by A. Toutchkine and colleadti@se quantum yield of these
merocyanine derivatives is highly related to the polarity of the solkegtdre in. This
means that in a cellular environment, they will alter their fluoresceneesity as they

move from being exposed to the cytoplasm to being pressed against a hydrophobic
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portion of a target protein. One of these dyes was incorporated onto a fragnhent of t
protein N-WASP that only interacts with the active form of the GTPase Gdc42
generate a biosensor for endogenous Cdc42 activation (Mero-CBbis biosensor
exhibited a four-fold change in intensity when the probe was bound to active Cdc42,
providing a large dynamic range for sensitive measurements. Mero-CBlieba used

to show Cdc42 activation kinetics during cell migration, and to visualize Cdc42yactivi
in filopodia, the Golgi, and downstream of microtubffe¥. Feasibly, this dye or others
like it could be attached to affinity reagents for other targets, vastiydixgathe suite of

tools available to visualize the activation kinetics of endogenous targets.

With domain-based biosensors using an intensity changing fluorescent dye, a
second non-responsive fluorophore has to be added to the sensor design to account for
intensity changes resulting from volume fluctuations or accumulation of the \pribioe
the cell. Thus, ratio-imaging must be used. Additionally, these dyes do not exhibit the
same stability in cells as fluorescent proteins and are not suitabtefptdrm
experiments of more than a few hotft&inally, there is currently no suitable method for
introducing protein-based biosensors into cells for imaging purposes so these prdbes mus

be microinjected.

Affinity Reagents

Affinity reagents are a critical component to biosensor design. Bytiselgc
binding activated targets in cells, they provide the means for sensing catiforah
changes. Signaling pathway specificity is mediated by the disctingnateractions

between its componentsSome of these interactions occur through effector binding
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regions that are selective only for the active form of their binding pastrfer a specific
byproduct of a signaling event. To date these domains, isolated from the proteins from

which they belong, have been the source for affinity reagents used to makedsgsens

A potential problem from using these affinity reagents is that can inhibit
downstream signaling by occupying effector positions, preventing the reciceff from
binding the target. For example, the affinity reagent used for a dual-chain lbio&ens
the GTPase Rac is the p21 binding domain (PBD) from p21-activated kinase. Expressi
of this domain alone sequesters the GTPase and prevents native effectorBivittien.
used as a biosensor, it is imperative to express it at tracer amounts so ttenhdtdoe
inhibit the signaling events it is trying to detect. Researches who devélepbibsensor
determined a concentration that could be microinjected into cells that did not irdmbit R
dependent process&sThis issue is most compounded when the affinity reagent is used
in a tagged domain or environmentally-sensitive dye based biosensor format. When used
for dual-chain FRET, there is additional target that is introduced into theldeh way
dampen its inhibition of endogenous processes. An affinity reagent is leastdikely
perturb in the single-chain format, as it will presumptively only bind to thettarge

which it is covalently linke§®

The second issue with affinity reagents is that they do not exist for maaistarg
Biosensor engineers are limited to what nature has provided. Even those that exhibit
excellent selectivity for the active confirmation of their target imaye specificity
issues. Once again using PBD of p21-activated kinase as an example, thisratient

binds not only to Rac but also to the active confirmation of the similar GTPase ¥dc42.
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Specificity of this probe is only achieved through FRET with its target. Thigvisthe
same affinity reagent has been used as a biosensor for two differenttafg@ts sense
endogenous Cdc42 activation with an environmentally-sensitive dye probe, a different
affinity domain had to be us&dWhat the biosensor field needs is a way to generate
selective and specific binders on a made-to-order basis. It would alsodieiaé if

these binders recognized the active form of its target without inhibitiagtitaty or

native behavior.

Summary

Biosensors represent a powerful set of tools that can be used to visualize and
guantify spatiotemporal signaling events. Every biosensor design has itsagegagnd
limitations; these must be carefully balanced to generate a succeebtll phere are
two directives that drive the biosensor field. The first is the generation oprodes,
either by exploiting existing methodologies or inventing new ones. Chapter 3 of this
dissertation will discuss a study regarding the creation of a new biosensadogenous
Src-family kinase activation based on an artificial affinity reagfesit was generated by
screening a library of potential biosensor scaffolds. Secondly, biosensorfigateddy
their subsequent use to generate exciting new biological results. Many p®besdar as
a proof of concept and then never revisited; the ones that find their way into additional
studies are testaments that this approach really does work. Chapter 4 okthistils
will discuss the use of a single-chain FRET biosensor for the GTPase RhoA to

demonstrate novel spatiotemporal RhoA signaling in differentiating neurons.
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Abstract

Chromophore Assisted Laser Inactivation (CALI) is a light-mediagelrnique that

offers precise spatiotemporal control of protein inactivation, enabling better
understanding of the protein’s role in cell function. Enhanced Green Fluorescent Proteli
(EGFP) has been used effectively as a CALI chromophore and its co-toaraslat
attachment to the target protein avoids having to use exogenously added labeling
reagents. A potential drawback to EGFP-CALI is that the CALI phenotype can be
obscured by the endogenous, unlabeled protein that is not susceptible to light
inactivation. Performing EGFP-CALI experiments in deficient aefscued with

functional EGFP-fusion proteins permits more complete loss of function to be athieve
Here we present a novel lentiviral system for rapid and efficiargrgéon of

knockdown cell lines complemented with physiological levels of EGFP-fusionimsote

We demonstrate that CALI of EGFP-Cdpinacreases uncapped actin filaments, resulting
in enhanced filament growth and the formation of numerous protrusive structures. We
show that these effects are completely dependent upon knocking down the endogenous
protein. We also demonstrate that CALI of EGFP-Mena in Mena/VASP eleficells

stabilizes lamellipodial protrusions.
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Introduction

Analysis of loss of function phenotypes often leads to critical insights about
protein function. However, long-term global protein inactivation via gene knockout or
RNAI can lead to compensatory changes at the molecular level that areldiffidetect
or control. Chromophore Assisted Laser Inactivation (CALI) circumvents iesges
through instantaneous and spatially precise protein inactivaWéth CALI, target
proteins are inactivated by reactive photoproducts such as reactive oxyges §RES)
that are generated by intense irradiation of photosensitizer chromophidhesshort
half-life of these ROS ensures that only proteins immediately adjactrd t
chromophore are affectédCALI has been used to inactivate varied protein targets, but
some skepticism remains about the specificity of this approach and its general
applicability.

CALI specificity is achieved by selectively labeling the targetgin with a
chromophore. This was originally done by microinjecting non-function blocking
antibodies labeled with malachite green or fluorescein intd’callmethodology that has
proven to be technically difficult and has only been used by a limited number of
laboratories. More recently CALI strategies have been developed theg ntdimbrane
permeable chromophore components that recognize genetically encodedhésgs. T
include the biarsenical dyes FIAZH°and ReAsfr which specifically recognize 12
amino acid tetracystine motifs, and a fluorescein-conjugated ligand (&%bB3e
intracellular target protein is FKBP12(F36Y) These membrane permeable labeling

strategies have increased the potential utility of CALI, but still s@féen having to use
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exogenously added reagents which introduces the risk of non-specific labeling and
collateral photodamage during irradiatfon**

A third CALI approach is to use fluorescent proteins as photosensitizers. CALI
using fluorescent protein fusions offers the unique advantage of having a Cedrhsgs
which all of the components are genetically encoded, thereby avoiding havaglthie
protein of interest with exogenous reagents. Co-translational attachment of the
fluorescent protein to its target provides the highest possible degree ofcHyeé&ifc FP
is a widely used fluorescent protein that has been previously shown to be an effective
CALI chromophore with both single photSrand multiphoton excitatich While EGFP
has many advantages for studies of protein localization, the drawback to using this
fluorescent protein as a CALI chromophore is that it is a relatively poor photasans
This must be compensated for by using irradiation doses that are substantietytiggn
what is needed for inactivation by fluorescein, FIAsH, or ReAsihy changes in the
experimental procedure of EGFP-CALI that improves its efficacy woubavathore
researchers to use this technique to locally and acutely inactivate praiegE ALl
while retaining the benefits of EGFP as a localization tool.

One such improvement would be to perform CALI experiments in cells where the
only functional version of the protein is EGFP-labeled. The presence of endogenous,
unlabeled protein that is resistant to light inactivation has the potential to catepfs
the loss of EGFP-tagged proteins, and can therefore mask the CALI effect. Tesaddre
this problem one can use cells that are deficient for the endogenous proteiscaed re
with the EGFP-fusion complement. To facilitate production of complementedesl| |

we present a novel system where knockdown of endogenous protein and rescue with an
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EGFP-fusion protein can be accomplished in a single step. We demonstrate thef CALI
EGFP-Capping protein (CP) in rescued deficient cells and show that knockdown of the
endogenous protein is essential for CP loss of function following laser irradiatican. As
second example of this approach, we also demonstrate the CALI of EGFP-Mena in
rescued fibroblasts derived from MERAASP’ mice.

Capping protein and Mena both localize to the barbed ends of actin filaments
where they either negatively or positively regulate filament elooigaéintagonism
between the two factors governs the supramolecular organization of actierfitain
motile cells and has a profound effect on motility and migratidfwith EGFP-CALI,
we recapitulate the loss-of-function phenotypes of Capping protein and Menadeporte
previously: CALI of capping protein creates a local increase in barbed endsaatid F
resulting in numerous protrusive structutéshile CALI of Mena induces larger and
more stable lamellipodial protrusiofiSCALI of CP and Mena cause distinct changes in
local subcellular structure despite the overlapping localization of both proteires at
leading edge. In both cases, the phenotypic changes that occur upon CALI are positive
(eg. the generation of a new structure), strongly suggesting thati€Aading to highly

specific protein inactivation under these conditions.

Results

A lentivirus system for single-step generation of deficient cellsomplemented with
EGFP-fusion proteins.In order to rapidly generate knockdown cells rescued with a
functional EGFP-fusion protein, we modified a lentiviral vector to concomitantlyesgpr

an shRNA from the Pollll U6 promoter and a functional EGFP-fusion protein from the 5’
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LTR promoter of the Murine Stem Cell Virus (MSCV) (Fig.R)1The LTR promoter

drives modest expression levéls detail that is important if a physiological level of the
rescue protein is desired. This simultaneous knockdown/rescue system réguires
complementing EGFP-fusion protein to be resistant to the RNAi due to mismatches i
RNAI target sequence. This system allows the production of deficientesdisad with
EGFP-fusions without having to generate a knockout mouse or having to perform
multiple transfections with siRNA oligonucleotides and/or expression vectors. A
additional advantage of simultaneous knockdown/rescue is that knockdown occurs in the
presence of a functional copy of the knocked down gene, reducing the risk of coordinate
regulatory and compensatory changes as the endogenous protein is lost.

Capping protein (CapZ, abbreviated CP throughout) is an obligate heterodimer of alpha
and beta subunits and is the predominant actin filament capping protein in mo$f cells.
To create a knockdown/rescue vector for CP, we utilized an shRNA that spigcifica
targets rat CapZand an RNAi-resistant EGFP-human CAaggHBereafter referred to as
EGFP-CP) fusion. The phenotypic effects of CP knockdown using this shRNA sequence
have been previously characterized and serve as a useful point of comparison for our
studies” The loss of CP has dramatic effects on the actin cytoskeleton, most notably a
substantial increase in filopodia. We confirmed this phenotype by infecting Rat2
fibroblasts with a version of the lentiviral vector that expresses only the knockdow
shRNA, but not the rescue component (FigB2rhiddle panel). In addition to increased
filopodia, we also observed a large increase of ruffling in these cellsn@ashown).

Both of these effects are consistent with loss of CP activity and the subsieguesite

in uncapped and rapidly growing actin filaments.

26



We infected Rat2 fibroblasts with the CP knockdown/rescue lentivirus and
identified a clonal derivative with no detectable expression of endogen@ush&tRvas
complemented with a physiological level of EGFP-CP (Fig€2.This
knockdown/rescue cell line was phenotypically indistinguishable from the comti®! R
cells (Fig. 2.B, top and bottom panels), indicating that the EGFP-CP functionally
complemented the shRNA-induced phenotype. This is consistent with data showing that
XenopusCPB tagged with EGFP at the same terminus is functional and has similar on-

rate and dissociation constants to actin barbed ends as unlabéféd CP.

A shRNA Figure 2.1. A lentiviral system for
simultaneous knockdown and

o Fromoter Skedipy 5 LTR Promoter <l | rescue with a functional EGFP-
fusion complement. (A) Schematic
of the lentiviral expression vector
used for simultaneous knockdown|of
rat CHB (rCPB) and rescue with
EGFP-human CP(EGFP-hCB),
open triangles represent LoxP sites.
EGFP-hCPB (B) DIC images of a WIId-tpe Rat2
fibroblast (top panel) and Rat2
fibroblasts infected with only the
knockdown portion of the vector
(middle panels) or the complete
knockdown/rescue construct
Endo. CPB (bottom panel), scale bar is 0.
(C) Western blot of wild-type Rat2

fibroblasts (left lane) and a clonally
IB:oTubulin derived Rat2 cell line infected with
the knockdown/rescue vector.

