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TWO-COLOR FLUORESCENT ANALYSIS OF CONNEXIN 36 TURNOVER AND
TRAFFICKING — RELATIONSHIP TO FUNCTIONAL PLASTICITY

Yanran Wang

Supervisory Professor: John O’Brien, PhD

Gap junctions (GJ) formed of Cx36 show tremendous functional plasticity on several
time scales. Changes in connexin phosphorylation modify coupling in minutes through an
order of magnitude, but recent studies also imply involvement of connexin turnover in
regulating cell-cell communication. We utilized Cx36 with an internal HaloTag to study
Cx36 turnover and trafficking in cultured cells to discriminate newly formed and pre-existing
Cx36. New Cx36 in cargo vesicles was added directly to existing gap junctions and newly
made Cx36 was not confined to points of addition, but diffused throughout existing gap
junctions. EXxisting connexins also diffused into photobleached areas with a half-time of less
than 2 seconds. Recovery of connexin was impaired when laser power was focused and
phototoxicity may be responsible. To better understand mechanisms of turnover we studied
the role of cytoskeletal elements, actin filaments in particular, in Cx36 vesicle trafficking and
GJ mobility. Phalloidin labeling showed that thick actin bundles connected all edges of GJ
plaques, but actin filaments were rare within. Actin filaments were found associated with
small, chase-labeled delivery vesicles. Many GJs showed substantial numbers of finger-like
filadendrites extending from both the edges and the center of the plaques, and the
morphology of these filadendrites changed at a fast pace. Double labeling of HaloTag ligand
and phalloidin showed that these filadendrites colocalized with thin actin filaments.
Disruption of actin filaments with Cytochalasin D caused loss of GJ at cell-cell contacts.

Treatment with Latrunculin A, which prevents new actin elongation, did not disrupt GJ



plagques and only partially suppressed Cx36 turnover, but eliminated the filadendrite
extensions. In conclusion, studies of Cx36-HaloTag revealed novel features of connexin
trafficking and demonstrated that phosphorylation-based changes in coupling occur on a
different time scale than turnover. The role of rapid mobility of elements of GJ plaques in
functional plasticity is unknown, but we hypothesize that it may relate to the mechanisms

that control turnover of connexin protein.

Vi
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Chapter One

Overview



In the nervous system, neurons pass down information through two types of synapses:
chemical synapses and electrical synapses. In chemical synapses, there are distinct pre-synaptic
and post-synaptic sides. Information is carried by chemical transmitters known as
neurotransmitters. These neurotransmitters are released from the pre-synaptic side into the
synaptic clefts, where they diffuse across to bind specific active targets on the post-synaptic side
called receptors (Pereda, 2015). There are two types of neurotransmitter receptors, the ionotropic
receptors, and metabotropic receptors. lonotropic receptors are ligand-gated ion channels that
generate currents quickly upon ligand binding (Connolly and Wafford, 2004). Metabotropic
receptors, or G-protein linked receptors, most often interact indirectly with ion channels through
G protein and release second messenger chemical (Conn and Pin, 1997). The binding between
neurotransmitters and receptors trigger a series of downstream responses. Electrical synapses, on
the other hand, consist of gap junctions (GJs) that provide a direct pathway of low resistance.
The direct pathway allows much faster communication; the synaptic delay is only a fraction of a

millisecond (Furshpan and Potter, 1959).

GJs are composed of membrane proteins that form a specialized intercellular channel that
connects the cytoplasm of two adjacent cells. They allow direct transfer of ions and small
molecules including metabolites and second messengers (Saez et al., 2003). They are diverse
and ubiquitous and play an important role in cell-to-cell communication. Connexin is the single
building block of a GJ. There are 21 connexin genes in the human genome. Connexins are four
transmembrane domain proteins, with two extracellular loops for docking and one intracellular
loop for functional regulation. Both the carboxyl terminus (C-terminus) and amino terminus (N-
terminus) are in the cytoplasm (Figure 1.1A). Six connexin proteins oligomerize to form a

hexameric structure called a connexon, or a hemichannel. Two hemichannels from adjacent cells



insert themselves into the plasma membrane and dock together to form a functional GJ channel
(Figure 1.1B) (Ahmad et al., 1999a; Thomas et al., 2005; Zhang et al., 1996). When channels

are functional, they allow communication between cells, called GJ coupling.

The formation of a hemichannel can be among the same type of connexin subunit
(homomeric) or different types (heteromeric). The coupling of two hemichannels can be
between the same type of connexons (homotypic) or different types (heterotypic) (Figure 1.1A)
(Bloomfield and Volgyi, 2009). In homotypic electrical synapses, the steady state relationship
between the GJ conductance and trans-junctional voltage is generally symmetrical. This allows
the passage of current and small molecules to be bi-directional. Heterotypic GJ channels,

however, can exhibit voltage-dependent rectification of conductance (Bukauskas et al., 1995).
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Figure 1.1: structure and molecular organization of GJs. (A) Ribbon structure of a typical
connexin. (B) Formation of GJ between two cells and various GJ types. From Bloomfield and Volgyi,
2009 (Originally published in Nature Reviews in Neuroscience, image reproduce with permission from
Nature Publishing Group) (Bloomfield and Volgyi, 2009).

Regulation and trafficking of ion channels and receptor proteins in chemical synapses
have been studied extensively and have been proven to be an important aspect of chemical

synaptic strength and plasticity. Like chemical synapses, electrical synapses are dynamic and



highly plastic. However, we are still in the process to decipher what contributes to the plasticity
and strength of electrical synapses. In our study, we focused on synaptic plasticity of GJs made
of Cx36, the most abundant neuronal connexin in the central nervous system. Cx36 (Cx35 is the
non-mammalian homolog) GJs are widespread in the central nervous system. They can be found
in the retina (Deans et al., 2002; Bloomfield and Volgyi, 2009), olfactory bulb (Christie et al.,
2005), neocortex (Deans et al., 2001; Blatow et al., 2003), hippocampus (Belluardo et al., 2000;
Hormuzdi et al., 2001; Belluardo et al., 2000), inferior olive (Long et al., 2002; De Zeeuw et al.,
2003), and cerebellum (Belluardo et al., 2000). Retina is a good system for studying Cx36 GJs,
where they are responsible for the coupling of many neurons including All amacrine cells and
photoreceptors (Lee et al., 2003; Kothmann et al., 2009; O'Brien et al., 2012; Li et al., 2013).
Cx36 GJs between rods and cones are strongly modulated by light adaptation and a circadian
rhythm; Cx36 coupling can change up to 20 fold when light state changes (Figure 1.2A and B)
(Lietal., 2013). All amacrine cells, also coupled by Cx36, show significant plasticity when the
phosphorylation states of Cx36 are regulated by domapine receptor activity (Figure 1.2C and D)

(Kothmann et al., 2009).
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Figure 1.2. Cx36 shows a wide range of plasticity in the retina. (A-B) Cx36 phosphorylation
and tracer coupling of photoreceptors are positively correlated. The coupling of Cx36 can
increase up to 20 fold between day time and night time (Li et al., 2013) (Originally published
in the Journal of Neuroscience). Cx36 phosphorylation and tracer coupling of All amacrine
cells are positively correlated. The coupling of Cx36 was regulated by dopamine receptor

activity (Kothmann et al., 2009) (Originally published in the Journal of Neuroscience).
(Images reproduced with permission from The Journal of Neuroscience).

The changes in coupling shown above are due to changes in the phosphorylation of Cx36
at regulatory serines (S110 and S276) regulated by protein kinases and phosphatases (Kothmann
et al., 2007; Kothmann et al., 2009), but we believe that turnover and trafficking can also play a
signficant role in Cx36 synaptic plasticity. To date, very few studies have investigated the link
between Cx36 turnover and functional plasticity. Turnover rates of connexin proteins are usually

exceptionally high. Previous studies reported connexin half-lives in different tissues varied from



one hour to ten hours, with one exception in the lens cells (Table 1.1). The majority of reports

showed a half-life between 1.5 and 3.5 hours. Table 1 is a summary of selected reports of

connexin half-lives.

48 (2" pool)

Cx | Modification | Half-lives (h) | Cells or tissues | Reference
Cx26 5 Adult mouse hepatocytes (Fallon and Goodenough, 1981)
1.3-2 Cultured mouse hepatocytes (Traub et al., 1989)
Cx31 4.1 HelLa cells (Diestel et al., 2004)
6 HelLa cells (He et al., 2005)
Cx32 4-6 Rat hepatocytes (Traub et al., 1983)
2.5-3 Mouse embryo hepatocytes (Traub et al., 1987)
~3 PC12 cells (VanSlyke et al., 2000)
Cx32T-GFP 3.3 Hepatocellular carcinoma-derived (Windoffer et al., 2000)
PLC cells
Flagged Cx37 3 BWEM cells (Larson et al., 2000)
Cx43 15 Chick lens epithelial cells in culture  (Musil et al., 1990)
3.1 Novikoff hepatoma cells (Lampe, 1994)
~15 BICR-M1Rk cells (Laird et al., 1995)
25 E36 Chinese hamster ovary cells (Laing and Beyer, 1995)
3.27 Bovine aortic endothelial cells in (Larson et al., 1997)
culture
2.7 Cultured leptomeningeal cells of (Hertzberg et al., 2000)
newborn rat
2.66 to 3.95 MC3T3 osteoblastic cells (‘Yamaguchi and Ma, 2003)
2 SK-HEP-1 cells (Thomas et al., 2003)
~1 BWEM cells (Laing et al., 1997)
2.3 Bovine retinal endothelial cells (Fernandes et al., 2004)
1-2 Newborn rat cardiac myocytes (Laird et al., 1991)
19 Newborn rat cardiac myocytes (Darrow et al., 1995)
14 Newborn rat cardiac myocytes (Laing et al., 1998)
13 Adult rat heart (Beardslee et al., 1998)
Cx43-GFP 2-3 Hela cells (Hunter et al., 2005)
Cx45 4.2 HelLa cells (Hertlein et al., 1998)
2.9 Newborn rat cardiac myocytes (Darrow et al., 1995)
Cx45.6 25 Lens of embryonic chicken in (Yin et al., 2000)
culture
Cx49-GFP 10 HelLa cells (Breidert et al., 2005)
Cx56 2-3 (1 pool)  Chicken lens cultured cells (Berthoud et al., 1999)

Table 1.1. Comparison of the half-lives reported for different connexins or modified connexins
in cells and tissues. From Herve et al., 2007 (Originally published in and adapted from Jourmal
of Membrane Biology) (Table reproduced with permission from Springer).