CALI of EGFP-CP acutely induces the formation of dorsal protrusions indeficient

Control
rCPB-KD
EGFP-hCPf

IB:CPB

CP Knockdown/Rescue

I

cells, but not in cells retaining endogenous CP expresside performed CALI of
EGFP-CP in both knockdown/rescue (KDR) cells and cells which expressed &&FP-
without knockdown of the endogenous gene. In both cell lines, EGFP-CP was expressed

a comparable levels (data not shown). Cells were irradiated with lighttfie@A88nm
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line of an argon ion laser focused on the specimen plane with a beam diameter of about
23um (approximately 1/4 to 1/6 of total cell area; Fig, &/hite circle). After
administration of 100ms dose of 1.5 mW laser light, KDR cells exhibited dynamic
changes on the dorsal surface of the cell, forming numerous protrusions (Kignd.2
B). However, in contrast to the filopodia phenotype that is seen with long-term CP
depletion (Fig. 2.B, middle panel) many of these structures most strongly resembled
intrapodia, actin-based protrusions that occur on the dorsal surface of mygyativth
conest®* 1%The difference may represent the effects of long-term vs. instantaneous loss
of CP. The formation and curvilinear extension of these protrusions was exttutiee
area that was irradiated (Fig. 2)2When these cells were irradiated with a smaller beam
size (um; 6.1 mW{m?), no change in the dorsal surface was apparent (data not shown),
despite the increase in photon flux. These data are qualitatively consistetitemiapid
fluorescence recovery after photobleaching kinetics for EGFP-CP (Zdbleote that
diffusional recovery would scale as bleached region diameter squared andtgalbsta
recovery would therefore only occur after approximately 150s, a time in agreeitient w
when the phenotype begins to reverse as seen in FiQliena suggest that the CP
CALI effects require inactivating a large enough fraction of the EGPR@I to avoid
rapid compensation from intact, non-irradiated EGFP-CP diffusing in from surrounding
areas.

When cells expressing EGFP-CP without knockdown of endogendusveieé
irradiated with the full light dose, no detectable effect was observe®(PR),
indicating that the unlabeled endogenous CP in these cells is resistant tar@ALI

completely masks the effect of EGFP-CP inactivation. As an additional congrol, w
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irradiated Rat2 cells expressing soluble EGFP to test for nonspecificridaeed effects

and again observed no morphological change in the irradiated area.

Before 1:00 2:00 i 3:00

EGFP-CP |

wnNnop
[ANSZ RN

EGFP-CP
no KD

DIC Sobel Filtered ‘ -~ EGFP-CP KDR

-+ EGFP-CP no KD
- EGFP

35 1 I WN’" ““HH”’\H i

0 5.0 1

Before
CALI

u\ (i

After
CALI

Normalized Edge Detecti
w
o

562

0 30 60 90 120 150 180 210 240 270 300
Time (s)

Figure 2.2. CALI of EGFP-CP induces the formation of dorsal ruffles and
filopodia only in the knockdown/rescue background(A) DIC images of Rat2
EGFP-CP knockdown/rescue (KDR) cell line before and three minutes after CALI
of EGFP-CP (left panels) and fluorescent images of EGFP-CP before and
immediately after CALI (right panels), area of irradiation is ingidawith a black
circle, scale bar is 20n. (B) Time-lapse images of the irradiated regions of EGFP-
CP KDR cells (top panels) and cells expressing EGFP-CP without knockdown |of
endogenous CP (EGFP-CP no KD, bottom panels) before and after CALI, scale bar
is 1Qum. (C) DIC images (left panels) and Sobel filtered binary images (right panels,
for details see Methods) before (top panels) and two minutes after (bottom panels
CALLI. The white circle represents thep i diameter center of the irradiated area
that was used to measure the local edge detection index. Raw edge indexrealues a
shown next to their respective imagd3) Plot showing the normalized edge
detection values in the irradiated region over time for EGFP-CP KDR cedl20),
EGFP-CP no KD cells (n = 8), and cells expressing EGFP (n = 12), the break i
each line represents when the movies were paused to perform laser irradiadror], er
bars are s.e.1

)
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To objectively quantify the magnitude of the morphological effect induced by
CALI, we analyzed the DIC time-lapse images with an edge detection mseted (
Methods for details). Application of a Sobel edge detection kernel to DIC smageélted
in increased edge detection in regions that contained dorsal structgrea 4E). A
normalized index of these structures was generated and plotted againetdiapay the
kinetics of this event (Fig. 2Z3). CALI of EGFP-CP in KDR cells resulted in an
immediate increase in dorsal structures that peaked at approximatelyeBsadtation.
This activity then gradually declined (Fig. BRuntil it eventually returned to pre-CALI
levels (10-15min after irradiation, data not shown). The same quantification scheme
applied to cells expressing EGFP-CP (no knockdown) or EGFP alone showed no

detectable increase in edge content in the irradiated area (. 2.2

CALI of EGFP-CP induces a local increase in dorsal F-actin and barbedhes. The
morphological changes induced by CALI in the KDR cells were consistent witlodos
actin filament capping activity, but we sought to confirm the underlying mecharfis
this effect using fluorescent assays of filament growth. To verify thatttsald
protrusive structures observed after CALI of EGFP-CP in KDR cells contataetrt;
cells were fixed and stained with fluorescent phalloidin after laser iti@did here was
perfect co-localization between the phalloidin signal and the dorsal protrusivtsts
observed with CALI treatment (Fig. 2AB showing that the dorsal protrusions induced

by CALI were actin-based.
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Phalloidin Overlay

Figure 2.3. CALI of EGFP-CP in KDR
cells generates a local increase in barbed
ends of actin flaments and dorsal F-actin
(A) DIC image (left panel), fluorescent
image of Alexa568-labeled phalloidin from a
deconvolved three-dimensional stack (center
panel), and overlay (right) from an EGFP-CP
KDR cell after CALI, area of irradiation is
represented by the red circle, scale bar is
20um.The bottom panels are zoomed
versions of the top panel®8)(Fluorescent
image of EGFP-CP immediately after lase
irradiation (left) and a pseudocolored
fluorescent image of actin filament barbed
ends labeled with Alexa568-conjugated G
actin at 3 minutes post-CALIC) Graph
showing the relative barbed end increase|in
the irradiated regions of Rat2 fibroblasts
expressing the following contructs: EGFP|(n
=12), EGFP-CP KDR (n = 19), EGFP-CPH
no KD (n =7), EGFP-Mena (n =9), and

EGFP-CP after CALI Barbed Ends

./-"67;\\,, R

-

- Mena/VASP null MEFs (MY’ cells)
expressing EGFP-Mena (n = 5), error bars
7 are 95% C.I, asterisk indicates p < 0.01

compared to all other groups (Tukey's HSD
post-hoc test; ANOVA p = 6.8 x )

Barbed Ends in Irradi

EGFP  EGFP-CP EGFP-CP  EGFP- EGFP-Mena
KDR no KD Mena Mv®?

Acute loss of CP activity should result in an increased number of barbed ends and
enhanced filament growth. To test for increased numbers of barbed ends aftexf CAL
EGFP-CP, we utilized a fluorescent assay that specifically detents Tinés assay
involves gently permeabilizing cells and adding fluorescently labeledractiomers
that polymerize onto free barbed emsitu. Following fixation, the fluorescent signal
guantitatively reports the density of free or growing barbed ends in a parteliidar
location'®. We compared the barbed end signal of the irradiated region with similar non-
irradiated regions in the CALI-treated cells. CALI of EGFP-CP in KeRsgroduced a

two-fold average increase in barbed ends where the cells were irradigte?l $iand
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C), while there was no detectable increase when we irradiated non-knockdown cells
expressing EGFP-CP or soluble EGFP (FigC2.2s an additional control to ensure that
the local barbed end increase was dusotaa fideCP loss of function and not to non-
specific damage caused by irradiating EGFP at the ends of actin filgmentlso
irradiated EGFP-Mena in Rat2 and in Mena/VASP null fibroblasts{\¥lls). In both
cell lines, no significant barbed end increase was observed in the irradedeigr

2.30).

CALI of EGFP-Mena in rescued deficient cells induces larger, ore stable

lamellipodial protrusions. To verify the increased effectiveness of EGFP-CALI in the
absence of endogenous proteins, we performed CALI of EGFP-Mena in the Mena/VASP
null MVP7 cells. Loss of Mena/VASP at the leading edge of migrating cells séault
altered lamellipodial dynamics: lamellipodia protrude more slowly andgpéosilonger
periods, which correlates with faster whole cell migration sp&ads/®’ cells rescued

with EGFP-Mena were irradiated for 300ms with a laser power of 6.1um%V/

distributed over ajom diameter beam. Irradiation parameters were changed from the CP
experiments because FRAP analysis of EGFP-Mena revealed lessciovalyeand

slower recovery kinetics than EGFP-CP (Table 2.1), indicating that CAllt de

performed in smaller regions. Also MY/cells are approximately 50% smaller than Rat2
fibroblasts. Lamellipodial protrusions were analyzed using kymographghwhi
characterizes the kinetic signature of lamellipodia undergoing cycf@®itpusion and

retraction?® %
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Figure 2.4. CALI of EGFP-Mena in Mena/VASP deficient cells induces ore
stable lamellipodial protrusions.(A) Phase contrast image of an Ri\tell (B)
fluorescent image of EGFP-Mena immediately after laser irradiatidori®
kymograph of a representative EGFP-Mena CALI experin®rarea of irradiatior
is indicated with the black circle, the line used to generate the kymograph in i$
indicated by the white lineC) horizontal scale bar is 3min, vertical scale bar is
5um. (D) Box and whisker plots displaying results from kymograph analysis.
Kymographs were drawn in the irradiated regions of cells expressivey EIGFP-
Mena (34 protrusions before CALI, 38 protrusions 0-5min after CALI, 34
protrusions 5-10min after CALI, n =11 experiments), or EGFP (39 protrusions
before CALI, 49 protrusions after CALI, n =9 experiments), and also in the nop-
irradiated regions of cells expressing EGFP-Mena (37 protrusions before &AL
protrusions 0-5min after CALI, n = 11 experiments). The top whisker indicates the
90" percentile, the top line of the box is thé"f®rcentile, the middle line of the
box is the 50 percentile, the bottom of the box is thé"2®rcentile, the bottom
whisker indicates the fpercentile, the mean is indicated with the dotted line, and
outlying points are shown as closed black circles, p-values for EGFP-Mena
experiments are Tukey's HSD post-hoc test (persistence ANOVA p = 0.01, yelocit
ANOVA p = 0.02), p-values for all other experiments are from student’s t-test.
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One of the hallmarks of using CALI to subcellularly inactivate target protgins i
that the effect should be reversible providing that there is sufficient excbhéinge-
irradiated and irradiated protein: fluorescence recovery is indicative danmayged
protein entering the effected region. FRAP analysis of EGFP-MenaleeMihat there
was a substantial local exchange of Mena (Table 2.1). [Note that whilal lansport of
“unCALlI'ed” protein is a requisite step in local functional exchange, additionatioms
at barbed ends may delay the complete restoration of functionalilty.]

To test for reversibility of the CALI effects, protrusion parametenfthese
experiments were grouped into three categories: before CALI, 0-5tamGALI, and 5-
10min after CALI. Irradiation of EGFP-Mena at the leading edge resultadransient
change in lamellipodial dynamics: protrusion persistence increases pvbttusion
velocity decreased in the first 5 min after CALI (FigC4ndD). This occurred in a
manner that was consistent in direction and magnitude with previously published
results?® Both protrusion parameters returned to pre-CALI levels 5-10 min after
irradiation (Fig. 2.€ andD), showing the CALI effect was in fact reversible. Also, the
effect was limited to the subcellular area that was irradiated aset eff lamellipodial
dynamics was observed in non-irradiated regions (FidR)2Ro test for nonspecific
effects of local fluorophore excitation, we irradiated Ri\¢ells expressing soluble EGFP

and observed no effect on lamellipodial dynamics (FigoR.4
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Table 2.1 Cytoplasmic mobility of Capping Protein and Mena

Protein Cell line Percent Recovery i2(S) n
EGFP-CP Rat2 EGFP-CP KDR 69.2+1.9 6.6 + 0|4 11
EGFP-Mena M\’ 50.3+5.6 17.4 +3.9 10

Values are reported £ s.e.m

Discussion

Our results support a number of important conclusions about the use of EGFP as a
CALI chromophore and more generally about the CALI technique. First, despaw its |
efficiency production of reactive photoproducts, our studies demonstrate thBtdaGF
be an effective CALI chromophore, confirming previous wdrk?Using two different
proteins, we show that light-induced inactivation of functional EGFP-fusions lead to
expected loss of function phenotypes. Second, EGFP-CALI can lead to highly selective
protein inactivation without significant non-specific photodamage. In the two egampl
of CALI reported here, the loss of function phenotypes induced by CALI led to positive
changes in cellular structures or behaviors, suggesting that the eféebitghdy specific.
Third, CALI of some proteins requires the elimination of unlabeled endogenous protein
to be effective. Our knockdown/rescue lentivirus system will greatly fteilthe
generation of cell lines meeting this criterion. Finally, different pnsteiill require
empirically developed CALI regimes based on the rate of exchangedrebsand
protein and the cytosolic pool as well as the diffusional mobility of the protein in the

cytoplasm.
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Is EGFP a suitable live-cell CALI chromophore? The answer is yes, buttitwus
recognized that EGFP is a low efficiency photosensitizer and requiréatiexcivith
intense light to achieve CALI. Neither a 100W mercury arc lamp nor lasanisga
confocal illumination produced CALI phenotypes in the EGFP-CP KDR cells (data not
shown). At this juncture, suitable irradiation sources for EGFP-CALI includeséat
488nm laser light from high-powered Argon ion lasers or multiphoton excitation using a
frequency doubled Ti-sapphire ladéHowever, the high-energy requirements of EGFP-
CALI hold a hidden benefit: routine imaging and protein inactivation can be performed
separately since very distinct excitation regimes are required for hionaging and
target inactivation. Newly developed fluorescent proteins such as Killer Redqar
reactive photoproducts much more efficiently, and therefore illumination must be
carefully controlled to avoid unintended photodamage during im&gitpreover, since
many functional EGFP fusions already exist, this technique can readifypbed to
many proteins with minimal time spent generating new reagents.

Is protein inactivation by EGFP-CALI specific? Since most previous examople
CALI resulted in the loss of a cellular structure or disruption of a procesas ieasy to
dismiss them as resulting from non-specific photodamage or phototoxicity tteher
specific protein inactivation. In the case of Capping protein and Mena, thesagprotei
restrain or inhibit cellular processes and inactivation by CALI leads toymshianges
in cellular properties. It is highly unlikely that non-specific photodamage cootdiat
for our observed positive cellular phenotypes. Because non-specific damage is such an
important concern with this technique, extensive controls were performed thegcens

that laser irradiation alone had no detectable effects in any of our quantitatiypie
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assays. In the case of CP CALlI, irradiation of EGFP-CP in cells without knookdow
provided the best possible control for non-specific CALI effects as it is the sa
functional protein with identical subcellular localization as the protein that iddbee
loss of function. Together, these results strongly argue against non-spiéetfis déue to
phototoxicity and support the idea that EGFP-CALI can be used to specificativate
proteins with high spatial and temporal precision.

This study is the first demonstration that deficient cells complementhd wit
tagged proteins are the ideal setting for a CALI experiment. We have idéatifiase
with EGFP-CP where the presence of endogenous protein can completely mask CALI
loss of function. While EGFP-CALI has been shown to work in cells that retain
expression of the endogenous protein egctinirt), this may reflect a special case
where the EGFP-tagged protein oligomerizes with the endogenous pfétaithe
CALI of EGFP-CP in KDR cells, we were able to use light fluxes that 84%& lower
than the previously reported CALI of EGleRactinirt* (1.5 mWm? vs. 10.5 mWim?,
respectively) with identical irradiation times, thus showing that EGFRICan be
achieved with almost an order of magnitude less light delivery. The increasstivity
of EGFP-CP to CALI is likely due to the fact that all of the CP is fused withFEG
although other factors such as the intrinsic efficiency of protein inactivatiotodhe
local protein environment of the EGFP tag may be involved.

In the case of CALI of CP we found differences between the RNAi knockdown
phenotype and the CALI phenotype: while long-term depletion of CP generated a mass
increase in filopodia, instantaneous inactivation of CP produced a large number of

intrapodia-like protrusions. Both of these phenotypes are consistent with actin
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polymerization” ®One explanation of this difference is that in the case of CP RNAI,
the cell has days to upregulate pathways to deal with its lost ability to n&gedigelate
filament growth. For example, it has been recently shown that the actin bundlieig prot
fascin is essential for filopodia formatiSAsuggesting that fascin or other functional
homologues may be upregulated or activated when CP is knocked down. The dorsal
protrusions induced by the instantaneous activation of CP with EGFP-CALI megt refl
true function of CP on the actin network with minimal additional regulation. In this
regard, it is of interest that intrapodia in growth cones can be strongly induced by
washout of cytochalasin H? which depolymerizes actin filaments by capping them at
their barbed end$” Thus the washout of the drug would result in rapid “uncapping” of
actin filaments, a similar event to acute loss of CP through CALI. It willf eterest to
compare the complementary effects of CALI and RNAI on other actin bindingnmotei
With the two examples presented in this study, the total number of proteins
inactivated by EGFP-CALI now stands at five. Our results further validatase of this
technique and demonstrate that is a viable and efficient means of generating
spatiotemporal protein inactivation. Our observation that endogenous, untagged protein
can mask CALI effects is important for the design and interpretation of {G#lcé
experiments. The knockdown/rescue lentiviral vector described in this work should
greatly facilitate the application of CALI to other proteins. Since EGERtany
advantages for imaging and has been widely used to generate functional fasorspr

EGFP-CALI using this approach will be a useful addition to the cell biologuilbadx.
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Methods

Generation of CP single-step knockdown/rescue vectofrhe human CP coding
sequence was amplified by PCR from cDNA and cloned into the pMSCV vector
downstream of EGFP. A 5’LTR-EGFP-BPPCR product was generated by splice-
overlap extension PCR and cloned as a Notl/Mfel fragment into the pLenti-Lox 3.7
vector®®to produce pLL5.0-EGFP-@P The CIB shRNA was generated using the
target sequence GCACGCTGAATGAGATCTA [referred to as TZjiand was cloned

into pLL5.0-EGFP- CPB to produce pLL5.1-shCP-EGFP- EP

Cell culture & generation of CP knockdown/rescue cellsRat2 and MV fibroblasts
were cultured as previously describéglLL5.1-shCP-EGFP-QPwas used generate
lentivirus by standard protocol® Rat2 fibroblasts infected with this virus were cloned
by fluorescence-activated cell-sorting and screened f@re@pression by western blot.
Antibodies against GP(mAb 3F2.3) anax-Tubulin (E7) used for western blotting were
obtained from the Developmental Studies Hybridoma Bank at the University gftloava

CPB antibody recognizes both the rat and human form of the protein.

CALI protocol. EGFP-CP CALI experiments were performed using a Spectra Physics
164 (Spectra Physics Laser Incorporated) argon ion laser (488nm line, 2W of beam
power at the laser head) focused onto aj28.diameter spot (17aliameter) through a

60X 1.45 NA PlanApo TIRF objective (Olympus). Irradiation was controlled with a fast
Uniblitz (Vincent Associates) shutter. Laser power at the specimen plaegedirto

625mW due to optical losses and was measured by placing the sensor of a laser powe
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meter (Model FM with LS 10 head, Coherent Inc.) directly above the objective.
Irradiation time was 100ms, resulting in a 62.5mJ dose of energy for the CALI
experiment. Laser light was focused onto the specimen plane through a 488nm laser
filter set (Z488/10, HQ525/50, Z488RDC, Chroma Technology Corporation), which had
significantly higher light yield than the filter set described above usedualze EGFP.
EGFP-Mena CALI was performed essentially as above with the followodifizations:
laser light was focused on the specimen plane through a 100X PlanApo 1.3 Phase
objective to produce a spot with a pnd diameter. 525mW of power at the laser head
resulted in 120mW irradiation power at the specimen plane after optical. losses
Irradiation time was 300ms, resulting in a total energy dose of 36mJ for the CALI

experiment.

Live-cell imaging. For live-cell experiments, Rat2 cells were plated onto 35mm glass-
bottomed dishes (MatTek Corporation) coated withdI®L fibronectin (Sigma).

Twenty minutes after plating, media was changed to DMEM without phenol red
supplemented with 10% FBS, L-glut, and pen/strep°fM¥lls were plated onto glass
bottomed dishes coated withd/mL fibronectin and maintained in their normal culture
medium. Imaging was performed on an Olympus 1X81 inverted microscope equipped
with a 100W mercury arc lamp, a cooled 12-bit digital CCD camera (Sensicam QE,
Cooke Corporation), and a heated chamber (Werner Instruments) wittho@O All

images were acquired with MetaMorph software (Version 6.0, Universal Ignagin

Corporation). Fluorescence imaging was conducted using the following éitterE<GFP
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(Z2488/10, HQ525/50, Q495LP); Alexa568 (HQ535/50, HQ610/75, Q565LP) (Chroma

Technology Corporation).

FRAP analysis.FRAP experiments were performed on an Olympus IX81 FV1000 laser
scanning confocal microscope. A standardizedrd.diameter circular region was

placed at the leading edge of cells. This region was photobleached with the 405nm line
for 200ms at full power using the tornado scan mode while EGFP fluorescence was
simultaneously monitored using the 488nm line at 1.0% power ang/jpixel scan

speed. Images were acquired and analyzed using Fluoview FV10-ASW software
(Version 1.4a, Olympus Corporation) and exported into Microsoft Excel for further
analysis. Curve fitting, percent recovery, and half recovery timgsaft photobleach

corrected values were calculated as desclBeding a custom written MATLAB script.

Quantification of dorsal structures using Sobel edge detectiof o objectively

qguantify the dorsal activity following EGFP-CALI of CP, DIC images wazgquired
every second with 2 x 2 binning. A MATLAB (Version 7.0, Natick, MA) script was
written to automatically process the 12-bit grayscale DIC imagesedeh frame the
image was read into memory and convolved with a Sobel edge detection filteittéFhe f
is an approximation to the derivative and is consisted of two two-dimensionalskernel
(one horizontal and the other one verticAThe sensitivity threshold value of the
magnitude was set to 6 x 1 (elow which edges are ignored. The convolution output,
which was a binary image, was then masked by multiplying a binary imagela$éne

spot or annulus to segment the area of interest. The sum of the pixels values of the
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masked edge image were obtained and normalized to the average of the pre-CALl value

to create an index of dorsal activity before and after irradiation.

Visualization and analysis of F-actin and barbed ends after CALIAIl labeling
experiments were performed on the microscope stage. To visualize F-acimerell

fixed with 4% paraformaldehyde for 10min , permeabilized with 0.1% Triton-X (in PBS)
for 5min, and labeled with Alexa568 conjugated phalloidin (Molecular Probes) for
10min. Images were acquired by taking a¥inSZ-series with a 100nm step size and 2 x
2 binning. To remove out of focus fluorescence, background-subtracted image stacks
were deconvolved using AutoDeblur (Version 9.2, AutoQuant Imaging Corporation)
software (adaptive blind deconvolution, 80 total iterations).

To visualize barbed ends, cells were permeabilized with saponin buffer (20 mM
HEPES, 138 mM KCI, 4 mM MgG| 3 mM EGTA, 0.2mg/ml saponin, 1% BSA, 1 mM
ATP, 3uM phalloidin) for 1 min, washed once in saponin-free buffer, and labeled for 3
min at 37°C with 0.4M Alexa-568-G actin (Molecular Probes). Images were acquired
by taking a 4.;hm Z-series with a 100nm step size and 2 x 2 binning. To quantify barbed
ends, background subtracted z-series were condensed into a single image using a
maximum pixel intensity projection (MetaMorph). A standardized circlb wilZim
diameter was placed in the center of the irradiated region and all other homologeus, non
overlapping regions of the cell (1-8 per cell, depending on number of similar regions
Average pixel intensity was acquired in these regions and the value for thaedadia
region was divided by the average value of the non-irradiated region(gjedmware

prepared and analyzed using MetaMorph software.
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Quantification of lamellipodial dynamics. Lamellipodial dynamics were quantified as
described” 'Images were taken every 3s at 100X with 1 x 1 binning. Only cells
producing new protrusions every three minutes or less were included in the analysis.
Single lines were drawn in within theu® radius of where the cell was irradiated,
kymographs were generated and analyzed with MetaMorph software andwetees

exported into Microsoft Excel for further analysis.

Statistical analysis Single comparisons were made using unpaired student t-tests.

Multiple comparisons from a single data set were analyzed using ANO&tA. d8ts

found to be significant were then further analyzed using Tukey’'s HSD post-hoc tes
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Abstract

Elucidation of complex signaling pathways requires precise spatio-tampor
information on the activation of key signaling components in live cells and tissues. Whil
most current methods for studying protein activity involve expressing the protein of
interest with fluorescent tags, exogenously expressing and taggingalngjgotein can
be perturbing. Biosensors that report the activity of unmodified, endogenous proteins i
live cells have been rare. One of the major obstacles in generating sensaits/e
targets has been the absence of readily available binding reagents thigtcéixe sand
activity-specific. To address this issue we present a novel approach wheshigh
throughput screening for artificial state-specific binding elementsanfluorescence-
based reporting system that turns these elements into biosensors We hatedj@ner
biosensor for endogenous Src-family kinases with this method. Using this new sensor w
observe the dynamic regulation of Src activity during cell motility and/dréactor
stimulation. This work offers generally applicable approach to generate new tools to

study endogenous protein activation in living cells

Introduction

Studying unmodified, endogenous proteins in live cells relies on two components:
a state-specific binder that will bind only to the active form of the targetiprane a
reporter system that will enable visualization of target recognition, thusdprg\a
precise readout of timing and location of the activity of the target proteinlsn Eatlier,
we developed a biosensor for endogenous Cdc42 (a small GTPase of the Rho family)

wherein a domain from Cdc42 effector protein that binds only to the active form of
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Cdc42 was labeled with a dye that is sensitive to its environment and is desigrpattto re
protein interactions in live celf§:*> **?However, such naturally occurring, specific
binding domains are often not available, which is a limiting factor to the development
new sensors for endogenous targets. It is therefore desirable to gemefiatal target
selective, activity specific binding elements on a made-to-order bagis tifoughput

(HT) screening of a library of binding elements offers the means to acisvgoal.
Furthermore, HT screening can be combined with our highly sensitive and bright
fluorescent dyes to build a highly modular and generalizable biosensor stiadftobén
readily be used to generate multiple sensors.

One such potential biosensor scaffold is the FN3 monobody (antibody mimic)
derived from the tenth type Ill domain of hunfdmronectin domain Il (FN3). FN3
monobodies are a small (~ 95 residues), thermally stable domains with an
immunoglobulin-like fold composed of seven beta strands. They are easy to produce and
manipulate. The beta strands are connected by flexible loops that containdbhesesi
which confer the binding specificity of the monobody; the loops can be randomized while
keeping the core domain structure intact. Libraries 3f10%" variants have been
generatet!® and can be easily screened via phage display. All of these features combine
to make the FN3 domain an attractive candidate for a generalizable biosergor des
(Figure 3.1a).

High throughput phage-displayed screening involving randomly varying a total
of ten residues in two surface exposed loops has yielded FN3 monobodies that bind
various SH3 domains, including SH3 domains from Src family kinases ($E1Gie of

the SH3 binders, 1F11 specifically binds to SH3 domains from SFKs and shows no
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binding to SH3 domains from closely related protéfig.he current model of Src

activation suggests that a specific Src SH3 binder can provide the basis favign act
specific biosensor for Src. Structural studies have shown that Src kinasaarctiva

involves attenuation of possibly two intermolecular interactions and an opening up of the
protein, followed by auto-phosphorylation of a tyrosine (Y416) in the activation loop of
the kinas&". Therefore, a binder that binds to the SH3 domain of Src should have
preferentially higher binding to the active form the kinase compared to thevenfrtin,

with the expectation that the SH3 domain is likely more accessible in open,faative

of Src .