In our previous studies, we have created a new fusion protein, Cx36-Halo, to study the

turnover rate of Cx36 in HelLa cells. Utilization of the HaloTag provided us with a highly




efficient and specific way to visualize Cx36, and allowed us to differentiate Cx36 synthesized
from different time points. This fusion protein will be introduced in detail in Chapter Two under
Material and Methods. We used the Cx36-Halo fusion protein to calculate the turnover rate of
Cx36 in HelLa cells by performing pulse-chase experiments. Cx36 has a turnover rate of 3.1
hours in HeLa cells, and this rate is consistant with the fast turnover rates that other connexin

proteins have shown.

Short term plasticity is regulated by protein kinases and phosphatases. Cx36 turnover
rate is too slow to contribute significantly to short term plasticity that is neurotransmitter driven.
Cx36 turnover will most likely contribute to long term plasticity of Cx36 GJs. Changes in
abundance of Cx36 have been proposed to contribute to plasticity of coupling in mouse
photoreceptors (Katti et al., 2013). It is possible that Cx36 turnover rate could be altered in
response to the changes in levels of neurotransmitters such as dopamine and adenosine, which
are key regulators to Cx36 coupling (Li et al., 2009a; Kothmann et al., 2009; Li et al., 2013).

This leads us to a number of questions that we are trying to address in this study.

How is new GJ material added to the GJ plaques? The ability to differentiate new and
old GJ material by using different ligands provided us with new insight into how Cx36 protein
was added. In our previous pulse-chase experiments, we observed new GJ material being
inserted into the GJ plaques in small solid vesicles from both the edges and the internal portion
of the plaques. New Cx36 diffused throughout the GJ plaques. This observation contradicted
the previously reported behavior of Cx43 on which the common framework of understanding of
connexin trafficking and turnover is based. Cx43 was observed to accrete on the edges of
existing GJ plaques and was unable to diffuse (Simek et al., 2009). On the other hand, our

observation is consistant with those of Shaw and colleagues, who found that Cx43 cargo vesicles
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were targeted directly to adherens junctions adjacent to GJ plaques through microtubule plus-end
tracking proteins (Shaw et al., 2007). In this study, we will determine whether the lateral
diffusion of Cx36 was a real phenomenon. In Chapter Two, we will introduce the two types of
experiments we used to determine whether these tagged connexins diffuse through GJ plaques.
First, we performed pulse-chase analysis of turnover with Cx36-Halo and Cx43-Halo constructs
in both HeLa and HEK?293 cells. Second, we performed live fluorescence recovery after
photobleaching (FRAP) experiments of Cx36-Halo in HeLa cells and both Cx36- and Cx43-Halo
in HEK293 cells. During our FRAP experiments, we have used a wide range of parameters to
perform the photobleaching and noticed potential effects of phototoxicity and their influence on

current live cell imaging. We will discuss that in Chapter Three.

The next question we were trying to answer was: what is the transportation pathway of
Cx36? Cx36 has a high turnover rate. In order to understand the mechanism of such high
turnover rate, we need to study the biosynthesis and transportation of Cx36 in HeLa cells. Cx36
is synthesized and co-translationally inserted into the endoplasmic reticulum (ER) as four trans-
membrane integral membrane proteins. The oligomerization of connexins into connexons occurs
primarily in the trans-Golgi-network (TGN) (Koval et al., 1997; Musil and Goodenough, 1993)
with the exception of Cx26 and Cx32, which happens primarily in the ER (Falk and Gilula,
1998; Falk et al., 1994; Falk et al., 1997). It also has been shown that Cx26 can bypass TGN and
directly insert hemichannels into the plasma membrane from the ER (Ahmad and Evans, 2002;
George et al., 1998; Evans et al., 1999; George et al., 1999; Martin et al., 2001). In this study,
we will determine whether the insertion of Cx36 into the plasma membrane involves the

traditional ER-Golgi-TGN-PM pathway.



Transportation of vesicles inside a cell usually involves the cytoskeleton. Cytoskeleton
machinery has been shown to play an important part in protein trafficking. Both the microtubule
and actin cytoskeleton have essential contributions to intracellular vesicle trafficking. In our
preliminary imaging of the cytoskeleton in HeLa cells expressing Cx36-Halo, we found that
actin filaments were closely associated with the plasma membrane, where GJs were located.
There have been extensive studies on the role of microtubules in trafficking (Thyberg and
Moskalewski, 1999; Musch, 2004; Palmer et al., 2005; Vaughan, 2005) and the role of actin
filaments has been attracting more attention. Actin is a globular multi-functional protein that is
involved in many important cellular processes. Actin cytoskeleton remodeling provides the
force required for a variety of cellular processes based on membrane dynamics, such as
endocytosis, exocytosis, and vesicular trafficking at the Golgi (Lanzetti, 2007). The role of actin
filaments has been tested in the transport of vesicles from Golgi to plasma membrane
(Hirschberg et al., 1998; Cao et al., 2005), as well as their removal to early and late endosome in
association with microtubules (Apodaca, 2001; Brown and Song, 2001; Mundy et al., 2002). In
Chapter Four, we will determine how the cytoskeleton, actin filaments in particular, plays a role

in Cx36 trafficking and turnover.

We have identified a few key components that participate in Cx36 plasticity. One
important factor of Cx36 plasticity is the phosphorylation state of Cx36. Changes in Cx36
phosphorylation state are regulated by protein kinases and phosphatases. Experimental results
from mutagenesis studies showed that the Cx36 C-terminus regulates coupling. Results from
previous chapters indicated that Cx36 trafficking is associated with actin filaments. How do
these components fit in the big picture of electrical synaptic plasticity? - Do they affect plasticity

individually or do they regulate each other? It is important to determine the potential interaction
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and inter-regulation among these elements of plasticity. In Chapters five and six I discuss how
the C-terminus of Cx36 influences coupling and whether disrupting actin filaments interferes

with Cx36 coupling and Cx36 turnover rate.

Cx36 plasticity is extremely complex, and studies investigating the regulators of Cx36
plasticity have barely scratched the surface. Through this study, we can hopefully gain more
insight into the factors contributing to electrical synaptic plasticity and their roles in regulating

cell-cell communication.

Here we go...
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Chapter Two

Cx36 Dynamics and Mobility - Lateral Diffusion of Cx36

Part of the study in this chapter was published in my Dissertation of Master’s Degree.
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Introduction

Turnover rate of Cx36

The regulation of the biosynthesis and degradation of GJ protein is an essential element
in the control of intercellular communication (Thomas et al. 2002). Connexins are synthesized
and co-translationally inserted into the endoplasmic reticulum (ER) as four trans-membrane
integral membrane proteins. They are post-translationally assembled into hexamers, known as
hemichannels or connexons. The hemichannels insert themselves into the plasma membrane and
form functional GJs with hemichannels from the adjacent cells (Ahmad et al., 1999a; Thomas et
al., 2005; Zhang et al., 1996). Assembly of connexins into GJs usually involves the traditional

ER-Golgi-TGN-plasma membrane pathway.

Turnover rates of connexins are exceptionally high compared to other membrane
proteins. Connexin half-lives reported in the literature range from 1 to 10 hours, with one
exception in cultured lens cells (48hrs). The turnover of Cx36, the most abundant neuronal GJ
protein, has not been well studied. The Pereda group studied the connection between GJ
turnover and electrical synaptic strength for the first time in goldfish Mauthner cells by showing
that reduced exocytosis weakened electrical transmission (Flores et al., 2012), providing

evidence that turnover and trafficking of GJ protein can affect electrical synaptic plasticity.

Understanding the trafficking and regulation of Cx36 will be an important first step in
understanding whether connexin turnover rate affects electrical synaptic plasticity, and the ability
to specifically label proteins is key to revealing the dynamics and functions of protein. In our
previous study, we created a fusion protein of Cx36 and HaloTag to provide better visualization

of the protein of interest. HaloTag protein is a 34kDa monomeric protein. It is derived from a
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prokaryotic hydrolase which is not endogenous to eukaryotic cells, allowing high specificity
(Los et al. 2005). It is genetically engineered to form a covalent bond with specific, synthetic
HaloTag ligands (Figure 2.1A). The HaloTag ligands are chloroalkanes that are modified to
carry a variety of functional chemical tags for different types of studies (Los et al., 2008; Los and
Wood, 2007). In this study, we used two cell permeable HaloTag fluorescent ligands, Oregon
Green (OG) and tetramethylrhodamine (TMR), to label Cx36-HaloTag fusion protein (Figure

2.1B).
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Figure 2.1: HaloTag technology. A) Ribbon structure of HaloTag protein, the enlarged
picture shows the active binding site between HaloTag protein and HaloTag TMR ligand. B)
Structure of HaloTag TMR ligand and HaloTag Oregon Green Ligand. Originally published
on Promega website (Images reproduced with permission from Promega Corporation).

To study Cx36 without interfering with its protein-protein interactions, we had to
carefully choose a site to insert the HaloTag open reading frame where it is not too close to the
functional or regulatory amino acids. The insertion site was in the internal site of the C-terminus

of Cx36, between the two important serine sites (S293 and S315) (Figure 2.2).
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Figure 2.2: Construction of the Cx36-HaloTag fusion. (A) Sequence of perch Cx35 C-
terminus indicating the insertion point of the HaloTag open reading frame. Regulatory serine
phosphorylation sites (5276 and S298) are indicated in red type. (B) Ribbon structure of Cx36
showing the relative locations of HaloTag and regulatory phosphorylation sites. HaloTag
ligands are covalently bound to the HaloTag protein when applied and become permanently
attached to the Cx36-Halo protein. Ribbon structure depicts mouse Cx36, where S293 and
S315 are equivalent to S276 and S298 in perch Cx35.

In this chapter, | will present the validation experiments we performed to confirm the
functionality of the Cx36-Halo construct, and how we used this construct to perform pulse-chase
analysis for a direct measurement of Cx36 half-life in HeLa cells. These results have been
previously published in my thesis for my Master’s degree. They are included here to provide a
better foundation for the following data. During the pulse-chase analysis, we observed
interesting dynamics of Cx36 trafficking due to the ability of label Cx36 protein at different time

point in HeLa. | will focus on the dynamics and trafficking of Cx36 protein in this chapter.

16



Methods and Materials

Connexin-HaloTag constructs

The HaloTag open reading frame was inserted into an internal site in the C-terminus of
perch Cx35 (non-mammalian homolog of Cx36) in pcDNA 3.1 Zeo (O'Brien et al., 2004). The
location of the insertion was chosen so as not to disrupt the regulatory C-terminal

phosphorylation sites nor block the C-terminal PDZ interaction motif (see Figure 1.2).

Cx35 pcDNA was split in its C-terminus using whole plasmid PCR amplification with
primers TTCAGAGCCCGAGGATGAGTGTGCC (forward) and
TCTGCCATCAAGTCCTTATTTCTGATCTC (reverse). The HaloTag open reading frame was
amplified by PCR from the HaloTag-N vector (Promega, Madison, WI) with primers
AGGACTTGATGGCAGAAATCGGTACTGGC (forward) and
ATCCTCGGGCTCTGAAAGTACAGATCCTCAGTG (reverse). Phusion high-fidelity
polymerase (New England Biolabs, Ipswitch, MA) was used for both PCR reactions. The
purified PCR products were cloned using cold fusion cloning (System Biosciences, Inc.,
Mountain View, CA). This clone is called Cx36-Halo-C-IN, and referred to as Cx36-Halo

throughout the manuscript.

A conventional C-terminal fusion of the HaloTag open reading frame to perch Cx35 was
made using Cx35 in the EGFP-N1 vector (Clontech, Mountain View, CA). EGFP was deleted
with Smal and Notl. The HaloTag open reading frame was cut out from the HaloTag-C vector
(Promega) with Xhol, filled in with Klenow polymerase, cut with Notl, and cloned into the

Cx35-containing vector. This clone is called Cx36-Halo-C-END (Figure 2.3).
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Figure 2.3. Ribbon structure of Cx36-Halo-C-END showing relative location of HaloTag.

A human Cx43 cDNA clone (NM_000165.3) in pReceiver-M02 was purchased from
Genecopoeia (Rockville, MD). Two constructs containing the HaloTag at internal sites within
the C-terminus were created using native Xcml and EcoRI restriction sites. HaloTag was
amplified from HaloTag-N (Promega) with primer pairs
TTCCCCGATGATAACCAGATGGCAGAAATCGGTACTGGCT (forward) and
AGCAGCTAGTTTTTTAGAATTCTCGCCGGAAATCTCGAGC (reverse) for EcoRI and
AGCGACCCTTACCATGCGATGGCAGAAATCGGTACTGGCT (forward) and
GGCTCAGCGCACCACTGGTCTCGCCGGAAATCTCGAGC (reverse) for Xcml using Q5
polymerase (New England Biolabs), and cloned into the respective restriction sites of Cx43 using
Gibson Assembly (New England Biolabs). A C-terminal fusion of Cx43 was produced by
amplifying Cx43 with primer pair
GCAAAGCGATCGCTTCCGGAGTTCGAACCATGGGTGACTG (forward) and

GATCCTCAGTGGTTGGCTCGAGGATCTCCAGGTCATCAGGCCG (reverse) using Q5
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polymerase and cloning into EcoRI and Xhol sites of pHaloTag-N using Gibson Assembly. All

clones were fully sequenced through the connexin-HaloTag fusion open reading frames.

Cell culture and reagents

All media, fetal bovine serum and cell culture reagents were obtained from Invitrogen
(Grand Island, NY). HeLa cells (Cat# CCL-2) and Hek-293 cells (Cat# CRL-1573) were
obtained from American Type Culture Collection (Rockville, MD,). Cells were grown in
complete MEM supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic
(penicillin/streptomycin/amphotericin B). Cells were plated on 12 mm cover glasses, grown to
75% confluence overnight in 35 mm culture dishes, and transiently transfected with 2 pg of
plasmid DNA per 35 mm culture dish using GenePORTER® 2 transfection reagent (Genlantis,
San Diego, CA). Plasmids transfected included the connexin-HaloTag constructs described
above, untagged Cx36 in pcDNA (Cx36 wild type) or HaloTag-N empty vector (control).

Experiments were conducted 24 hours after transfection.

General lab chemicals were obtained from Sigma (St. Louis, MO). PKA activator, Sp-8-
cpt-cAMPS and PKA inhibitor, Rp-8-cpt-cAMPS, were from Alexis (San Diego, CA). HaloTag
ligands Oregon Green (OG) and tetramethylrhodamine (TMR) were purchased from Promega,

and Brefeldin A was purchased from Cell Signaling Technology (Danvers, MA).

Tracer coupling

Transfected HelLa cell cover glasses were maintained in oxygenated Ringer’s medium at

35°C. The medium was supplemented with 0.05% Neurobiotin and cells were scraped with a 25-
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gauge needle. Incubation with Neurobiotin was continued for 10 minutes to allow loading and
diffusion. Cells were then washed twice with 0.1 M phosphate buffer to remove excess
Neurobiotin and fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA)
in 0.1 M phosphate buffer. When used, the PKA activator Rp or inhibitor Sp was added to the
oxygenated incubation medium 10 minutes before the scrape for pre-incubation and replaced
with fresh drug upon Neurobiotin addition. PKA regulating drugs were present throughout the
10 minute tracer diffusion period. Following fixation, cells were probed with streptavidin-Cy3
(Jackson ImmunoResearch, West Grove, PA) and photographed on a Zeiss (Thornwood, NY)
fluorescence microscope (Axiovert 200 with 40x, 0.5 NA Hoffman Modulation Contrast
objective) with a Hamamatsu C4742-95 digital camera using HCImage software (Hamamatsu,
Sewickley, PA). Five images were taken of different patches of loaded cells for each experiment

and treated as replicates in the data analysis.

The diffusion coefficient of Neurobiotin through the coupled network of HeLa cells was
determined from fluorescence intensity data using a compartmental diffusion model
(Zimmerman and Rose, 1985). The analysis utilizes a linear 25-compartment diffusion model to
fit Neurobiotin concentration and diffusion distance measurements (O'Brien et al., 2004). This
model has been applied to neural networks to assess GJ coupling in the retina (Mills and Massey,
1998; O'Brien et al., 2004; Li et al., 2009a). The movement of tracer between adjacent
compartments is described by a series of 25 differential equations that are solved for tracer flux
given the total amount of diffusion time and a diffusion coefficient, k. The diffusion coefficient
k represents the proportion of tracer that diffuses from the first compartment to the next per
second. Optimal fitting of intensity data to the model was determined in MatLab (Mathworks,

Natick, MA) by varying the diffusion coefficient k and another parameter, bo, the bolus loading
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rate. The parameter bo is defined as the rate of addition of tracer to the initial compartment for
the loading period, which was assumed to be 1 minute in the scrape-loading experiments, and
was set to zero thereafter. Data fits were determined by plotting cell intensities on a log intensity
axis and determining the diffusion coefficient k that best fit the rate of decline of tracer intensity
with distance from the cell of origin, and the rate of delivery, bo, that fit the overall tracer
concentration (Mills and Massey, 1998; O'Brien et al., 2004; Ouyang et al., 2005; Li et al.,
2009a). Replicate measurements were averaged to yield a single value for each treatment
condition in each experiment. Diffusion coefficients were compared under different drug

treatment conditions using a mixed effects model.
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Figure 2.4. Scrape-loading analysis. A) Picking compartments. In this experiment,
compartment represents one Hela cell that is coupled to two neighbors in a linear array via a
coupling resistance (a GJ) characterized by the diffusion coefficient. B) Intensity data are
plotted vs. distance from the cut edge in cell-to-cell spacing (mean of spacing measured from
the same image). The data are fit to the model by systematic adjustment of the k (diffusion
coefficient) and bo (tracer loading rate into the initial compartment at the cut edge)
parameters. Diffusion time for the model is set by the actual time from cutting to fixation of
the sample (16 minutes in this experiment).
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Labeling, immunostaining and imaging

Transfected HeLa cell cover glasses were incubated in Ringer’s medium containing 5 pM
HaloTag TMR fluorescent ligand for 15 minutes. Cover glasses were then washed with ligand-

free medium to remove unbound ligand and transferred to a microscope to capture live images.

After live cell imaging, cells were fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer for 10 minutes. Cover glasses were then incubated in immunolabeling buffer (PBS with
0.5% Triton X-100 and 0.1% NaNs, pH 7.4) with 10% donkey serum (Jackson
ImmunoResearch) to block non-specific binding. Cover glasses were incubated overnight at 4°C
with monoclonal mouse anti-Cx36 (mCx36, MAB3045, 1:1000 dilution; Millipore, Billerica,
MA) primary antibody in immunolabeling buffer with 10% donkey serum, followed by Cy5
conjugated donkey anti-mouse secondary antibody (1:500 dilution, Jackson ImmunoResearch) in
immunolabeling buffer with 5% donkey serum for 3 hours. Cover glasses were then washed,
mounted and transferred to a confocal microscope to capture images. HaloTag TMR was
visualized with the TRITC filter set, and the Cx36 was visualized with the Cy5 filter set. Images
of HeLa cells were digitally captured using a Zeiss LSM 510 Meta confocal microscope with a
63X, 1.4 NA Plan-Apochromat oil immersion objective using the PMT detectors and similar
settings of pinhole, contrast, and brightness parameters. Images were exported unaltered in TIFF

format with Zeiss LSM Image Browser.

Pulse-chase analysis

Transfected HeLa cell cover glasses were incubated in Ringer’s medium containing 5 pM

pulse labeling ligand Oregon Green (OG) for 15 minutes in a 24-well plate in a 37°C incubator.
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Cover glasses were then washed to remove unbound ligand and incubated with Ringer’s medium
at 37°C. To analyze whether PKA activity altered Cx36 turnover rate, transfected HeLa cells
were treated with Rp-8-cpt-CAMPS (5 puM) or Sp-8-cpt-cCAMPS (5 uM) during the pulse-chase
analysis. Rp or Sp was added to HeLa cells after 15 min of pulse label with OG, and was
replaced every hour when necessary until the time for chase label. Cells were then labeled with
tetramethylrhodamine (TMR) HaloTag ligand at various times (0.3, 1, 2, 3, 5, and 6 hours after
pulse labeling) for 15 minutes. Some experiments with Cx43-Halo and Cx36-Halo constructs
used transfected Hek293 cell cover glasses with an abbreviated set of chase times. All cover
glasses were fixed with 4% paraformaldehyde and transferred to a confocal microscope for
image capturing. HaloTag TMR was visualized with the TRITC filter set, and HaloTag OG was

visualized with the FITC filter set.