Src family kinases (SFKs) are excellent biosensor targets duedlesiras key
regulators of a variety of signaling networfs."'°SFKs regulate various processes like
cell division, cell migration, survival and are important in major diseases like
atherosclerosis and cancét.'*” 1*®They are activated downstream of numerous cell
surface receptors and in turn regulate a variety of processes throughgiilaing a
large pool of substratéd® With regards to actin-dependent processes and cell motility,
there are numerous instances in which SFKs have been implicated. Src &ordsas
the formation of dorsal ruffles and macropinocytic vesicles in response tdhgrowt
factors+?° Src kinases are also involved in coordinating cell migration and protrusions in
concert with Rho family GTPas&$ *#by directly regulating the actin polymerization
machinery through phosphorylation of actin binding substrates including Cortactin and
the ‘WAVE’ complex!? gelsolin, and pCA$* Additionally, Src activity is involved in
adhesion turnover especially at regions proximal to the leading edge leading t

lamellipodial extensio?> *#°Since SFKs are key nodes in multiple pathways and have
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multiple functions in cells, their activation must be tightly regulated in spatérae.
While Src substrate phosphorylation in cells has been repéftéffwe wanted to
examine the direct activation of endogenous SFKs especially in the context of actin
reorganization and in cell migration. Using a novel, widely-applicable desajegy
and an extremely sensitive biosensor we report the direct visualization oftgpagioral

activation of Src kinases in living cells.

Results and Discussion

We examined if 1F11 preferentially binds to the active form of Src kinases using
pull-down assays with cell lysates from GN4 rat liver epithelial cells4 Gdlls show
robust Src activation (over basal levels) when treated with the compound oiggitaz
without changing total Src levelé’ In this assay, hexahistidine-tagged 1F11 or the wild-
type FN3 monobody (used as a non-binding control) was immobilized on Ni-NTA beads,
incubated with cell lysates and examined for the ability to pull-down endogenous Src. As
shown in Figure 3.1b, the 1F11 monobody pulls down substantially higher amount of Src
from ciglitazone treated cells compared to untreated cells, indicatifeggmeal binding
to the activated form of the kinase. Wild-type FN3 domain or beads alone do not show
any binding to Src in these assays. Pre-treatment of GN4 cells with the phsesphat
inhibitor pervanadate dramatically attenuates 1F11 pulldown of Src (Figure 8.1b). |
many cases, dephosphorylation of Tyrosine 529 is critical for Src adtieopen”
activated confirmation. This demonstrates that inhibiting Src from reachingtam
prevents its interaction with the 1F11 monobody. It also shows that addition of 1F11 does

not artificially activate Src.
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Using substrate-based in-vitro kinase assays, we show that the SFKs pulled down
by the biosensor are active. 1F11 beads that had been incubated with Ciglitazede-trea
lysates, retained several fold higher kinase activity compared to wt-FN3 beatis|
beads or even 1F11 beads that had been incubated with untreated lysates (Figure 3.1c
This observation once again supports that 1F11 is interacting with activated Sratand t

Src is a fully functional kinase when bound to 1F11.
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Figure 3.1: FN3 domain-based monobody 1F11 shows preferential binding to active
Src. a) Schematic showing the generally applicable concept of using HT scréening
identify a state-specific binder for active Src family kinaseshis case, Src SH3 domain
was used as bait to find binders that binder SFK SH3 domains but show no binding t
closely related SH3 domairts) Immunoblot showing the amount of Src that binds to
immobilized 1F11 or controls in a pulldown assay with GN4 cell lysates asilaoécell
treatment. Cells were either untreated, treated with vehicle DM%fitaZone (Cig) or
Ciglitazone with pervanadate pretreatment. As non-binding controés églads alone (B)
or immobilized wild-type FN3 domain (wt FN3) was used for the pulld@yRelative Src
kinase activity in material bound to beads alone, immobilized WT FN3 or Tt€tl a
incubation with cell lysates from untreated or treated GN4 cellss Gatl been treated with
DMSO, Ciglitazone or Ciglitazone after pervanadate pretreatment.
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With 1F11 showing preferential binding to the active form of Src, the next step
was to use this domain to construct a biosensor for Src that could be used in live cells.
Our strategy involved covalently labeling 1F11 domain with an environmentallyigens
dye that would report binding of the sensor to its target. Environmentally sensitive
cysteine-reactive merocyanine dyes have been developed in our lab for the piirpos
reporting protein interactions and are especially suited for live ceflingawing to their
brightness, long wavelengths and photostabififyAs several of the dyes report target
recognition through a change in fluorescence intensity, a second fluorophore dex nee
for ratiometric imaging. The emission from this second fluorophore would be itngens
to Src binding, therefore normalizing for changes in cell thickness, conaamwaprobe
and uneven illumination.

Converting 1F11 into a biosensor involved optimizing three aspects of biosensor
design to obtain a bright sensor with the necessary dynamic range: finelingtt dye,
determining the site for dye labeling and introducing a second fluorophore ¢or rati
imaging without affecting target sensing. The details of the optirarzatill be
discussed elsewhere but the key findings are summarized here. For introducing the
second fluorophore, 1F11 was fused to the fluorescent protein, m-Cerillzan.
addition to providing a ratiometric fluorophore m-Cerulean fusion helped stabilize 1F11
and other FN3 variants in solution and in cells. A long flexible glycine-serindimicer
was used for the m-Cerulean fusion to 1F11 to minimize perturf3tite. found that
short linkers adversely affected target binding.

1F11 contains no cysteine residues for dye-labeling, so we generated several

different single-cysteine 1F11 fusion proteins. The positions selectedsterrey
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replacements are shown in Figure 2. In order to reduce the possibility ofget-tar
labeling, a surface exposed cysteine (residue 48) on m-Cerulean was atammut
Several merocyanine dyes with varying side groups and donor-acceptor geyaps w
examined for response and brightness. The response was evaluated by méesuring t
dye/m-Cerulean emission ratio changes due to purified target Src SH3ghiBGdierall,

Mero 53 (Figure 3.2a) emerged as the most suitable dye in terms of seraitd/ity
brightness. With several known solvatochromic dyes there is a tradeoff betweenicy
range and brightness but Mero 53 was both sensitive and bright. This was consistent with
previous studies of solvent-dependent fluorescéffasfter testing different

combinations of dyes and labeling positions, the version that showed the optintal resul
was 1F11 fusion labeled with Mero 53 at the residue 24 GEJXFigure 3.2b).

Residue 24 is in the ‘BC’ loop of 1F11 close to the putative SH3 binding'Site.

Figure 3.2c shows the ratiometric response (dye emission/mCeruleameainis
1F11 biosensor measured with respect to increasing amounts of c-Src SH3. Timobiose
exhibits a large (~50%) ratiometric increase (dye/FP). The increasto is largely due
to an increase in Mero 53 emission on target binding (Figure 3.2c); the mCerulean
emission remains largely unaffected. The increase in Mero 53 emissionyislliketo
the dye experiencing a more hydrophobic environment when the sensor is SH3 bound.
This is consistent with the dye emission being relatively quenched in palae, pr
solvents in solvent studié¥ We measured the apparent binding constant of the sensor
towards its target SH3 from the fluorescence ratio changes (Figude 8 .&dgle-site
binding analysis provides an apparegtdf0.69 uM. This is comparable to the binding

constant obtained by isothermal titration calorimetry between unlabeled 1Flicand S
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SH3"3indicating that labeling 1F11 and fusing it to mCerulean with the appropriate

linker minimally perturbs binding to Src SH3. To examine if the fluorescesp®nse

we observe is due to target binding and not an artifact of the sensor design, wiedenera

a control biosensor that is lacking a Proline residue on the 1F11 FG loopsky-iiat

is required for target binding. The 1k%da control biosensor showed no response to
SH3 (Figure 3.2d) establishing that the sensor response is indeed due to target bi
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Figure 3.2 Design andin vitro validation of 1F11 Src biosensc. a) Structure of the
environmentally sensitive merocyanine dye MerbbRibbon representation of 1F11 (based
FN3 domain structure) showing the residues used for single cysteineuidostifor covalent
dye labeling. Alanine residue shown in bold was changed to cysteine inah&Ril1 sensor.
Four residues highlighted with dots were also tested as part of the agitbmigrocess. Putatiy
target binding loops are shown colored with cyan. Also shown schemaisctily fusion of m-
Cerulean to 1F11 via a flexible linker as part of sensor desjdero53 emission change dug
to c-Src SH3 binding. Shown here is emission spectigb90 nm) of 0.5 uM 1F11 biosens
alone (solid line) or with saturating amounts of purified c-Src SH3 domain (datedl)i
Titration showing the change of normalized emission ratio Mero-53fmkézm for 1F11
biosensor or control (0.5 uM) with increasing c-Src SH3. ForXdy®90nm and.e,, 620nm
while for m-Cerulean., 433nm and.., 477nm were used. Control sensor (1574, has a
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critical Proline in the FG binding loop mutated to Alar
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An important feature of the sensor is that the dye Mero 53 is extremely bright.
The dyes are solvent sensitive so it is conceivable that they are not at higit leve
brightness when attached to the biosensors. Here, even in aqueous environments where
dye emission is reduced, the dye emission was twofold greater than tseerfrem m-
Cerulean. Further, the current sensor works through direct excitation df extigction
coefficient, high quantum yield dye whereas FP FRET-based sensoos milgct as
well as indirect excitation of the functional fluorophores. This, in effect, makes t
current dye-based sensor extremely sensitive in comparison with FR&rstrat have
been extensively used in cell biology. Sensitivity and brightness of the sensor are
extremely advantageous for live cell imaging since it is often imperet minimize
light exposure and the resultant photo-toxicity, in addition to the ability to visualize
subtle signaling events.

We examined the ability of the biosensor to detect Src kinase activation in live
cells. The sensor was microinjected into NIH 3T3 mouse embryonic fiorosEs) (
cells which were then stimulated with platelet derived growth factor (RORIFGF
stimulation of MEFs induces the formation of dorsal rufffés'*It is known that Src
activation is necessary for the formation of these large circularlzasied protrusions,
and that active Src specifically localizes thEfdJsing the 1F11 biosensor, we see high
dye/FP at dorsal ruffles from their induction until they submerge back intoltlimdg
or close to become macropinosomes (Figure 3.3a); observation of active Src in these
structures is consistent with previous findings using immunostaining in fixed Ceti
addition to validating that the biosensor reports local Src activity, this exparis also

critical in that it demonstrates that localized Src-dependent proa@essest inhibited at
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biosensor concentrations used for imaging. The brightness of the reporter dissande
the direct excitation of the fluorophores permit imaging at relatiwsiliosensor
concentrations with minimum perturbation.

We examined Src at the cell periphery. It is also of note that there washbie visi
difference between the protrusive characteristics of cells injedtedhe biosensor, its
control, or non injected cells, once again indicating that the presence of the sensor at
imaging concentrations is not affecting cellular processes. This istempas Src
activity and proper localization is required for cell migration and spreatindEFs, we
saw high dye/FP ratios in lamellipodia in response to PDGF treatmendrtierfexplore
this we introduced the biosensor into PTK1 epithelial cells, which form very laage, fl
lamellipodia that constitutively undergo cycles of protrusion and retradtidhl' K1
cells, we discovered a concise band of high dye/FP ratio (~35% above local background)
immediately adjacent to the protruding cell edge (Figure 3.3b,c). This bandsappear
soon as protrusions are initiated and disappears when the lamellipodia begiracto ret
Interestingly, we also observed that the probe itself localized to cell eolgespons, as
detected with CFP fluorescence indicating significant enrichment of &tivat the cell
edge (Figure 3.3d). As an imaging control, we used thegkaMariant of the biosensor
and detected no change in dye/FP intensity at the cell edge (Figure 3.3d)ciBpeti
1F11 to SFK SH3 domains has been extensively probed in original screening paper. We
wanted to confirm specificity of the sensor in living cells by examining fieetedf Src
inhibitor PP2 on the sensor signal in cells. As shown in Figure 3.3d, both high dye/FP
ratio and localization of the probe to the cell edge is immediately abolishezhgebsto

PP2 addition. Though Src is required for protrusions and migtatidffand has many
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known targets involved in actin reorganizatiéh;***it has never been directly shown to
be active in the lamellipodia. To our knowledge this is the first account of spatio-
temporally localized Src activation in the lamellipodia and demonstratethihat

activation occurs within 500nm of the cell edge and occurs in concert with protrusion

initiation.
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Figure 3.3. Spatiotemporal activation of endogenous SFKs in living ce a) DIC (left
panel) and Ratio (right panel) images of a PDGF-stimulated NIH 3T3 MEF njexrtad
with the 1F11 biosensor. Scale bar ig20b) Ratio image of PTK1 cell microinjected
with the 1F11 biosensor. Scale bar isgu20c) Linescan analysis of the leading edge of
PTK1 cell lamellipodia microinjected with either the 1F11 biosensor or a non-binding
control biosensor. 1F11: n = 10 cells, 166 linescans; gkkslhonobody: n = 7 cells, 122
linescans. Error bars are 95% confidence intervals. Inset shows a represesia image
of a PTK1 cell lamellipodia and line used for linescan analysis, solid Wiegtes 2Qum. d)
DIC (left panels), ISO (1F11 Localization, middle panels), and Ratio (p@tls) images
from representative frames of a movie in which a PTK1 cell microggeeith the 1F11
biosensor was treated with the Src inhibitor PP2. Scale bauims.10
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The observation of a distinct band of endogenous Src activation close to the edge
and the correlation of timing of Src activity with protrusion supports the notion that a
dedicated pool of Src activity is involved in intricate control of cell protrusion maghine
through actin cytoskeleton organization as well as adhesion signaling. Theatedsl r
Src is also highlighted by timing of Src activation in ruffles wherein we obseistained
bursts of Src activity coinciding with periods of actin organization. Src kinasesme
multiple functions in cells and respond to different stimuli leading to the exmecthtt
cells likely have distinct pools of Src activity. Our results clearly stimsvphenomenon
with spatio-temporal resolution. The sensitive sensor offers a powerful toétogate
network dynamics controlling migration, adhesion and cytoskeletal dynamics.