Images were captured with Zeiss LSM 510 or LSM 780 confocal microscopes as series of
confocal slices at 0.3 to 0.5 um intervals. Acquisition parameters were initially set on control
samples so that the brightest regions just reached saturation in a few pixels while the background
just reached zero. Subsequent images were collected with the same settings. Post imaging
processing was limited to making maximum intensity projections of stacks of images. Images
were analyzed with the same settings using SimplePCI software (Hamamatsu, Sewickley, PA).
Regions of interest (ROIs) were selected by setting an intensity threshold and applying a
minimum size threshold. ROIs were defined as contiguous pixels with intensity threshold
greater than 20% of the total intensity range and which covered a minimum area of 200 pixels.
Each image was then manually scanned for individual ROIs that fit the criteria but were not part
of the GJ plaques. These were manually removed from the analysis. Mean and total fluorescent

intensity was measured in each channel for each ROI. 10 to 20 GJs were analyzed at each time

24



point in each experiment. At any given time point, the fraction of pulse label remaining was
defined as the total pulse label divided by the total labeling (pulse + chase). The half-life of
Cx36 was calculated by fitting an exponential function to the fraction of pulse label remaining

over time.

FRAP experiments

FRAP experiments were performed using Zeiss LSM 780 and 880 confocal microscopes
using 20x 0.8 NA Plan-Apochromat objectives and GaAsP detectors employing the FRAP
routines in Zeiss Zen software. Immediately after HaloTag OG labeling and 15 minutes of wash
period, coverslips were mounted in Ringer’s medium and GJs imaged at a single focal plane at
0.5 to 2 sec intervals using a low laser intensity to ensure GJ stability. An ROI was selected
away from edges of a GJ plaque and a series of high intensity laser sweeps was used to bleach
the selected area. Immediately after bleaching, the sample was imaged at regular time intervals
using the same low intensity as before the bleaching until the intensity of the bleached area had
reached a plateau. Bleachings were repeated three more times after the intensity plateaued to
study the effect of repeated exposure. An internal vesicle was selected as an ROI as a negative

control and was bleached and imaged in the same manner as the ROI in the GJ plaque.

The droplet control was performed by suspending 5 pl of 1x working solution of the
HaloTag OG ligand in 1ml mineral oil by vortexing. Drops of the emulsion on a cover slip were
bleached and individual HaloTag OG ligand droplets were imaged in the same manner as were

connexin GJs. More detailed method description can be found in Chapter Three.
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Results

Result figures 2.5-2.8 have been previously published in the MS thesis, it is included in this

dissertation to provide a batter foundation for the results following.
Validation of the functionality of Cx36-Halo construct

In order to confirm that the GJs we observed were formed by Cx36, we co-labeled the
cover slips with Cx36 antibody. The GJs that showed HaloTag TMR labeling were positively
labeled with Cx36 antibody (Figure 2.5), confirming that TMR labeling is efficient and sufficient

in labeling Cx36 GJs in transfected HeLa cells.

Figure 2.5. Fixed cell imaging of HeLa cells double labeled with Cx36 primary antibody and
TMR ligand (Figure adapted from Helen Wang MS thesis).

26



In previous studies, we established that Cx36 coupling is regulated by PKA activity in
HeLa cells (Ouyang et al. 2005). In order to determine whether introducing the HaloTag protein
to Cx36 caused any functional changes in Cx36 regulation, we performed scrape-loading
experiments using HeLa cells transiently transfected with the Cx36-Halo construct. We
observed similar regulation as cells transiently transfected with wild-type Cx36 (Figure 2.6). 0
minute treatment with PKA inhibitor Rp-8-cpt-cAMPS (Rp) increased coupling significantly
(Mixed effects model: Cx36-Halo, p<0.001; Cx36-WT, p<0.001; n=3 per condition for each
form), while 10 minute treatment with PKA activator Sp-8-cpt-cCAMPS (Sp) slightly reduced
coupling (Cx36-Halo, p<0.05; Cx36-WT, p<0.05; n=3 per condition for each form).
Background tracer coupling in HelLa cells transfected with HaloTag vector alone (Halo-EV) was
slightly elevated by Rp treatment (p<0.05, n=3 per condition), but this effect was significantly
smaller than the effect on wild-type Cx36 or Cx36-Halo (p<0.001 for both Cx36-Halo AND

Cx36-WT; n=3 for each form).
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Figure 2.6. Tracer coupling measurements in HeLa cells transiently transfected with Cx36-Halo
construct. Ctrl —control; Sp — 5 uM Sp-8-cpt-CAMPS (PKA activator); Rp — 5 uM Rp-8-cpt-
CAMPS (PKA inhibitor). Data are means £ SEM, n=3 experiments per condition; * p<0.05, ***
p<0.001.

Cx36-Halo has a half-life of 3.1 hours in HeLa cells

To study the turnover rate of Cx36 in HeLa cells, we performed pulse-chase studies using
two different fluorescent ligands of HaloTag protein. Cover slips that were plated with Cx36-
Halo transfected HeL a cells were labeled with HaloTag OG ligand at time 0 and followed by
HaloTag TMR labeling at hour 0.3, 1, 2, 3, 4, and 6. At 0.3 hours, we observed that the majority
of the GJ was labeled with OG (Figure 2.7). As the time progressed, the amount of TMR

labeling increased in the GJ and the amount of OG labeling decreased.
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Figure 2.7. Pulse-chase analysis of Cx36 turnover rate. Confocal microscope images of Cx36-
Halo in HeLa cells labeled with OG (pulse) and TMR (chase) at hour 0.3, 1, 2, 3, 5, and 6.

Figure 2.8 shows a plot of the fraction of old GJprotein in relationship with the total
amount of labeled GJprotein present fit with an exponential decay curve. The calculated half-life
for replacement of old protein was 3.1 hours, which is consistent with previous studies with other

connexins (Herve et al., 2007; Flores et al., 2012).
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Figure 2.8. Calculation of Cx36 half-life in HeLa cells. n=10-20 GJs per time point

Cx36 is trafficked to the plasma membrane in vesicles, and removed as annular GJs.

It has been reported that new connexins are trafficked in vesicles as undocked
hemichannels and removed as double membrane vesicles called annular junctions (Falk et al.,
2009; Laird, 1996). In our confocal microscope images, we observed two different types of

vesicles close to the GJs. These vesicles were present throughout all the time points.

The first type of vesicle was large in size and was usually hollow in the middle. These
vesicles could contain either pulse (OG) or chase (TMR) ligand, or both (Figure 2.9A arrows).
When close to pre-existing GJs, these vesicles were mostly labeled with pulse ligand. We found
some OG labeled Cx36 budding off the pre-existing GJs near the ends (Figure 2.9A, open

arrowhead) as well as in the middle of plaques (Figure 2.9A, asterisk).
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The second type of vesicle was smaller in size, solid and often very numerous. These
vesicles were mostly labeled with the chase ligand (TMR), indicating that they were recently
synthesized. These small, new vesicles were often observed on the periphery of the pre-existing
GJ plaques, either on the end (Figure 2.9Bi) or in the middle (Figure 2.9Bii). The small vesicles
were often found adjacent to patches of chase-labeled GJ, suggesting that they were supplying
newly synthesized GJ protein to existing plaques (Figure 2.9Bi and ii). This addition of vesicles
to existing GJs was not obviously symmetric, meaning that a vesicle could be added to a GJ from
either participating cell without concomitant addition of a vesicle from the other cell. This
suggests that connexin hemichannels may be present in a GJ prior to docking with hemichannels

from the opposing cell.
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Figure 2.9. Removal and insertion vesicles of Cx36. (A) The removal of Cx36 from the GJ.
Removal vesicles were usually a mixture of OG and TMR labeled. They often form circular
vesicles. The vesicles can be removed from the edge (ii) as well as center (i) of a pre-existing
GJ. (B) Insertion vesicles containing Cx36 trafficking into the GJ. Synthetic vesicles were
mostly labeled with chase label. The insertion can happen at the edge (i) as well as the center (ii)
of an existing GJ.

Dynamic trafficking of Cx36

In the pulse-chase experiment mentioned above, the TMR (chase) label was present in
small vesicles throughout all time points, and was increasingly infused into the GJs (Figure 2.7).
This suggests a progressive removal of the old GJprotein, which was labeled with OG, and

replacement by new GJprotein, which became labeled with TMR. The TMR label at early time
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points was patchy and at later time points was mixed throughout the whole GJ (Figure 2.10).
The chase labeled connexin did not appear to be added only on the outer edges of existing

plaques, as previously reported (Gaietta et al., 2002; Lauf et al., 2002).

Figure 2.10. New GJ protein was mixed through the entire plaque; lower panels represent the
split channels of the boxed region in the upper panel. Scale bars reflects 5um.

Dynamics and mobility of Cx36 has remained elusive and the reason behind connexins’
fast turnover rate is still a mystery. Several previous studies have examined the assembly and
trafficking of Cx43 and found that new Cx43 material accreted to the outside edges of existing
GJs and mixed very little with existing GJ channels (Gaietta et al., 2002; Lauf et al., 2002; Falk
et al., 2009). This observation contradicts what we have observed in Figure 2.7. Movies taken
with time-lapse fluorescent microscopy of Cx32-EGFP showed that Cx32 is highly dynamic, and

small GJ plaques can fuse with each other or break apart at a fast rate, which is consistent to our
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observation (Windoffer et al., 2000). In order to explain the differences in our observations and
others, we explored the effects of the protein tag location, the cell line in which the fusion
protein was expressed, and connexin type on the dynamics and mobility of the connexin protein.

We also used FRAP experiments to investigate the mobility of Cx36 protein in vivo.

Mixing of old and new Cx36 does not depend on HaloTag position.

The observation that recently-synthesized Cx36 proteins spread throughout existing GJ
plaques differs from observations with Cx43 (Gaietta et al., 2002; Lauf et al., 2002; Falk et al.,
2009) on which the common framework of understanding of connexin trafficking and turnover
are based. Is this a result of the position of the tag within the connexin protein, of the type of
connexin studied, or of the tag itself and observation methods? To address these questions we
developed additional HaloTag constructs of Cx36 with the tag inserted at the tip of the C-
terminus, and of Cx43 with the tag positioned at the tip of the C-terminus or at either of two
internal positions within the C-terminal domain (Xcml and EcoRl restriction sites). Cx43-
HaloTag constructs did not form GJs when transfected into HeLa cells. However, all three Cx43
constructs tested formed GJs efficiently in HEK293 cells. We performed two types of
experiments to determine whether these tagged connexins diffused through GJ plaques. First, we
performed pulse-chase analysis of turnover with each of the constructs. Figure 2.11 shows
labeling of Cx36-Halo-C-IN (Internal of C-terminus) and Cx36-Halo-C-END, respectively, at
two hours chase time in HeLa cells. TMR chase label was observed throughout the entire GJ in

both constructs.
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Cx36-C-IN | Cx36-C-END

Figure 2.11. Pulse-Chase images of Cx36-C-IN and Cx36-C-END construct in HeLa cells. The
Cx36-C-END construct showed chase ligand TMR spread throughout the entire GJ at the 2 hour
mark, as did the Cx36-C-IN construct.

Cx43 also showed mixing of old and new connexins in GJs in Hek293 cells.

Figure 2.12A and B show labeling of Cx36-Halo-C-IN (Internal of C-terminus) and
Cx36-Halo-C-END, respectively, at two hours chase time in Hek293 cells. For both constructs,
the TMR chase label was present throughout the GJs. Figure 2.12C and D show labeling for one
of the Cx43 internal constructs (Cx43-Halo-C-IN-Xcml) and Cx43-Halo-C-END, respectively,

at two hours chase time. For both Cx43 constructs, the TMR chase label was present within the

35



existing GJ plaques. The Cx43 chase label was patchy in intensity, suggesting less mixing of the

recently made connexin proteins with connexins present in the plaque.

A B C D
Cx36-C-IN Cx36-C-END Cx43-C-IN Cx43-C-END

Figure 2.12. Pulse-chase images of Cx36-C-IN, Cx36-C-END, Cx43-C-IN and Cx43-C-END
constructs in HEK293 cells. Cx36-C-IN and Cx36-C-END constructs showed lateral diffusion
in HEK293 cells. Cx43-C-IN and Cx43-C-END constructs showed lateral diffusion (TMR
chase label present throughout the GJ plaques, not confined to the outer edges) in HEK 293
cells contrary to previous reports.

Cx36 shows rapid lateral diffusion after local bleaching

As a second test of the ability of connexin proteins to diffuse laterally through GJ
plaques, we performed live photobleaching studies of Cx36-Halo-C-IN in HeLa cells. Figure
2.13A shows a series of frames from a time sequence including one bleach of an OG-labeled
Cx36 GJ (boxed region) and an OG-labeled internal vesicle (circular region). Bleaching and
imaging were done using a confocal microscope with a 20x 0.8 NA objective and confocal zoom

of 6. Under these conditions, the bleaching sweeps bleached more widely than the targeted band
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of interest, and the bleached area quickly recovered label in the OG channel. Figure 2.13B
shows the intensity profiles of both bleached regions of interest through the entire experiment
comprising 4 sequential bleaches. Following each bleach, the OG label recovered to a new
steady state level with a first order time course with a recovery half-time of 1.51 + 0.22 sec (n=4
GJ, 2-6 bleaches per GJ). The post-bleach steady state was below the original baseline,
reflecting both bleaching of the total pool of OG-labeled Cx36 and a portion of the OG-labeled
Cx36 pool that was effectively immobile within the time course of the experiment. The mobile

fraction of Cx36 ranged from 56% to 41% and decreased with each bleach (Figure 2.14).

Rapid recovery of photobleached connexin in GJ plaques has not been previously
reported and we questioned whether this might be an artifact resulting from reversible bleaching
of the OG fluorochrome by the bleaching sweeps. To test this, we photobleached aqueous
droplets of the OG HaloTag ligand suspended in mineral oil using the same bleaching paradigm.
Figure 2.13C and D shows that each bleach destroyed a fraction of the fluorochrome with no
recovery. This lack of recovery was replicated at several different laser power settings and
confocal zoom settings. Thus rapid recovery of OG-labeled Cx36 in the bleached area was not

an artifact.
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Figure 2.13. FRAP analysis of OG-labeled Cx36-Halo in HeLa cells. (A) Images of a GJ
prior to bleach (i) and at 0.5, 1.5, and 10.4 sec post-bleach (ii-iv). Blue box is the bleached
ROI and red circle is an intracellular vesicle bleached at the same time. (B) Intensity profiles
of the bleached ROIs: GJ is blue line; vesicle is red line. GJ recovery half time was 1.9 sec.
(C) FRAP of an OG ligand droplet using same bleaching parameters; images represent time
points indicated in D. (D) Intensity profile of droplet bleach. Fluorochrome was not
reactivated after bleaching.
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Figure 2.14: Mobile fraction of recovery decreases after each bleach with a range from 55-
40%.

Finally, we also tested the ability of Cx43-Halo-Cinternal-Xcml to diffuse through
existing GJ plaques. Photobleaching of OG-labeled C43 resulted in partial recovery of
fluorescence in the bleached area with mobile fractions ranging from 78% to 46% (Figure 2.15).

Thus some Cx43-Halo was mobile within the GJ.
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Figure 2.15. FRAP analysis of OG-labeled Cx43-Halo-C-IN in HEK293 cells. Images of a
GJ prior to bleach (i) and at 0.5, 1.5, and 10.4 sec post-bleach (ii-iv). Blue box is the bleached
ROI and inset panel of each image is an intracellular vesicle in the same frame bleached at the
same time. (B) Intensity profiles of the bleached ROIs: GJ is blue line; vesicle is red line. (C)
Mobile fraction of Cx43 following each bleach. Mobile fraction ranged from 78-46%.

Discussion
Validation of Connexin-HaloTag fusion constructs

To study the turnover rate of GJ protein, it is important to develop a means to label and
track GJ protein efficiently and specifically. In this study, we employed the HaloTag technology
to label Cx36 and Cx43. The HaloTag offers many advantages, including covalent labeling with
non-toxic fluorescent ligands and monomeric structure (Encell et al., 2012). However, at 34
kDa, the HaloTag is about 25% larger than EGFP and almost as large as Cx36 itself. For
reference, this tag is a little bit less than 2/3 the size of tdTomato. In spite of the large tag size,
the protein produced by the Cx36-Halo construct successfully trafficked through the Golgi to the

plasma membrane and formed GJs, even when bound to HaloTag ligands. Furthermore, the
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Cx36-Halo GJs were functional and were regulated by PKA activity in the same manner as wild-

type Cx36 GJs.

The position of the HaloTag within the connexin did result in minor differences in GJ
formation that we did not assess quantitatively. Cx36 with an internal tag produced more GJs
and fewer large internal vesicles than Cx36 with a C-terminal tag. Likewise, Cx43 with an
internal tag at the Xcml site produced more GJs and fewer large internal vesicles than Cx43 with
an internal tag at the EcoRl site or with a C-terminal tag. It should be noted that in our initial
studies with HeLa cells, none of the Cx43 constructs formed GJs, although all did in later studies
in Hek293 cells. Thus there may be aspects of the HaloTag that result in context-specific

anomalies. Nonetheless, the labeling system was very effective for studying Cx36.

Cx36 vesicle trafficking mechanism

Previous studies have reported that connexons are incorporated into GJs as undocked
hemichannels packaged in vesicles (Gaietta et al., 2002; Lauf et al., 2002), and removed as
paired channels that form double membrane vesicles known as annular junctions (Laird, 1996;
Gaietta et al., 2002; Lauf et al., 2002). These annular GJs subsequently are transported to
lysosomes, where they are degraded (Laird, 1996; Piehl et al., 2007). Our microscopic evidence
is consistent with this theory by showing two different classes of vesicles: small newly formed
vesicles presumably for exocytosis and large ring shaped vesicles presumably resulting from
endocytosis. A consistent observation in our imaging studies is that the small vesicles carrying
newly-made Cx36 were often found attached to existing GJ plaques, either in the center of on the

ends of the plaques, and patches of chase label could be seen in the GJ adjacent to the vesicles.
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This strongly implies that these vesicles dock at existing GJs and their cargo diffuses into the GJ
plague. These findings agree with those of Shaw et al. (Shaw et al., 2007), who found that Cx43
cargo vesicles were targeted directly to adherens junctions adjacent to GJ plaques through

microtubule plus-end tracking proteins.

Novel features of Connexin-HaloTag trafficking

Several previous studies have found that Cx43 present as undocked hemichannels in the
plasma membrane accreted to the outside edges of existing GJs and mixed very little with
existing GJ channels (Gaietta et al., 2002; Lauf et al., 2002; Falk et al., 2009). Our observations
did not show such apparent accretion at the edges of GJs, but instead chase labeled Cx36 was
found diffusely throughout the GJ plaques. Furthermore, our photobleaching studies showed that
Cx36 was extraordinarily mobile within the GJ plaque, suggesting that we would not be able to

detect accretion of new connexins on plaque edges.

It is not clear why these results differ so dramatically from those using other connexins
with other tags. Our results with Cx43-HaloTag constructs showed some mixing throughout
GJs, although to a lesser extent than Cx36; Cx43 also recovered partially from photobleaching.
Thus while the properties of individual connexin types do differ, the presence of the HaloTag
may impart greater mobility to connexins than does a fluorescent protein or tetracysteine tag.
We should note that the fluorescently labeled HaloTag connexins are much brighter than
fluorescent protein labeled connexins, so our observations of the chase label may have higher
sensitivity. In addition, observations based on bleaching or photoconversion may suffer from
inactivation of mobility, as we observed when using more focused bleaching light with higher

power and higher numerical aperture (NA) objectives. The possible impact of phototoxicity on
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fluorescent recovery will be discussed further in Chapter Three. Additional studies will be
required to determine if the HaloTag specifically imparts higher mobility to connexins or other

proteins.
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Chapter Three:

Phototoxicity in FRAP experiments

44



Introduction
Live cell imaging and phototoxicity

Fluorescence based live cell imaging requires the living samples to be exposed under
high intensities of focused illumination for a prolonged period of time. Phototoxicity is a
common but often underestimated and overlooked issue that is associated with long-term
exposure in imaging. Nature group compiled all papers published in Nature (Nature, Nature Cell
Biology, Nature Immunology, Nature Methods, and Nature Neuroscience) in the period from
January 1%, 2005 to November 3", 2013. Out of 4691 publications that conducted fluorescence
study, only 1.4% discussed either phototoxicity or photodamage (5.1% occurrence Nature

Methods, 0.9% in the rest combined) (Evanko, 2013).