In summary, we have demonstrated the efficacy of a generally applicaiciept
wherein HT screening can be used to generate biosensors for endogenous pretsin targ
Using this strategy, we developed a highly sensitive biosensor for endogentasifrc
kinase activation in live cells. Furthermore, the sensor is modular in nature and this
concept can now be extended to generate biosensors against multiple targetsysimply b
changing the binding specificity of the FN3 domain. Finally, cell imagimguse
sensor has provided novel insights into the activation dynamics of SFKs. Transient and
localized Src activation was observed in dorsal ruffles and proximal to thedesdge
in lamellipodial protrusions. Understanding the timing and location of SFK activation i

these processes clarifies the critical role of SFK in regulating.the
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Methods

Immunoprecipitation and pull-down assay.The antibodies for total c-Src, B-12 and N-
16, were purchased from Santa Cruz Biotechnology. FN3 monobodies including the
binder 1F11 and wt FN3 (non-binding control) were expressed in E.coli BL21 (DE3) as
described previoushy®. The monobodies having a hexa-His tag were purified using Ni-
affinity columns (His GraviTrap™) purchased from Amersham/GE hea#ttasaper
manufacturers instructions, except in some cases a step gradient was lsedution
of the proteins from the His GraviTrap™ columns to increase purity.

The thiazolidinedione, ciglitazone, (x)-5-[4-(1-methylcyclohexylnosdy)-
benzyl] thiazolidine-2, 4-dione, is a PPAR ligand. Ciglitazone (Biomol) was e [@ar
stock solutions in dimethyl sulfoxide. GN4 cells grown as described above Were le
untreated before lysis, treated with DMSO, or treated with a solution of Cagigan
DMSO for either 10 or 30 minutes such that the final concentration of CiglitazoreOwas
uM. In order to inhibit phosphatases in a global manner, GN4 cells were pretvatt
50uM pervanadate for 5 minutes. For ‘Cig+P’, cells were pretreated with peatanad
before the Ciglitazone treatment as described above. Prior to expericeist at 70—
80% confluency were serum-starved overnight in Richter’'s minimum esseatiaimm
containing 0.1% fetal bovine serum. Following stimulation for the times indicatstiam
was aspirated, and the cells were rinsed twice with ice-cold PBS. Theveedl then
scraped into ice-cold RIPA buffer (150 mM NacCl, 9.1 mMRNRO,, 1.7 mM NaHPO4,
1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS, pH 7.4) with freshly added
200uM NagVOg4, 25QuM phenylmethylsulfonyl fluoride, g/ml leupeptin, and 10nm

microcysteine. The cell lysates were clarified by centrifgasit 14,000 rpm for 20min
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at 4 °C. Protein concentration of the supernatant was determined using the Coomassie
protein assay reagent (Pierce).

For pull-down assays, 2Q@ of lysates (in RIPA buffer, no SDS) from GN4
cells, treated as described above, were incubated wiilgldfCeither 1F11 or wt FN3
preabsorbed on 1@ Ni sepharose (Qiagen) beads overnight with gentle agitation, in the
presence of 20mM Imidazole. The beads were washed once with RIPA (no SDS), thrice
with ice cold PB and then resuspended inl2Qaemmeli buffer, boiled for 5 mintes, and
subjected to SDS-PAGE, followed by analysis by western blots to look at total Sr
pulled-down by either the binder or control proteinsug®f cell lysate was resuspended
in SDS-PAGE sample buffer (0.5 M Tris, pH 6.8, 4% SDS, 20% glycerol,3t0%
mercaptoethanol, 0.1% bromphenol blue) and heated at 95°C for 5 min to denature
proteins. The lysates were then resolved by SDS-PAGE on NUPAGE precastst0% Bi
Tris or NOVEX Tris-glycine gels (Invitrogen) and transferred to polywa@ne fluoride
(Immobilon-P; Millipore). The immunoblots were incubated with the appropriateapyi
antibody overnight at 4°C, washed three times with TBST, and probed with horseradish
peroxidase-conjugated secondary antibodies for 1h at room temperature. Imnsunoblot
were then developed with ECL (Amersham Biosciences) according to thdaoturer's

instructions and visualized by autoradiography (Kodak X-Omat Blue film).

In vitro kinase assaySrc kinase activity in Src protein pulled down by either the binder
(1F11) or wt FN3 from stimulated or unstipulated GN4 cells was measured using a
commercial Src assay kit (Upstate Biotechnology, Inc.) accorditttetmanufacturer’s

instructions with slight modifications. Briefly, Src was subjected to FNBdmwn as
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described above from 219 of cell lysate by overnight incubation with either the binder
or control. Src activity present in FN3-bead complexes was assessed byingethe
transfer of the-phosphate ofyf**P]JATP to a specific Src substrate peptide for 10 min at
30°C. Phosphorylated substrate was then separated from regitiiRJN\TP using P-81

phosphocellulose paper (Whatman) and quantified with a scintillation counter.

Purification and dye labeling of 1F11 monobodieslF11-mCerulean fusion proteins

were expressed in E.coli BL21 (DE3) as descriié8riefly, 1L cultures were induced

with ImM IPTG at RT for 14-16 hours before harvesting the bacteria. The biosensor
fusion proteins having hexa-His tag were purified using Ni-affinity colurdis (
GraviTrap™, GE healthcare) as per manufacturer’s instructions, exceptercases a

step gradient was used in the elution of the proteins from the His GraviTrap™ cotumns t
increase purity. The proteins were examined for purity using SDS-PAGE.

Concentrated DMSO solutions of Cysteine reactive merocyanine dyes wetle adde
to 1F11-mCerulean fusion proteins present in 50 mM HEPES, 100 mM NaCl buffer pH
7.4 such that the dye was present in 5-10 fold molar excess and the DMSO in the reaction
mixture was less than 10%. After reaction for 3-4 hours, excess dye wasexk frara
labeled protein using size exclusion G-25 (GE Healthcare) columns. Labeleidgrot
were directly visualized after being subjected to SDS-PAGE electrapb@med a single
fluorescent band was observed. Also, no free dye was seen after size exclosrera w
clear separation was seen between the labeled protein band and the relatngdifem
free dye. Coomassie labeling was also done to verify homogeneity of the sensor

preparations. Labeling efficiency was calculated by measuringythardd protein
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concentrations of the labeled conjugate. Dye concentration was estimatpdyes
absorbance at 590 nm¥ 140,000 crit M™) while the protein concentration was
estimated by using absorbance due to the mCerulean FP and its molar extinction
coefficient of 43,0003 Labeling efficiency was in the range of 95-100 %. In order to
minimize the likelihood of mCerulean getting labeled, Cysteine 48 wadeduta

Alanine.

In vitro biosensor binding assaysSH3 domain of from c-Src was expressed, purified
and analyzed as describ€dIn vitro response of the labeled 1F11 or control monobody
was tested by recording fluorescence spectra of samples where the bibasrseen
incubated with increasing concentrations of Src SH3 domain in PBS pH 7.4 at room
temperature, using SPEX fluorolog 3. Ratio-metric response was meagusstiaing
dye fluorescenceéfx= 590nm gy = 620nm) as well as the mCerulean fluorescehge (

=433nmAgy = 475 nm).

Cell Culture. GN4Rat liver epithelial cells were grown in Richter's minimal esaknt
medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum and
penicillin, streptomycin, and amphotericin B. NIH 3T3 fibroblasts (MEFs) aam@ w
cultured in 5% CO2 at 3T in Dulbecco’s modified Eagle’s medium (DMEM,
Mediatech) supplemented with 10 % fetal calf serum, 1 % L-Glutamine, and 1%
penicillinstreptomycin. PTK1 cells (ATCC# CCL-35) were cultured in DMEM/F
media (Gibco) supplemented with 8 % fetal calf serum, 1 % L-Glutamine, and 1%

penicillinstreptomycin. MEFs and PTK1 cells were imaged in Ham’s F+h2Kium
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without phenol red (SAFC Biosciences) with 2% fetal bovine serum, 15mM HEPES, 1 %
L-Glutamine, and 1% penicillinstreptomycin. For imaging experiments $videid PTK1

cells were plated onto coverslips coated wiily/snL Fibronectin (Sigma) overnight.

Culture media was exchanged for imaging media for one hour prior to micranjecti

Cells were microinjected as describe& with a biosensor concentration ofi4@ in the
microinjection needle and were allowed to recover for 30-60min before imaging
experiments began. MEFs were stimulated using 30ng/mL PDGF (Sigi&).dells

were treated with 1M PP2 (Sigma).

Microscopy. Imaging was performed on an Olympus 1X81 motorized inverted
microscope equipped with ZDC focus drift compensator, a cooled digital 12-bit CCD
camera (CoolSnap, Roper Scientific), a 100W Mercury arc lamp, and MetaMorph
imaging software. Images were acquired using a 40X UPlanFLN 1.3 N@miéision
objective or a 60X 1.2 NA UApo N Silicon oil immersion objective. A Multi-pass
dichroic mirror (89006bs, Chroma) was used with the following band pass filters: CFP
(ET 436/20, ET 480/40) and ISO (HQ580/30, HQ 630/40). Images were acquired and
processed as describ&® To generate activation profiles in protrusions, the linescan

tool in MetaMorph was utilized.
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Abstract

During development and regeneration, a growth cone guides the extending axon
of a neuron through an environment of positive and negative cues until in reaches its
specific destination. A principal target of these cues is the cytoskeletdheantblecules
which regulate it. A large body of research has implicated that repul®geacd
collapse factors mediate their effects through the small GTPase RhoAeveioiittle is
known about the subcellular regulation of RhoA during normal axon extension and how
that changes in the presence of a repulsive agent. Here we utilize a ¢grestazaded
biosensor to determine the spatiotemporal activation of RhoA during growth cone
advance and collapse. We find that RhoA is active in the peripheral domain of migrating
growth cones, and that this activation is persistently maintained during éxanca. We
also show that although RhoA levels increase in the growth cone following the addition
of a soluble collapse factor, they rapidly decrease after the growth coaesihe
collapse process while the cell body RhoA levels remain elevated. With novel
spatiotemporal information, our results provide new mechanistic insight into the role of

RhoA in growth cone behavior.

Introduction

There are two prominent instances in which neurons extend axons. The first is
during embryonic development, when the primary goal of axon growth is to find the
appropriate dendrite of another neuron to form a synapse. The second is during periphera
nerve response to injury. In mammals, the neurons from the central nervous sylstem lac

the ability to undergo regenerative growth, thus nerve wounding generates pgrmane
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effects. In both cases, locally secreted factors stimulate an axonnd exie then guide

it via its growth cone to its appropriate destinafioh™*°A principal intracellular target

of these external factors (these include neurotrophins, netrins, ephrins, and semjaphorins
is the cytoskeleton and the molecules that regulate it, including the RHg-tdrsimall
GTPases.

Rho-family GTPases are centrally important regulators of the cy&iskelThey
hydrolyze GTP in order to switch between active (GTP-bound) and inactive (GDP-
bound) states. Their activity is negatively regulated by GTPase adjiyabieins
(GAPs) and GDP disassociation inhibitors (GDIs) and positively regulgtgddmine
nucleotide exchange factors (GEFs). Thus, Rho-family GTPases acblastirar
switches” that can be turned on or off with profound downstream etféct0f the
Rho-GTPases, RhoA is one of the best characterized members. It controls a@fumber
behaviors relevant to axon growth, including actin and microtubule dynamics, and
actomyosin contractility®’

The current paradigm is that RhoA is a potent inhibitor of axon growth. In CNS
injury, locally secreted factors in the wounded region activate RhoA, causinthgrow
cone collapse and regeneration failti#&xon retraction is predominantly mediated
through RhoA stimulation of actomyosin contractifitf.In experimental spinal chord
injury models, inhibition of RhoA signaling has led to axon regrowth and partial
recovery?® **Ccurrently the RhoA inhibitor BA-210 is in phase I/IIA trials for treatment
of spinal chord injury**

However, RhoA-mediated growth cone collapse is also a necessary component of

guidance and therefore of appropriate forward movenfért? *the growing axon
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must be able to dynamically switch between states of extension andaattacespond
appropriately to positive and negative guidance cues. Furthermore, there have bee
studies that have shown RhoA is a positive mediator of growth cone advance in a manner
separate from its role in growth cone collaf¥&#’ These results are counterintuitive to

the conventional model of RhoA has a growth inhibitor and lead to an important
outstanding question in the field: how can RhoA both negatively and positively regulate
axon growth?

During axon growth, microtubule dynamics are necessary for motility and
guidance"****°In the growth cone, the microtubule cytoskeleton is highly spatially
organized. The majority of microtubules are localized to the central domain, which i
immediately adjacent to the axon shaft. These microtubules are stable anelyaian-
dynamic. A small subset of these microtubules invades the transition and périphera
domains; these are extremely dynamic, rapidly undergoing cycleswfrgand
shrinkage'®® In growth cones, RhoA is responsible for corralling the microtubules into
the central domain and for dampening their dynamic beh&fior.