A common misconception is to equate photobleaching with phototoxicity.
Photobleaching is specific to fluorescence microscopy. It refers to the loss of fluorescent signal
when a fluorophore is exposed to fluorescent illumination and excited into a state of
inactiveness. It is an irreversible process and is common in imaging, even desired in applications
like Fluorescence Recovery after Photobleaching (FRAP). Phototoxicity, on the other hand, can
be a result of prolonged photobleaching. It refers to the interaction of light energy with cells and
interference of cell metabolism in general (Diaspro et al., 2006). Phototoxicity can be a direct
effect where reactive oxygen species (ROS) are generated by the energy transfer of an excited
fluorophore in a triplet state to a molecule of oxygen and exciting it to a singlet state, a free-
radical. This free-radical can interact with other molecules within the cell to generate
downstream toxic effects (Tinevez et al., 2012). These indirect effects can include localized
thermal influx generation, light induced ionizing, and unintended light-induced activation of

membrane conductance. These toxic effects can lead to extreme phenotypes such as detachment

45



of cells from cover glasses, free radicals rupturing the cell membrane, collapsing chemical and
ionic compartmentalization, leading to cell cycle arrest or cataclysmic cell death (Hoebe et al.,

2007) (Tinevez et al., 2012).

Good quality live cell imaging requires a fine balance between exposure and resolution.
To ensure good image quality, most microscopes we use for live cell imaging maximize spatial
and temporal resolution by oversampling x, y, z, and t. It is not uncommon to acquire hundreds
of images at each time point for a prolonged period of time. The extensive light exposure can
cause an elevated “photon-light budget” (Arhel et al., 2006; Enninga et al., 2005; Amino et al.,

2006; Tinevez et al., 2012).

FRAP and phototoxicity

FRAP is a powerful, microscopy-based method that allows us to study the molecular
dynamics within a living cell. It can give us useful information on the dynamics and mobility of
the specific protein of interest. In a FRAP experiment, high laser intensity is used to irreversibly
bleach fluorescent molecules that are localized in the selected region of interest (ROI). Whether
the fluorescent signal recovers in the ROI or not, or the recovery rate if it does, can provide us

with details of about the dynamics of the protein of interest (Carisey et al., 2011).

There are two potential ways in which a bleached ROI can recover. The first is the
diffusion of the fluorescently tagged protein from the unbleached region into the bleached
region. This will be fast occurring process that requires the mobility of the protein of interest in
the localized area. The second is through the continuous turnover of the protein of interest

within the complex, allowing the bleached proteins to be replaced by newly synthesized proteins
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that are trafficked into the ROI. This process will be a lot slower depending on the turnover rate

of the protein of interest in the cell.

Several previous studies have found that Cx43 present as undocked hemichannels in the
plasma membrane accreted to the outside edges of existing GJs and mixed very little with
existing GJ channels (Gaietta et al., 2002; Lauf et al., 2002; Falk et al., 2009). Our observations
did not support such apparent accretion at the edges of GJs, but instead chase labeled Cx36 was
found diffusely throughout the GJ plaques. We performed FRAP experiments to study the
mobility of Cx36 within the GJ plaques. Our photobleaching experiments showed that Cx36 was
extraordinarily mobile within the GJ plaque. Our results with Cx43-HaloTag constructs showed
some mixing throughout GJs, although to a lesser extent than Cx36; Cx43 also recovered
partially from photobleaching. Rapid recovery of photobleached connexin in GJ plaques has not
been previously reported and we questioned whether this might be an artifact resulting from
reversible bleaching of the OG fluorochrome by the bleaching sweeps. To test this, we
photobleached aqueous droplets of the OG HaloTag ligand suspended in mineral oil using the
same bleaching paradigm. There was no recovery observed in the droplet tests. Thus rapid

recovery of OG-labeled Cx36 in the bleached area was not an artifact.

There are several studies that have used FRAP to access connexin dynamics in the GJ
plagques (Simek et al., 2009; Roh and Funderburgh, 2011), but phototoxicity was never raised as
an issue. In live cell imaging, maintaining a light budget is an important aspect in limiting the
production of ROS, hence reducing photobleaching, which can lead to phototoxicity. In FRAP,
photobleaching is intentional. Excitation light dose, in the forms of laser power and light
dwelling time, is increased significantly to bleach a fluorescent signal. Many protocols of FRAP

call for a complete bleach emitted by the tagged protein (Carisey et al., 2011). Phototoxicity was
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a major concern for live cell imaging where excitation light dose was minimized. It is
reasonable to think that it might cause a bigger problem during FRAP experiment, where light

power and bleach time is intentionally maximized.

In this study, we investigated a number of parameters in performing photobleaching
during the FRAP experiment. Even though we observed rapid recovery in Cx36 GJ when using
objective with lower numerical aperture (20x 0.8 NA) at low zoom, the recovery was not
repeated when an objective with high numerical aperture (40x 1.2 NA) or a higher zoom was
used. This could explain the differences in observation when it comes to protein dynamics and

mobility in the system we study.

Methods and Material
FRAP experiments

FRAP experiments were performed using Zeiss LSM 780 and 880 confocal microscopes
using 20x 0.8 NA Plan-Apochromat air or 40x 1.2 NA oil immersion objectives and GaAsP
detectors employing the FRAP routines in Zeiss Zen software. Immediately after HaloTag OG
labeling and 15 minutes of wash period, coverslips were mounted in Ringer’s medium and GJs
imaged at a single focal plane at 0.5 to 2 sec intervals using a low laser intensity to ensure GJ
stability. An ROI was selected away from the end of a GJ plague and a series of high intensity
laser sweeps was used to bleach the selected area. Immediately after bleaching, the sample was
imaged at regular time intervals using the same low intensity as before the bleaching until the
intensity of the bleached area had reached a plateau. Bleachings were repeated three more times

after the intensity plateaued to study the effect of repeated exposure. An internal vesicle was
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selected as an ROI as a negative control and was bleached and imaged the same manner as the

ROI in the GJ plague. A scheme of the FRAP experiment is shown in figure 3.1.

ROI

il sl Sabiek itk

Betore the bleach After the bleach Recovery No Recovery
Mobile GJ [Immobile GJ

Figure 3.1: Scheme depicting the Photobleaching and fluorescence recovery of a region of
interest (ROI) within a GJ. Before the bleaching, the connexin protein is labeled with HaloTag
OG ligand. Immediately after the bleach event, the ligands in the ROI are irreversibly
bleached. The model presents two scenarios following the bleaching. If the GJ proteins are
mobile and can freely diffuse laterally, the tagged protein from the unbleached region will
quickly move to the ROI as the bleached ones will move out. The whole GJ will reach
equilibrium where the total fluorescent pool will reduce in signal strength. If the GJ proteins
are immobile, the bleached area will remain bleached as the bleached fluorescent tag is unable

to recover.

Aqueous Ligand droplet control

The droplet control was performed by suspending 5 pl of 1x working solution of the
HaloTag OG ligand in 1ml mineral oil by vortexing. Drops of the emulsion on a cover slip were
bleached and individual HaloTag OG ligand droplets were imaged in the same manner as were

connexin GJs (Figure 3.2).
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Figure 3.2: Scheme depicting the OG ligand droplet control.

Results
Focused laser power reduced or eliminated Cx36 recovery

During our study of Cx36 dynamics and mobility, we performed FRAP experiments
under 20x objective at zoom 6 and observed very rapid recovery in the photobleached area
(detailed results shown in Chapter Two, Figure 2.13). Rapid recovery of photobleached
connexin in GJ plaques has not been previously reported and we questioned whether this might
be an artifact resulting from reversible bleaching of the OG fluorochrome by the bleaching
sweeps. To test this, we photobleached aqueous droplets of the OG HaloTag ligand suspended
in mineral oil using the same bleaching paradigm and observed no recovery. The lack of
recovery shown in the aqueous droplet test proved that the recovery we observed in Figure 2.13
was not an artifact of recovering fluorochrome, but the result of diffusion of GJ protein.
However, when bleaching was done using confocal zoom greater than 6 with the 20x objective
(Figure 3.3), or a 40x objective (Figure 3.4), recovery was greatly reduced (Figure 3.3A and B)
or completely eliminated (Figure 3.4A and B). When performing the aqueous droplets test using
40x objective, we observed no recovery as well (Figure 3.4C and D), and this lack of recovery

was replicated at several different laser power settings and confocal zoom settings. Unlike the

50



aqueous test we did under 20x objective in which the laser only destroyed a fraction of the
fluorochrome with no recovery, the test we did under 40x destroyed most of the fluorochrome in

just one bleach.

We presume that the failures to recover under certain imaging conditions are the result of
light-induced damage to the connexin proteins or membrane lipids. This may also be responsible
for our observation that, even under bleaching conditions that allow recovery, the mobile fraction

of Cx36-Halo decreased with each subsequent bleach in the region of interest (Figure 2.14).
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Figure 3.3. FRAP analysis of OG-labeled Cx36-Halo in HeLa cells under 20x objective at
high zoom (zoom 12). (A) Images of a GJ prior to bleach (i) and at 0.45, 0.8, and 1.5 sec post-
bleach (ii-iv). Blue box is the bleached ROI. (B) Intensity profiles of the bleached ROIs.
Recovery of Cx36 was greatly reduced.
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Figure 3.4. FRAP analysis of OG-labeled Cx36-Halo in HeLa cells with higher light
throughput objective (40x oil). (A) Images of a GJ prior to bleach (i) and at 0.5, 2.5, and 20.8
sec post-bleach (ii-iv). Blue box is the bleached ROI and red circle is an intracellular vesicle
bleached at the same time. (B) Intensity profiles of the bleached ROIs: GJ is blue line; vesicle
is red line. Cx36 showed no recovery. (C) FRAP of an OG ligand droplet using same
bleaching parameters; images represent time points indicated in A. (D) Intensity profile of
droplet bleach. Fluorochrome was not reactivated after bleaching.

We compiled all the bleaching parameters that we have tested when performing FRAP
experiments, either on Cx36 GJ or HaloTag OG ligand aqueous droplet test, and the results are

shown in table 3.1.
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Object | Objective | Laser % | Zoom | Recovery

Cx36 20x 100% <6 YES
20x 100% >6 Limited
40x oil 100% Any No

Droplet Ctrl 20x 50% Any No
20x 100% Any No
40x oil 50% Any No
40x oil 100% Any No

Table 3.1. Summary of recovery of Cx36 GJ and HaloTag OG ligand droplet control under
different bleaching conditions.

Discussion

To reduce phototoxicity, the key is to reduce the generation of ROS resulting from
prolonged light exposure. There are several parameters that can influence the light budget. The
most common parameters that we manipulate are the amount of excitation light dose and the rate
at which the light dose is delivered. Scientists have being actively seeking ways to minimize the
excitation light dose by reducing the exposure time or light intensity. However, the amount of
light dose is directly related to image quality. Reducing either exposure time or light intensity
can result in weakening fluorescence signals and reduction in signal to noise ratio. Image quality

will suffer as a result.

The delivery rate of excitation light dose matters for phototoxicity as well. There are
natural ROS scavengers present in the cell, such as glutathione, ascorbate, and tocopherol. They
allow cells to cope with a certain amount of photodamage with no long term impact on cell
health (Dixit and Cyr, 2003; De Vos et al., 2009). When we deliver photons at a lower rate for a
given light dose, we allow the ROS scavengers to regenerate and cope with the generation of

ROS (Tinevez et al., 2012). There are commercialized ROS scavengers that can be added as
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imaging media supplements. However, those scavengers could deplete the cells of all oxygen
supply and suppress ATP dependent machinery in the cell, and result in impaired cell function,

especially functions relying on the hydrolysis of ATP.

FRAP experiments are very useful when studying the dynamics of the protein of interest
in a living system. However, when performing FRAP experiments, all the measures mentioned
above were out of the window since we are maximizing laser power and increasing bleach
sweeping time to achieve complete bleach of the fluorochrome. In our study, we discovered that
Cx36 recovered at a very rapid rate when laser power is more diffused over a wider area, but
showed no recovery when the laser power was more focused. In the experiments where recovery
was observed, the fluorochrome was never fully bleached. Every bleach only destroyed a
fraction of the fluorochrome, and the same recovery behavior repeated after each bleach for as
long as the bleaches were repeated or the entire pool of fluorochrome was bleached beyond
visualization. This partial bleach was confirmed when we performed the HaloTag OG ligand
aqueous droplets. When a small aqueous droplet of the OG ligand was bleached under 20x
objective, only a fraction of the fluorochrome was destroyed, but no recovery was observed,
confirming that the rapid recovery of OG-labeled Cx36 in the bleached area was not an artifact.
When the laser power was more focused, at a higher zoom under 20x objective, or under 40x
objective, all fluorochrome within the ROI was destroyed in one bleach. Recovery was no
longer observed. Again this full bleach of fluorochrome was confirmed by the aqueous droplets

test under 40x objective with no recovery.

We suspect that the failures to recover when laser power is more focused are the result of
light-induced damage to the GJ or connexin proteins. Similar to high laser power imaging over a

long period of time, bleaching part of a GJ with 100% laser power can lead to an increased
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generation of ROS that cause a tremendous amount of stress. When the laser power was more
focused, the amount of light on unit area of GJ increased, and ROS scavengers may not have
sufficient capacity to remove ROS and restore cells to normal function. The delivery and
trafficking system for Cx36 GJ, which will be discussed in detail in Chapter Four, is very
delicate. In Chapter Four, we will discuss the role of actin filament in Cx36 GJ mobility. Actin
filaments work in association with Myosin, which hydrolyze ATP (Pollard and Borisy, 2003).
ATP is the product of the oxygen-dependent citric acid cycle. It is possible that under focused
laser power, the delivery machinery was disrupted by the overproduction of oxygen free radicals

and Cx36 lost its mobility within the GJ plaques.
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Chapter Four:

Dynamics and Mobility of Cx36 — Role of Actin Filaments in Cx36

Trafficking and Mobility
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Introduction

Dynamic trafficking of GJ proteins

GJ channels are tightly packed double membrane protein structures. Each individual GJ
plaque can contain thousands of channels and extend several micrometers in diameter. An
important event of the assembly of GJ is the oligomerization of individual connexin proteins in
connexons. The process of oligomerization occurs after the connexin proteins exit from the
endoplasmic reticulum (ER) and into the Golgi apparatus and trans-Golgi network (TGN)
(Johnson et al. 2002). The connexons are then inserted into the plasma membrane, align and
interact with connexons from the adjacent cells. GJ proteins have abnormally high turnover rate,
ranging mostly from 1.5-3.5 hours, with the exception of Cx50 in lenses (Table 1.1) (Herve et al.
2007). The translocation of connexins from intracellular space to the plasma membrane are key
to keep up with the fast pace of turnover, and thus key to maintain cell-to-cell communication.
How these multi-unit structures are assembled and inserted in the GJ plaques at such a fast rate

have remained elusive.

Actin and vesicle trafficking

Transport of membrane proteins in general from intracellular space to the plasma
membrane is likely to involve tubulovesicular networks (Nakata et al., 1998; Lippincott-
Schwartz et al., 1998). The TGN is defined as the sorting facility for synthesized proteins.
Cytoskeleton machinery has been shown to play an important part in protein trafficking. Both
the microtubule and actin cytoskeleton have essential contribution to intracellular vesicle
trafficking. Protein transportation at Golgi and TGN utilizes both microtubule and actin
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associated motor proteins (Caviston and Holzbaur, 2006; Palmer et al., 2005). They are
important not only for transportation of vesicles, but also for the integrity of the morphology of
the Golgi complex (Egea et al., 2006; Allan et al., 2002). There have been extensive studies on
the role of microtubules in trafficking (Thyberg and Moskalewski, 1999; Musch, 2004; VVaughan
and Dean, 2006; Palmer et al., 2005). The actin cytoskeleton is highly dynamic and highly
regulated by an abundance of actin-binding proteins and upstream signaling pathways that
modulate actin polymerization and depolymerization. This polymerization and depolymerization
process generates forces that manipulate membranes in the process of vesicle biogenesis and
propel vesicles through the cytoplasm to reach their destination, facilitating many cellular
functions based on membrane dynamics, such as endocytosis, exocytosis, and vesicular
trafficking at the Golgi (Hanley, 2014). Actin filaments have been attracting more attention as
their roles in vesicle trafficking have been studied. The role of actin filaments has been tested in
the transport of vesicles from Golgi to plasma membrane (Hirschberg et al., 1998; Cao et al.,
2005), as well as their removal to early and late endosomes in association with microtubules

(Apodaca, 2001; Brown and Song, 2001; Mundy et al., 2002).

There are several studies that have investigated the role of cytoskeleton and GJ assembly,
and the results have varied from case to case. Some reports show that interrupting cytoskeleton
depresses some aspect of GJ assembly. George et al. showed that trafficking of Cx32 and 43 to
plasma membrane was suppressed by a small extent when microtubule was interrupted (George
etal., 1999). Wang and Rose showed that the assembly of Cx43 into GJ plaques requires actin
filaments and clustering of Cx43 at cell-cell contact is prevented by Cytochalasin B and D
treatment (Wang and Rose, 1995). Other reports, however, have shown that interrupting

cytoskeleton does not alter GJ assembly and formation at all (Ito et al., 1974; Shen et al., 1986;
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Kidder et al., 1987; Feldman et al., 1997). In our live-cell imaging using the Bessel Beam Plane
Illumination Microscope, we noticed very fine finger-like Cx36 filadendrites extending from the
GJ plaques. These filadendrites are thin extension of the GJs from the center of the GJ plaques.
They change their morphology at a fast pace, and constantly break off and fuse back with the GJ
plaques or with each other. Double label with actin filaments showed that these thin
filadendrites co-localize with actin perfectly and inhibiting the elongation of actin filaments
eliminates the presence of these filadendrites. We hypothesize that these filadendrites that move
rapidly are important in Cx36 GJ morphology, and that interrupting actin filaments will disturb
the integrity of GJ plaques and their functions. To confirm the hypothesis, we treated Cx36-Halo
transfected HeLa cells with two actin disrupting drugs, Cytochalasin D and Latrunculin A, and

observed the resulted effects on Cx36 GJ plaques.

Methods and Material

Labeling, immunostaining and imaging

For fixed cell imaging, transfected HeL a cell cover glasses were incubated in Ringer’s
medium containing 5uM HaloTag TMR fluorescent ligand for 15 minutes. Cover glasses were
then washed to remove unbound ligand and fixed with 4% paraformaldehyde. For actin filament
labeling, fixed cover glasses were rinsed with PBST (0.5% Triton) and incubated in PBST
containing phalloidin 488 for 30 min before being washed again and mounted. Cover glasses
were then imaged with a confocal microscope. HaloTag TMR was visualized with the TRITC

filter set; HaloTag OG and 488 phalloidin were visualized with the FITC filter set.
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For pulse-chase labeling, HeLa cell cover glasses were incubated in Ringer’s medium
containing 5uM HaloTag OG fluorescent ligand for 15 minutes, washed and transferred to fresh
Ringer’s medium containing 5uM HaloTag fluorescent ligand for 15 minutes. Cover glasses
were then washed to removed unbound ligand and fixed with 4% paraformaldehyde. Fixed
cover glasses were rinsed with PBST (0.5% Triton) and incubated in PBST containing phalloidin
647 for 30 min before being washed again and mounted. Cover glasses were imaged with a

confocal microscope, and 647 phalloidin was visualized with the Cy5 filter set.

For live cell imaging, transfected HeLa cell cover glasses were incubated in Ringer’s
medium containing 5uM HaloTag fluorescent ligand for 15 minutes. Cover glasses were then
washed to remove unbound ligand and immediately imaged under Bessel Beam Plane
IHlumination Microscope from HHMI Janelia Farm Research Campus in the laboratory of Dr.
Eric Betzig. Cells were imaged at 37°C in DMEM with HEPES containing no phenol red.
Images were taken at 10s intervals. Deconvolution of all images was performed in Amira version
5.3 (Visage Imaging) using an iterative maximum-likehood image restoration algorithm (Gao et

al., 2014).

Drug Treatments

For disrupting Golgi apparatus

To analyze the transport of Cx36 from ER to the plasma membrane, transfected HelLa
cells were treated with Brefeldin A (2 pg/ml in Ringer’s medium with 0.1% DMSO), which
disassembles the Golgi apparatus, during the pulse-chase analysis. BFA was added to the cells
after 15 minutes of pulse label OG incubation and washing, and was left in the wells before the
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chase label TMR was added. Cells were incubated in TMR for 15 minutes. In the control
experiments, cover glasses were treated with DMSO (0.1%) and the treatment was identical to

that of BFA.

For disrupting of actin filaments

To analyze the effect of disrupting actin filaments on GJ formation and integrity,
transfected HeLa cells were incubated in DMEM containing Cytochalasin D (0.2uM), which
induces actin depolymerization, or Latrunculin A (0.2uM), which inhibits actin polymerization,

for two hours prior to TMR labeling.