RhoA has the ability to organize and stabilize microtubules through both direct
downstream signaling and through indirect effects resulting from actirotuiozle
coupling. The former occurs through the RhoA effector mDia, which can inteithct wi
the microtubule tip-binding proteins EB1 and AP&**The latter results from RhoA
regulation of actin and actomyosin contractility; these effects gersgtitestructures
which can shape and dynamically regulate the microtubule cytoskeleton throwsgtaph
linkage’®® *'Furthermore, in addition to microtubules being downstream of RhoA, it

has also been shown that they can act upstream of RhoA actiatisfi>®What is
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unclear in the growth cone is how the relationship between RhoA and microtubules is
spatially defined, and how this relationship relates to growth cone motility.

The Hahn lab has engineered a genetically encoded Fluorescence Resonance
Energy Transfer (FRET) biosensor to directly visualize the activatiomofAR living
cells® The biosensor is a single-chain design consisting of full-length RhoA that is
labeled at its N-terminus with YFP, followed by a flexible linker, CFP, and tthe Rho-
binding domain (RBD) of Rhotekin. In the inactive GDP-loaded state RhoA does not
bind RBD, and there is little FRET between the adjacent fluorescent proteihs. |
active GTP-bound state RhoA interacts with RBD and FRET is increasede BEigBy
leaving the C-terminus of RhoA intact, this biosensor undergoes proper laoalzati

responds correctly to GDI and to positive and negative regulation by GEFs and'GAPs.
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Figure 4.1. Localization of RhoA activation in growth cone: a,d Differentiated CAD cells
andc, primary DRG neuron expressing the RhoA bioserss®IC (left panel) and ratio (right
panel) images of a CAD cell growth cone, scale bargril®, RhoA activation profile in
CAD cell growth cones (n = 70 linescans, 7 growth cones), error bars areoffélence
intervals.c, ratio image of a DRG neuron, scale bar igrh0d, Microtubule (left panel, labeled
with mCherryB-Tubulin) and ratio images of a CAD cell growth cone, scale banisi110
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Results and Discussion

We introduced the RhoA biosensor into CAD neuroblastoma cells. These cells
can be induced to differentiate by serum withdralv/ain early differentiation they
extend axons with motile growth cone-like structures that phenotypicaitycrgrowth
cones found in primary neurons. In CAD cell growth cones we observe a band of high
RhoA activation immediately adjacent to the leading edge that gradyadhsttn the
growth cone center where FRET/CFP ratio values are lowest (Figure 4.0a/\p5%
total change in the FRET/CFP ratio from the growth cone center to the edgeemas
CAD cells expressing a control biosensor lacking the Rho binding domain (RBDje
4.2a) with no peak near the periphery. Additionally, since RhoA is active at the plasma
membrane there was a concern that the loss of activity in the growth cormrenante
volume artifact caused by increased cell thickness in this region. To attdsesge
performed FRET imaging using Total Internal Reflection Fluorescehc®scopy
(TIR-FM) to obtain a volume independent measurement and once again found the lowest
FRET/CFP values in the center of the growth cone and the highest in the périphera
domain (Figure 4.2b). This broad gradient of RhoA activity at the growth cone periphery
was also observed in mouse E14.5 DRG neurons (Figure 4.1c). The activation pattern
observed in growth cones is different than what has been reported in the protruding
lamellipodia of fibroblasts where all of the activity is contained in the Zjtst relative
to the leading eddg®€.The axon stalk and cell bodies of DRG neurons contained the
lowest FRET/CFP ratio values (Figure 4.1c). We then co-expressed mBREubulin
in CAD cells to provide a cytoskeletal reference for growth cone morphology. The

microtubule cytoskeleton in CAD cell growth cones was organized in a manner
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consistent with previous studies of primary neurons: the microtubules are largely
confined in the central domain with a few individual microtubules extending out into
periphery (Figure 4.1d). In reference to this marker we see that RhoAtiactigaabsent

in the growth cone center where microtubules are abundant and increases intynediate
outside of this region (Figure 4.1d), hinting at a functional relationship between RhoA

and microtubules.

v20 Figure 4.2. Controls for localization

of RhoA activity. a, Activation profile
148 1 of control RhoA biosensor that lacks
the RBD binding domain (n = 269
linescans, 26 growth cones), error bars
105 | are 95% C.Ib, TIRF ratio images of
CAD cell growth cones
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We also performed time-lapse imaging of growth cones co-expressihgrmec
B-Tubulin. We observe that when bundles of microtubules are formed in the growth cone
periphery in association with intrapodia there is a decrease in local Rhoiydetiels,
even in regions adjacent to the leading edge where FRET/CFP ratios areé (frigjues
4.3a). Combined with the observation that RhoA activity is lowest in the central domain

where polymerized microtubules are most prevalent (Figure 4.1d) we hypethesiz
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Figure 4.3. RhoA activation and microtubule polymerization are inversly related in the
growth cone.a, DIC (left panel), microtubule (center panel) and ratio (right pamelpes of
a CAD cell growth cone, scale bar isub@. Arrows indicate regions of enriched microtubul
(black arrows, center panel), which correspond to areas of low RhoA aatihitg @rrows,
right panel) b, Kymographs of microtubule (left panel, psuedocolored) and ratio imeagas f
a CAD cell growth cone treated with nocodazole, vertical scalest3ami, horizontal scale
bar is 2min. Red arrow indicates nocodazole additipRhoA activation profile in CAD cell
growth cones before (blue line) and after (red line) nocodazole treamme(linescans
from 7 cells, the same cells were used for before and after meastsgme

D
(9]

that microtubules inhibit RhoA in the growth cone and serve as guides for it$ fdtter
activation. To directly test this hypothesis we depolymerized microtubutles w

nocodazole. Following addition of 300nM nocodazole, microtubules that extended past
the central domain immediately began to retreat away from the growth agséreglure

4.3b). Simultaneously, the zone of high RhoA activity expanded, invading into the central
domain where FRET/CFP ratio values were initially low (Figure 4.3b) scene analysis

performed on the same growth cones before and after nocodazole treatment (n= 7)
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reveals that the pre-nocodazole peak of RhoA activity extends an additiomal Bté

the central domain before it begins to taper down to lower levels (Figure Bhgse
experiments prove the causal relationship between microtubules and RhoA. Previous
work has shown that RhoA serves as an upstream regulator of microtubules in time growt
cone, corralling them into the central domain through generation of actimalrcs a
actomyosin contractility>* Our results demonstrate that microtubules are also upstream
regulators of RhoA. Together, this suggests that there is a feedback loop between the
components that maintains both the organization of microtubules and the localization of

active RhoA in the growth cone during axon extension.
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Figure 44. RhoA activation in advancing growth cone: a,b, Differentiated CAD
cell andc,d, primary DRG neuron expressing the RhoA biosensor during growth
cone migrationa, nascenCAD cell growth cone undergoing constitutive forwargd
movement, scale bar is 10min.Kymograph of growth cone ia vertical scale bay
is 1Qum, horizontal scale bar is 10miny.advancing DRG neuron, scale bar is
10um. d, Kymograph of a DRG growth cone protrusion, vertical scale baurs 5
horizontal scale bar is 3min.
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Time-lapse imaging of motile growth cones revealed that this patternoz Rctivity is
maintained during axon advance, even in growth cones undergoing long periods of
constitutive forward movement (Figure 4.4a, b). DRG neurons also exhibited RhoA
activation during migration (Figure 4.4c). Kymograph analysis of a DRG grooné
protrusion shows that RhoA is present at protrusion initiation and remains actige for it
entire duration (Figure 4.4d). These examples provide direct evidence thaRboke
activation is associated with positive growth cone motility and edge protrusiamoa

solely a mediator of retraction, collapse, and inhibition of movement.
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Figure 45. RhoA activation during growth cone collapse a, DIC (top panels) and ratio
(bottom panels) images of a differentiated CAD cell treated with, ISeale bar is 10m.

LPA was added at time point 0:d8).Graph of growth cone and cell body RhoA activity|
from the cell ina, growth cone collapse is indicated as a loss in growth cone area (dashed
line). c, Graph showing average RhoA activity in all growth cones (red line) and celshodie
(blue line) (n = 31 growth cones, 24 cell bodies). Yellow bar indicates the averagto
loss of 5% of initial growth cone area + 95% confidence intervals (246.1s * 86.2s). Efrror
bars are s.e.m, dotted line indicates p-value of student’s t-test betwoggh gone and cell
body values, horizontal dashed line shows p = 0.05.
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Numerous studies have shown that soluble factors that cause the growth cone to
collapse mediate their effects through RhoA and its downstream upregulation of
actomyosin contractility>° However, there is little known about how RhoA behaves at
the subcellular level during this process. We utilized differentiated CABtoe
investigate the spatiotemporal regulation of RhoA during Lysophosphatidic add-(LP
mediated growth cone collapse. Following addition d¥13_PA, we see an
instantaneous and significant response of the biosensor in both growth cones and cell
bodies (Figure 4.5a-c). No changes in RhoA activity were observed in control
experiments using cells expressing a mutant biosensor (T19N) stimulatddPRitor
cells expressing the wild-type biosensor stimulated with a bovine serumial{B&A)
loading control (Figure 4.6). In growth cones, peak RhoA activation occurred daaler
cell bodies (Figure 4.5b, c), and on average preceded the initiation of growth cone
collapse (Figure 4.5c). Following peak RhoA activity, the growth cone FRETr&tfeP
values degraded coincident with collapse while cell body RhoA was maintained at an
elevated level (Figure 4.5b, c; see Figure 4.7a-c for a summaryLéfAakxperiments).

At the latter stages of collapse, growth cone concentrations of active RhoAlbiad fa
significantly below pre-LPA levels (Figure 4.7d). These results provigsva n
spatiotemporal insight into RhoA-mediated growth cone collapse and make two new
suggestions as to the mechanism of which it occurs: that sustained elevation of RhoA
activity in the cell body may play more of a role in collapse and retraction than onc
thought and that elevated RhoA levels in the growth cone are required to initiate but not

sustain or complete collapse.
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Methods

Cell Culture. CAD cells were cultured in DMEM/F12 medium (Gibco) supplemented
with 8 % fetal calf serum, 1 % L-Glutamine, and 1% penicillinstreptomyciny Wese
imaged in Ham’s F-12K medium without phenol red (SAFC Biosciences) supplemente
with 15mM HEPES, 1 % L-Glutamine, and 1% penicillinstreptomycin. To induce
differentiation, CAD cells were plated on coverslips coated wittg&BL Laminin

(Sigma). After 90min, normal culture medium was exchanged for imaging medalis. C
were allowed to differentiate for an additional 90-120min prior to imaging. CAIS

were transfected 12-24hrs prior to imaging with the appropriate constructs-ugiege

6 (Roche) according to manufacturer’s instructions. For LPA stimulation exgds,

CAD cells were treated withuB/1 LPA (Sigma). For nocodazole experiments, CAD cells
were treated with 300nM nocodazole (CalBiochem). DRG neurons were cultured and
transfected as previously descridé¥imaging was performed approximately 12hrs after
NGF-induced differentiation in Ham’s F-12K medium without phenol red (SAFC
Biosciences) supplemented with 5% fetal calf serum, 15mM HEPES, 1 %tan@he,

and 1% penicillinstreptomycin.

Microscopy. Imaging was performed on an Olympus IX81 motorized inverted
microscope equipped with ZDC focus drift compensator and TIRFM illuminator, a
cooled digital 12-bit CCD camera (CoolSnap, Roper Scientific), a 100W Meraury ar
lamp, and MetaMorph imaging software. Images were acquired using a 4aKRIR
1.3 NA, 60X 1.45 NA PlanApoN TIRFM objective, or a 60X UPlanFLN NA! oil

immersion objective. A Multi-pass dichroic mirror (89006bs, Chroma) was used with the
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following band pass filters: CFP (ET 436/20, ET 480/40); FRET (ET 436/20, ET
540/30); and mCherry (HQ580/30, HQ 630/40). Coverslips were mounted in an
Attofluor live cell chamber (Invitrogen) placed in a microscope stage witatadhstage

adaptor (Warner).

Image analysisFRET/CFP ratio images were calculated after shading correction,
background subtraction, and binary masking using MetaMorph and MatLab software as
previously described. To generate activation profiles, the linescan tookaMdeh was
utilized. Linescan analysis was performed as described. In brief, lgvesdrawn
perpendicular from the cell edge to the center of the growth cone, then averaged and
normalized to the values at the growth cone center (center was defined by theXakt 5 pi
of the average of all lines containing at least 30% of all input pixels). To adoount
growth cone diversity subsequent to nocodazole treatment, linescans weed blyg
making the starting value the pre-LPA peak rather than the cell edge.aBom@é&hoA
activation during LPA stimulation, a polygon was drawn around the region of interest in
the photobleach-corrected masked ratio image that best included that region for the
duration of the movies. All pixel values greater than zero were included in the
measurement. RhoA activation was normalized to the average of the first Jibtitee

prior to LPA addition. Growth cones and cell bodies were photobleach corrected

separately due to small differences in their rates of bleaching.
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Abstract

Focal adhesions are macromolecular complexes that provide a linkage frbm a ce
to its external environment. In a motile cell they form, enlarge, and disassé¢nelsie
processes are essential to and govern cell migration. To better understamhthie d
regulation of focal adhesions during cell motility we have developed softosaitecf
automated detection, tracking, and data extraction of these structures usingt€atal
Reflection Fluorescence Microscopy (TIR-FM) image sets of fluordgtagged
adhesion components. Utilizing this software we can generate high-conterdtddlet
include the size, shape, intensity, and position of every adhesion present in a living cell
Moreover these properties are followed over time to assess adhesiorelideiil
turnover rates. Here we apply this analysis to the adhesion component Paxillin in
migrating NIH 3T3 fibroblasts. We also show how a single point mutation in iRaatill
the Jun-kinase phosphorylation site Serine 178 changes focal adhesion size, distributi
and rate of assembly. We present this freely available softwargeseeally applicable
tool that will advance the understanding of how focal adhesions are dynamically

regulated in living cells

Introduction

Focal adhesions (FAs) are sophisticated protein complexes that serve a®fpoint
integration for both mechanical and chemical signaling, playing a ceolieah cellular
adhesion, survival, and motility. They form and disassemble as a mechanianstute
signals. Characterizing how these structures dynamically chaegsestial for

understanding processes such as cell migration, which requires that theredaes
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continuously remodeled as the cell moves forward. During motility, new adhestons a
born at the leading edge of a protruding lamellipodia. These FAs enlarge amddhe
either disassembled at the base of the protrusion in a process known as adhesion
turnover>® or become longer-lived structures that are eventually dismantled in the
retracting tail at the rear of the cell. In this and other FA-relevanepses, FA dynamics
are highly regulated by structural and signaling molecdfg$° Alterations in the
balance of these regulating factors plays a key role in adhesion turndwbuamormal
cell function.

Microscopic imaging of FAs has driven a significant portion of our current
understanding of adhesion dynamics, with methods such as total internalaeflecti
fluorescence microscopy (TIR-FM) providing high-resolution images ¢agdibeing
guantitatively analyzed. However, challenges in image capture and downstadgsisan
has generally led to the characterization of only a relatively small nushband-picked
adhesions within any given c&ft Recent technical and methodological improvements
have led to the automated detection and characterization of focal adhesions for
application in high-throughput screening studies. For instance, Paran andusstféag
have reported on the use of a high-throughput high-resolution imaging systenetoascre
plant extract library for effects on adhesion morphology and distribution. Thelsght
throughput imaging system was used to perform multicolor analysis on variousoadhesi
component®?and used in a SiRNA screen against adhesion related §2trethese
instances, researchers were able to obtain molecular signatures of poot@ionents
within focal adhesions, resolve sub-domains within adhesions, and identify clusters of

genes that had similar effects on focal adhesion morphology and placement. These
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studies demonstrate the power of being able to identify and characteadbedions
present within a cell. However, as these approaches rely on cell fixattaal @spects
of focal adhesion biology, including spatiotemporal adhesion dynamics, are lost.

Here we describe a novel system for the quantification of focal adhesion
spatiotemporal dynamics. This approach utilizes high-resolution (60x, oilfsiong
time-series images of living cells generated with TIR-FM. Image segqaare then
processed through an analysis system that identifies each individual adhaslantheir
movement through time and collects associated properties concerning the lobaten, s
size and intensity. As the birth, lifetime and death of each adhesion is quantifies |
approach, a thorough picture of global adhesion behavior is captured.

To demonstrate the power of this approach, we focus on the molecular scaffold
protein Paxillin, a core constituent of focal adhesions. Through direct interaeiibns
both structural and regulatory components, Paxillin serves as a platform faoadhes
signal transductior®* A principal regulatory mechanism of Paxillin is phosphorylation,
with over 40 sites of phosphorylation currently identifi€Many of these have yet to be
characterized, but those that have demonstrate strong effects on cell migratioh. One
these is the c-Jun N-terminal kinase (JNK) phosphorylation site Serine 78 (S
Mutation of this residue to Alanine, or inhibition of JNK signaling, inhibits cell
motility.**® **’More recently, it has been shown that phosphorylation of S178 enhances
Paxillin’s interaction with FAK and Tyrosine phosphorylation at residues 31 antf®.18.
Expression of the phosphomimetic Y31D/Y118D Paxillin can rescue the S178A mutant
phenotype. This and related work hints that INK phosphorylation of Paxillin is an early

step in adhesion formation.
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In this study we use our imaging analysis system to characterizil#ed with
EGFP-Paxillin, generating high-resolution and high-content data sets ofaadhes
distribution, morphology, and turnover in migrating NIH 3T3 fibroblasts. Results
demonstrate that we can analyze adhesions in an unbiased manner, witly tileed
adhesions analyzed per cell. Utilizing wild-type Paxillin as allmestor comparison, we
utilize our software to detect alterations in adhesion spatiotemporal prepenesponse
to S178 mutation. Through this we demonstrate that the loss of this single
phosphorylation site effects adhesion site formation, size and assembly natgptarge
data sets, even subtle differences are easily detected at a signefiuehnt hese results
further improve our understanding of JNK regulation of Paxillin dynamics dssvel
demonstrating the utility of appropriately designed image analygmsnsgsn the

characterization of high-content data sets.

Ti
_4“ Figure 5.1.Automating the analysis

of focal adhesion images requires a
multi-stage pipeline.The first row
shows several representative example
images of fluorescently labeled
Paxillin using TIR-FM micrscopy. In
the second row, a cartoon depiction of
the segmented adhesions and the cell
edge are shown. Identification of the
adhesions in each image allows a se
of static morphological and
fluorescence intensity based featurep to
be extracted. The third row shows a
single adhesion (highlighted in red)
being tracked through the short sample
time course. The properties of each
R A adhesion are tracked over time,

allowing the large scale dynamics of|
FA to be determined.

Gather Experimental

Identify Adhesions Data

—

Track Adhesions
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Results

Quantitative Analysis of TIR-FM Images of Focal Adhesions

To quantify aspects of focal adhesion spatiotemporal dynamic behavifirstwe
generated an NIH 3T3 fibroblast cell line expressing EGFP-Paxilleti FA and
myristolated-Red Fluorescent Protein (myr-RFP) to identify theedge. Cells were
plated on fibronectin and imaged with TIR-FM for 1-4 hours as they exhibitecemotil
behavior. We then implemented a multistage image analysis pipeline (bifjure
Briefly, FAs were identified and segmented via a watershed-likeithgo(see
Methods). Static properties of adhesions identified within each individual timepeint ar
guantified and include properties such as area, position and Paxillin intensiynia
properties of adhesions, such as velocities and changes in fluorescent intensity, a
determined by tracking and measuring adhesion properties across tisienstges. At
each consecutive time step adhesion birth and death events are identified ser@degis
by the software.

An example of the graphical output generated with this approach is shown in
Figure 5.2, where a single frame of an image time series is shown, wisiadhe
identified through segmentation and highlighted (Figure 5.2A,B). Superimposition of
adhesions across all 198 image frames from this movie is also shown (Figure 5.2C).We
determined distributions for several adhesion properties including areaya & P-
Paxillin intensity, axial ratiogistance from edge, and longevity (Figure 5.2D). In total,
over 200,000 adhesion lineages were assessed. These results demonstrata ¢habiee
to identify and quantitativelgharacterize large numbers of adhesions, allowing the

unbiased assessment of FA behavior.
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Kinetics of FA Assembly and Disassembly

Of particular importance for understanding FA function is the assessment of
adhesion behavior through time. Figure 5.3A-D shows the process of determining FA
assembly and disassembly rates for an individual adhesion. Figure 5.3A depictga
series of a single adhesion (highlighted in green) progressing in 1-rmterteals from
birth through maturation and death. Using time series information, we quantify the
normalized intensity of each adhesion over its lifespan (Figure 5.3B). Rap@ddyent
are the linear assembly and disassembly phases, which are autonmtitcaligear log
scales (see Methods for details). Our results complement previous work shoating t
adhesions assemble and disassemble with linear progré&sitia found that the
assembly and disassembly curves of over 50% of all adhesions analyzed (n = 1183 for
assembly and n = 1486 for disassembly) could be described by a log-linear fipghowi
R? values of 0.79 or better (Figure 5.4). In the example shown in Figure 3, linear
approximation describes 92.0% and 96.1% of the variance in the rates of intensity
increase and decrease, respectively (Figure 5.3C, D). In between thesedeswpwha

define a stable or stationary phase (Figure 5.3B).
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Figure 5.4. The assembly and disassembly log-linear models fit tRaxillin
intensity time courses with high R valuesThe red lines indicate the median R valyes.

84



We utilized our system to broadly characterize the rates of FA assantbly
disassembly by repeating the analysis detailed in Figure 5.3A-D on adliaahe
identified by our software (n = 20 cells). Results were filtered byding only on FAs

having lifetimes of at least 20 minutes and exhibiting near perfect log-fiteeaf

accumulation or decay ratel%zé 0.9; Figure 3E). Theswiterion yielded 304 adhesions

with clearly definable assembly rates and 489 with well-defined ratisagsembly.
The mean rate of assembly of 0.04510.024_lnifsr64% greater than that of disassembly

(0.027i0.014*nin'l). It is of note that the unfiltered data set consisting of 1068

assembling and 1391 disassembling adhesions yielded similar results, with 0.031+0.023

min_l and O.OZOiO.Olthin_l (assembly 55% greatetitermined for the assembly and
disassembly rates, respectively. While these average rateswaee glan earlier
published reports, the values determined in previous studies can be found within the
variance of our data set. We now provide a comprehensive picture of the breadth of
adhesion assembly and disassembly dynamics in these migrating fibrolillastg w

biasing our analysis toward any particular subset.

Spatial Properties of FA Assembly and Disassembly

Comprehensive analysis of the dynamics of this class of prototypical adhesions
allows the estimation of rates of assembly and disassembly. While this providesd
FA behavior as a function of time, spatial aspects of FA behavior and dyramics
similarly be studied. Using the identical set of adhesions identified in the previous
Paxillin kinetics analysis, we investigated the spatial property of wheesiadis tend to

be born or die (Figure 5.5). As seen in (5.5A), the vast majority (84%) of these adhesions
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are born less tharnun from the cell edge. In contrast, adhesions tend to die further from
the edge with a mean value of 817 in these experiments (B). This suggests the
existence of two distinct, but partially overlapping "zones" within which pneti@tebirth

or death of FAs occurs. When looking at both FA birth/death location and
assembly/disassembly rate simultaneously, we find that higher assaitaslyare

observed in births that occur near the edge while no obvious effect of spatial location on

the rate of disassembly is apparent.
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Figure 5.E. Spatial properties of FA positions at birth and death The data set used for
this figure consists of adhesiontiere the assembly and/or disassembly phases fit a Iqg-
linear model with R value of 0.9 or greater. (A) The majority of adhesienborn within
5um of the cell edge and the greatest variance in assembly rates are afgsemsthis
5um band. (B) The distribution of the distance of death location from the cell edg
indicates that adhesion disassembly typically occurs along a broader baribedroati
edge as compared to the position at adhesion birth. Also, the variance semishsrate is
roughly the same regardless of the position at adhesion death.

Paxillin S178A Mutant Perturbation
We used mutation of Paxillin (Serine 178 to Alanine) as a system perturbation. As

discussed earlier, this mutation blocks JNK phosphorylation of Paxillin and has known
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effects on cell motility. However, the effect of this mutation on adhesiorosgaporal
dynamics has not been well characterized.

We found that the S178A mutation induced a number of significant effects on
both dynamic and spatial properties of adhesions. The most dramatic of thessachang
the approximately 38% reduction in the median rate of adhesion assembly @-iGAY).
We also observe a small (~12%) but statistically significant decireassassembly rate.
Thus the kinetics of FA assembly is strongly affected by this mutation, butan-a

symmetric manner.
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Figure 5.6 S178A mutation in Paxillin alters adhesion assembly and
disassembly(A) The median assembly rate is decreased by 38% in the S1j78A
mutants (*** indicates p<1f). (B) The median disassembly rate is also
decreased by 14% (* indicates p<0.01). (C and D) The median position off
adhesion centroids at birth (p<0.1) and death (p<0.49) are insignificantly
affected by the S178A mutation. All p-values were calculated using the
bootstrapped confidence intervals with 50000 replicates.
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We previously observed that adhesions in WT cells have different distributions of
birth and death position relative to the cell edge. In comparison to WT cells, we find that
the median distance from the edge at birth is greater by 16% in S178A muiguts (F
5.6C), but that this difference is not significant due to the high variance of the observed
distances. There is no significant difference between WT and mutant cellsgeitt te
where an adhesions die, suggesting that spatial aspects of the disassecesly (pe.
where disassembly occurs) is not dependent and/or sensitive to JINK phosphorylation
(Figure 5.6D).

Finally, we did a lifecycle phase comparison between cells expressingiVT a
S178A EGFP-Paxillin. We determine that the S178A mutation causes longer lived
adhesions that spend substantially longer time in the assembly phase than WT cells
There is a slight but significant (p = 0.5) increase in time spent in disassasnbll,
but no difference in time spent in the stability phase (Figure 5.7). As a wholesalisr
demonstrate the most severe effects of the S178A mutation occur in the assestaly pha

position at birth, assembly rate, and time spent assembling.

*
B Wild-type
& 7 — O S178A

Figure 5.7. The assembly and disassembly
phases in S178A mutant FAs are significantly
longer than those in the wild-type, while the
stability phase lengths are unaffectedThe
phase length values include all adhesions where
o | the log-linear models fit with a p-value of 0.0
B or less. Error bars indicate 95% confidence
intervals on the mean phase length as
determined through 50,000 bootstrap samples. A
o triple asterisk (***) indicates and single asterisk
(*) indicatesp<0.05. Wild-type N Values:
Assembly (1057), Stability (456), Disassembly
(1371); S178A N Values: Assembly (2089),
o Stability (868), Disassembly (1761).
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Figure 5.8. Mutations affecting the interaction of JNK with
Paxillin alter the stages of FA development.

Discussion

We have described the development of a set of computational tools suitable for
the global characterization of FA spatiotemporal dynamics and areuitetl $0
assessing the results of FA signaling network perturbation on adhesion develapche
behavior. The S178A mutation was presented as a case study in applyingdlsete t
analyzing complex FA phenotypes. Through this analysis, we were able tohstidinet
S178A Paxillin mutant causes significant changes in FA assembly and nibhsesstes
and may help to explain the previously observed migration defects found in celteavith
S178A Paxillin mutant. These changes indicate that Jun Kinase, via PaxHiipi&x
strong control over the entire FA lifecycle.

The computational tools presented allow the entire lifecycle of FAs to be
analyzed. These tools include an automated adhesion detection, segmentation and
tracking system; extracting a range of properties valuable for stadding FA
development. The system also integrates methods capable of automateraifying

the assembly and disassembly phases of the time-lapse sequence opepérses. All
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of these methods were tested using simulated data that replicated many oétiiedbs
experimental processes, confirming these methods are able to acaywateify
adhesion properties under controlled conditions. The robustness of the differences
detected between the wild-type and S178A mutants is preserved througle afran
parameter choices for the adhesion detection limit and the minimum length of the
assembly and disassembly phases. In particular, we note that all of thedletect
differences were maintained when using the complete set of extracedealatven
when the data were not filtered for selection of long-lived adhesions. The vdieht
images were taken in this work also appears to be well over the samplingeded e
accurately measure the assembly and disassembly rates of longdinesioas.

We find that many of the assembly and disassembly rates detected useng the
automated methods encompass the rates determined using manual Méthddae
automated methods greatly increases the number of adhesions quantified. ¢affenen
the mean rates detected by manual versus automated searches can ezl dtirdawveral
factors. First, the rates determined using manual methods originate frespastied
adhesions of interest. Such adhesions may be chosen based on specific localization
properties, such as selecting only those adhesions found within protrusions, while the
presented results do not make any distinction between adhesions present in different
cellular structures priori (though the properties of adhesions at particular locations can
be determinea posterior). In addition, our analysis focused on long-lived adhesions,
which might have different properties than those measured in studies of shobrt-live
adhesions. Finally, as our software analyzes all adhesions regardlesbragjtitress of

the adhesion, we avoid biases that may occur through, for example, preferéatiairse
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of large and highly visible adhesions. Thus, the automated methods described greatly
extend the types of adhesions that can be analyzed, as well as the rangertiéptbpe
can be quantified.

The spatial properties of FA birth and death also paint an interesting piatre t
suggests that FAs have distinct regions where assembly and disassesnitdyae® most
concentrated. These assembly and disassembly regions overlap, but remain Onstinct
greatest concentration of assembly events occur withpnmldd the cell edge. The
assembly event range interestingly coincides with the end of the laodgdiand the
beginning of the lamella, where the structure of the actin cytoskeletadnkethanges
significantly.

Analyzing the differences in the FAs of NIH 3T3 cells with and without a
mutation that eliminates JNK phosphorylation of Paxilivivo, we were able to
guantify significant differences in several relevant FA properties sutthearate of
adhesion assembly and disassembly. In addition to the strong perturbations observed,
several subtle changes in FA dynamics and localization were alstedetdeasured
differences in adhesion size were also observed in a recent siRNA scFeeproteins
that included JNK knockdowt?® A model of FA dynamics supported by our findings is
depicted in Figure 5.8. This model illustrates that the intensity of Paxillinglthie
stability period of the FA lifecycle is decreased compared to wildfippeblasts (data
not shown). In this model, the S178A mutation shows distinct effects on both the
assembly and disassembly phases of FA development, but these effddfsram in
magnitude. Determining what FA development signals are involved in perturbing the

assembly, stability and disassembly processes is an ongoing process,eoptabeef
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principle TIR-FM experiments demonstrate the capabilities of the seftavealysis
system.

Development of improvements and additional analysis modules related is
ongoing. In prior studies, analysis of the cell edge velocity has proven to be a robust
phenotype that can be used to quantify the effect of many different padogoat the
signaling networks that control cellular motilfy/Integration of this type of data will
allow the rates of cell edge movement to be analyzed in terms of FA phen@&yphks
studies will help to bridge the gap between the well-developed fields of celapdbysis
and FA dynamics. The data sets collected using the software also provideatidor
about the specific properties of the adhesions during each phase of theirdif&¢hde
the “distance from cell edge” measure used here displays interpatiegns, the
application of more powerful spatial statistics methods will allow the mgoeauis
guantification of spatial, as well as spatiotemporal properties. Such spatredds will
also be important as additional types of data, including local protein actiig lare
added to the experimental data collected.

We have described a system for quantifying FA dynamics and localization that
allows high-content screening methods to be applied to understanding the perturbation of
FA signaling networks. The system was applied to quantifying the differen€ds
development generated through a single amino acid mutation of the FA scaffolding
protein Paxillin. Future studies of other FA perturbation methods with highatonte
analysis methods should provide a comprehensive picture of the role of FA signaling

proteins in the control of FA development and localization.
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Methods

Cell Culture

NIH 3T3 fibroblasts (MEFs) and 293 LinXE ecotropic packaging cells were

cultured in 5% Céat 37C in Dulbecco’s modified Eagle’s medium (DMEM,
Mediatech) supplemented with 10% fetal calf serum, 1% L-Glutamine, and 1%
penicillinstreptomycin. Fibroblasts were imaged in Ham’s F-12K medium withouabphe
red (SAFC Biosciences) with 2% fetal bovine serum, 15mM HEPES, 1% L-Gh&am
and 1% penicillinstreptomycin.

To make stable cell lines, retroviral vectors were transfected into 293 LiellE ¢
plated in 6cm dishes with Fugene 6 (Roche) according to the manufacturer’s protocol
(using 181L Fugene 6 and & of DNA). The media was replaced after 12 hours. Viral
supernatant was harvested 48 hours after media replacement, passed thrqugh a .45
syringe filter and then added to MEFs plated at subconfluent densitiestiat@t 4.:3
(viral supernatant/normal media). Cells were simultaneously infectad/imits
containing myr-RFP and the appropriate EGFP-Paxillin construct and went thr@ugh 5

rounds of infection to reach expression levels sufficient for live cell imaging

Microscopy

Prior to imaging, MEFs were plated onto coverslips coated widiinalL
Fibronectin (Sigma) for 30min. Fibroblasts expressing EGFP-PaxS187A ckgtsre
hours to adhere to the coverslips due to a spreading defect. Inmediately before being
transferred to a sealed imaging chamber, complete culture media veaedepith
imaging media.

Imaging was performed on an Olympus 1X81 motorized inverted microscope
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equipped with ZDC focus drift compensator and TIRFM illuminator, a 60X 1.45 NA
PlanApoN TIRFM objective, a cooled digital 12-bit CCD camera (CoolSnap, Roper
Scientific), a 100W Mercury arc lamp, and MetaMorph imaging software. The 488nm
laser line from a Krypton-Argon ion laser (Series 43, Omnichrome) wdsoted with a
custom laser launch/AOTF (LSM Technologies).

TIRF images of EGFP and epifluorescence images of RFP were acquirednusing a
80/20 (TIRF / Epifluorescence) splitter mirror, a custom dichroic mirror (Céyamd
the following band-pass filters: EGFP (HQ 525/50); RFP (HQ580/30, HQ 630/40).
Images were acquired with 2 x 2 binning. lllumination intensity was controlldéd wit
either the AOTF (TIRF excitation) or neutral density filters (epiflua@ese excitation)

until 300-1000ms exposures satisfied the dynamic range of the camsoatveiaturation.

Image Processing

Methods to identify the FA were adapted from a prior public&tfpwith some
modification. Briefly, each image taken during an experiment was highifiessdf
using a round averaging filter with a radius of 11 pixels (@®8liameter). The high
pass filtered images were threshholded by an empirically determinesisetito identify
adhesion pixels. The water segmentation method was used as described, but with the

following modifications. When a pixel acts as bridge between two largesiadisewhere

large is defined as 40 or more pixels (1181%), the bridge pixel is assigned to the
adhesion whose centroid is closest to the bridge pixel. Also, following addition of all
pixels whose high passed image value was above threshold, pixels surrounded by
adhesions were identified and added to adhesion set using the same water algorithm.

Between 200 and 600 adhesions were found in each image from the experimental data.
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With each focal adhesion identified all the collected images, many sth@sian
properties are collected (Table 2).

Average local background fluorescence was subtracted from the average
fluorescence of each adhesion to give the background correct fluorescenséynthe
local background region for a single adhesion was defined as the region withxe0 pi
of the adhesion border. Pixels outside the cell, inside another adhesion or the adhesion
itself were excluded from the average background fluorescence dalculat

The cell edges were found by analyzing the myr-RFP images using a method
similar to that described in a prior publicatidfiBriefly, a histogram of all the intensity
values for a single image was collected and split into 1000 equal sized bins. The counts
of each bin were then smoothed with the loess algorithm (Polynomial order 2, 5% of data
included in each fit) and the minima and maxima of the smoothed fit found. The maxima
with the highest value was identified and the set of minima at intensity valag¢srgre
than that the highest maxima collected. The intensity value of the minimat ¢ctotes
highest maxima in intensity was used as the binary threshold cutoff foifydenthe
cell edge. Connected regions smaller than 10 pixels were discarded and all¢he hole

the binary cell edge image filled.

FA Tracking

With the focal adhesions identified in each image of the experimental data set,
another series of algorithms were designed to track the focal adhesions tracligh e
sequential image. The tracking algorithm is based on a birth-death model of a FA
lifetime. In each sequential image a FA can either be born, continue into themeext t

step, merge or die. The birth-death-merge processes are detectednnyirex the
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properties extracted from the segmented adhesions. The results of thiggtedgkrithm
are assignments of the FA identified in each image into lineages that track the
development of the FA during the course of the experiment.

The tracking algorithm is initialized with all the adhesions detected ifirthe
frame of the image sequence. The first step of the tracking algoritempas to locate
FA that correspond to one another in the next time step of the experimentaligiata (F
Supplemental 1). This first step assumes that if a focal adhesion overlaps wih a foc
adhesion in the following frame, that these overlapping adhesions correspond to one
another. When an adhesion overlaps with more than one adhesion in the following frame,
the adhesion with the greatest percentage of overlap is assigned as thm i aext
frame. If a FA does not overlap with any of the FA in the following image, thdds&st
to that adhesion in terms of the Euclidean distance between each adhesion'd i=ntroi
assigned as a match. Adhesions in the next frame that are not selectdteviof ¢hese
methods, but still overlap with an adhesion in the current frame are marked as being
created via a split birth event. Adhesion births that are the result of split eveedtesaér
with in later filtering steps. All of the living focal adhesions are aesiga corresponding
FA in the following image by these two rules.

This process of assigning live adhesions to corresponding adhesions in the
following frame produces sets of adhesions that are predicted to merge. Sonse of the
merge events are true merge events where one adhesion has joined with andéer, whi
others are adhesions which die, but are erroneously assigned as merge dvemis PA
does not overlap with the FA it is predicted to become, this FA is assumed to have died

and its lineage is ended. These adhesions are also marked as having undergone a death,

96



which will be used in later filtering steps. For the remaining merge £vérgre more
than one adhesion has been predicted to merge in the next frame, one of the merging FA
lineages is selected to continue, while the other FA lineage is predicted to lesl ti
adhesions predicted to merge differ in size by at least 10%, the largeathkseage
is continued. If the merging FAs sizes do not differ by at least 10%, the linéage w
current centroid is closer to the adhesion centroid in the following image istpoeth
continue. By this sequence of rules, each merge event is resolved so that corresponding
FA in adjacent experimental data images are collected.

Following tracking live adhesions and resolving the merge and death events, there
remain FA in the following image which are not assigned to any of the curreagdisnie
The unassociated FA are assigned into new lineages. This process of trackugy the
adhesions, resolving merge and death events and starting new lineages id fepeate
each image in the experimental data sequence until adhesion data from allgene hias

been included.

Calculating Assembly and Disassembly Rates

With the adhesions tracked through each experiment, the static properties
determined for each adhesion in each frame of the time-lapse movie carebtedatito
a set of time series representing the properties of each adhesion thradbrietype of
time series follows the mean intensity of Paxillin through time, makipgssible to
estimate the rates of assembly and disassembly of Paxillin for eachosd e
automated method to estimate the rates of assembly and disassemblyel@sede This
program automatically fits linear models to the log-transformed timessafriéaxillin

intensity values for both the assembly and disassembly phases of the FAlé&fe cy

97



In the first part of the algorithm, linear models are fit to all the possibéerdyg
and disassembly phases of at least a user specified length. The agseasblis
assumed to occur at the beginning of the time series, whereas the dispgdasélis
assumed to end with the last point in the time series. Each of the fits collecged we
normalized by the either first or last point in the time series and logdrared, as
described™®

In the second part of the algorithm, the optimum lengths of the assembly and

2
disassembly phases were determined via a search for the maximum sum etldljust
values of the fits. It was assumed that the assembly and disassembygiti ass

overlap. In the rare cases where there are multiple combinations obasaech

disassembly times that produce the highest sum of adjuét&stés, the combination

with the longest combined assembly and disassembly times is selected.

Results Filtering

Several filters are used to analyze the data sets collected witlattedgsis
methods. When determining the assembly and disassembly rates, only adhekiahs wit
least 20 Paxillin intensity time points were analyzed. This ensured that there w
sufficient data available to correctly detect assembly and disasseatdd. Adhesions
whose birth was the result of a split event were also excluded from the assdmbly ra
calculations, while adhesions whose lineage ended with a merge event Wedeaxc
from the disassembly rate calculation. Assembly and disassembhhbtevinear model
p-values were above 0.05, indicating that the slope of the linear model was not

significantly different from zero, were also excluded from the data eeerd figures
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only include data from the assembly or disassembly fits whose linear mibgath fin

szalue of 0.9 or greater.

A separate set of filters were used to compile the stability phase ofttesi@a
lifetime data. In order to estimate the length of time an adhesion spendsialtitiey
phase, both the assembly and disassembly phases have to be observed. There are few

adhesions where both the assembly and disassembly phases fit log-linearmitbdels

high szalues (above 0.9), so thez\FaIue requirements were excluded, but the filter did

exclude adhesions were either the assembly or disassembly p-value was above 0.05.
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