Tile Analysis

To calculate the fraction of GJ expressed at cell-cell contact, we took 25 tiles (5x5) of
neighboring images, and stitched them together in Zeiss Zen software to yield a 1063um by
1063um area (Figure 4.1A). Total number of GJ and total number of HeLa cell pairs expressing
Cx36-Halo were counted manually. We encountered four different kinds of expression (Figure
4.1B). The fraction of HeLa cell pairs expressing Cx36-Halo that harbored a cell-cell GJ is the
ratio of total number of GJ expressed over the number of cell pairs expressing Cx36-Halo.
Figure 4.1B1, 2, and 3 all show cell pairs expressing Cx36-Halo and harboring Cx36 GJs,
whether the GJ is in plaque sheet form or small punctate form. Figure 4.1B4 shows a pair of

Cx36-Halo positive cells with no GJ present at the cell-cell contact.
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Figure 4.1: Tile Analysis. We captured 25 neighboring images and stitched them together to
form a 1063 um by 1063 um area (A). The number of Cx36-HaloTag expressing pairs and the
number of GJ present are counted manually. (B) 1-3 showed pairs of neighboring cells
harboring Cx36 GJ plaques, either large or small. 4 shows a pair of neighboring cells
expressing Cx36-Halo but not harboring Cx36 GJ.
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Results
Cx36 GJ assembly requires the Golgi apparatus

With the exception of Cx26 (Zhang et al., 1996), it is generally considered that connexins
are modified in the ER (Zhang et al., 1996; Ahmad et al., 1999b), transported to the Golgi,
assembled in the trans-Golgi network (Musil and Goodenough, 1993; Koval et al., 1997), and
finally inserted into the plasma membrane (Laird, 1996; Thomas et al., 2005). To determine if
the trafficking of Cx36 to the plasma membrane involves this pathway, we performed the pulse
chase analysis with treatment of Brefeldin A (BFA), which disassembles the Golgi apparatus.
The original GJs were labeled with OG, and chased with TMR. We saw that at time 0.3 hours,
all the GJs were labeled with OG, with a minimal amount of TMR labeling (Figure 4.2). As time
progressed, the amount of TMR labeling did not increase in the GJs. In the BFA treated cells, in
which GJs were less abundant and contained very little chase label, we found that newly made

Cx36 was added to the large internal vesicles throughout the chase period.

Most of the TMR label was present in small vesicles and some large vesicles; almost
none integrated into the GJs, and OG remained the predominant label through the 5™ hour
(Figure 4.2) even through the intensity of the label decreased with time. The fraction of OG
present in the GJs showed no significant change from hour 0 to 5 (One-way ANOVA: hour 0.3
86.7 = 7.4%, hour 5 91.2 + 6.5%; n=5 GJs per time point; p=0.33), while the change of fraction
of OG was significant when BFA was not added (One-way ANOVA: hour 0.3 91.6 + 5.7%, hour
531.4 £ 6.2%; n=10-20 GJs per time point; p<0.0001). We conclude that the Golgi was

essential for Cx36 GJ assembly.
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Figure 4.2. Pulse-chase analysis of Cx36-Halo in HelLa cells with Brefeldin A treatment
throughout the chase period. Pulse (OG; green) and chase (TMR; red) ligands are the same as
in figure 3. Treatment with BFA prevented insertion of newly made Cx36 into GJs. By 5 hr,
GJs were very rare and difficult to find. Images are confocal stacks 2.5 um in thickness. Scale
bar applies to all images.

Thick actin bundles connect edges of all GJs. Vesicles were associated with actin filaments

leading to the GJ.

To study the association between Cx36 GJ and actin, we performed a pulse-chase
experiment with Phalloidin 647 labeling for the actin filaments. We found that thick actin
bundles connect edges of all GJ. When there are two GJ at the same cell-to-cell contact, actin

bundles connect them together (Figure 4.3).
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Figure 4.3: Thick actin bundles (blue phalloidin labeling) connected all edges of GJ plaques
(OG labeling), indicated by arrowhead, but actin filaments were rare within any plaque.

We found actin filaments associated closely with GJ plaques, and with all the vesicles
surrounding the GJ. Figure 4.4A1 and B1 show the association between actin material and
removal vesicles labeled with OG. In Al, the vesicles (arrowheads) just left the GJ plaque. In
B1, the removal vesicle (arrowhead) is just budding of the surface of the GJ plaque. Figure
4.4A2 and B2 show the association between actin material and insertion vesicles. In A2, we can
see that there is a gap between the TMR labeled GJ, and a thin actin filament is leading an
insertion vesicle directly to where the gap is located (Figure 4.4) (arrow). Phalloidin 647
bleached very quickly and impaired the quality of actin filament imaging. The association

between actin filaments and insertion vesicles is discussed further below.
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Figure 4.4. Cx36 vesicles associate with actin filaments. (A-B) Insertion and removal of
Cx36 into and out of the GJ. Both insertion (A2, B2) and removal (A1, B1) vesicles were
associated with actin filaments leading to the GJ.

Live-cell imaging showed pulse-labeled finger-like filadendrites extending from the edges of

the plagues, and the morphology of these filadendrites changed at a fast pace.

To further study the dynamics of Cx36 and trafficking mechanism of Cx36 in live HeLa
cells we collaborated with Dr. Eric Betzig (HHMI Janelia Farm Research Campus) and
performed live cell imaging using Bessel Beam Plane Illumination Microscope. In the live
imaging, many GJs showed substantial numbers of finger-like filadendrites extending from both
the edges (Figure 4.5A) and the center (Figure 4.5B) of the plaques. The filadendrites extending
from the edge are the continuation of the GJ plaques themselves; they are about the same
thickness as the GJ plaque. These filadendrites extending from the edges were observed in GJs

made of Cx32-EGFP (Windoffer et al., 2000). The ones extending from the center, however, are
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much thinner than the actual GJ plaques, and consist solely of pulse OG labeled Cx36. Their

morphology was constantly rearranged by breaking off and fusing back with the plaques (Figure

4.5 asterisks).

Figure 4.5. Live cell imaging with Bessel Beam Plane Illumination Microscope revealed
filadendrites (asterisks) extending from the ends (A) and the edges (B) of the GJ plaques. The
filadendrites changed shape rapidly, including breaking off from the plaque and fusing with
each other or back to the plaque. Time stamps are in minutes and seconds. Both panel A and

B showed OG labeling.

The presence of these filadendrites was confirmed by fixed cell imaging. We observed

these finger-like structures extending from both the center and the edge of the GJ plaques (Figure

4.6).
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Figure 4.6. Fixed cell imaging confirmed the presence of both types of filadendrites
(white arrows). The filadendrites extending out of the edges of GJ were mostly labeled
with pulse (OG) ligand. Green showed Cx36-Halo pulse label (OG), and Red showed
Cx36-Halo chase label (TMR). Scale bars represent 2um.

The filadendrites were associated with actin filaments.

The observed filadendrites showed great mobility, and its fast dynamics determined the
shape and arrangement of Cx36 GJ. This suggested that the presence of these filadendrites is
important in GJ dynamics. To confirm the association of the filadendrites with the actin
cytoskeleton, we doubled labeled Cx36-Halo-C-IN transfected Hela cells with HaloTag TMR
ligand and phalloidin 488, which labels the actin cytoskeleton. We observed perfect co-

localization between Cx36 filadendrites and thin filaments of actin. The co-localization was not

69



limited to the filadendrites coming out of GJ plaques, but the thin GJ filaments connecting two

adjacent cells where thick GJ plaque was not present as well (Figure 4.7 arrows).

Figure 4.7: Double labeling of GJ (red-TMR) and actin (green-phalloidin) showed
colocalization (white arrows), suggesting the filadendrites were associated with actin
filaments.

Disrupting actin filaments compromised GJ integrity and eliminated the presence of

filadendrites.

To further study the role of actin filaments in GJ assembly, we treated Cx36-Halo-C-IN
transfected HeL a cells with two actin-disrupting drugs: Cytochalasin D and Latrunculin A.
Cytochalasin D is a mycotoxin that binds to F-actin polymer and induces actin depolymerization

(May et al., 1998; Wakatsuki et al., 2001). Latrunculin A is a marine toxin that forms 1:1
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complexes with actin monomers in order to inhibit actin polymerization (Coue et al., 1987;
Spector et al., 1989; Wakatsuki et al., 2001). Fixed cell imaging revealed that in the control (no
drugs added) condition, actin bundles connected GJ plaques (Figure 4.8 left panel). Thin and
long actin filaments ran parallel to the GJ plaques, and thin short actin filaments ran
perpendicular to the plaques. Small insertion vesicles were always found associated with thin
actin filaments. In Cytochalasin D treated cells, the actin cytoskeleton was completely disrupted
and broken down (Figure 4.8 middle panel). We no longer saw thick actin bundles connecting
two pieces of GJs in the same cell-to-cell contact. Thin actin filaments were difficult to find and
there was no association between insertion vesicles and actin labels. In Latrunculin A treated

cells, thin actin filaments were reduced but not broken down (Figure 4.8 right panel).

Ctrl Cytochalasin D Latrunculin A

Figure 4.8. Effects of Cytochalasin D and Latrunculin A treatments on Cx36 GJs. Treatment
of Cytochalasin D for 2 hrs prior to labeling disrupted actin filaments (green phalloidin) and
broke down GJ (Red). Treatment of Latrunculin A reduced actin filaments, but did not break
down GJ.

Fixed cell imaging of Cytochalasin D treatment revealed fragmented GJ plaques. To
answer the question of whether actin filaments play an important role in supporting GJ structure,

we measured the length (Figure 4.9A) and area (Figure 4.9B) of every GJ present on a cover
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glass to obtain the median length and area. We compared the median length and area across the
control, Cytochalasin D treated, and Latrunculin A treated cells in 6 cover glasses. Cytochalasin
D, which disrupts actin filaments, significantly reduced the length and area of GJs present by
breaking down existing GJs (Student t-test: length Cy-D, p<0.01; area Cy-D, p<0.001; n=6 cover
slips per condition). Latrunculin A, which prevents elongation of new actin filaments but does
not affect existing actin filaments, did not alter the length or area of GJ present (Length: Ctrl,
27.1£2.5um, La-A, 22.2+2.0 um; Area: Ctrl, 36.4+2.9 um?; La-A, 31.5+4.5 pm?; n=6 cover slips
per condition). This observation suggested that actin filaments are crucial in stabilizing the GJ
plaques. GJ plaques can exists as long as actin filaments remain. When actin filaments

depolymerize, GJ plaques break down.
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Figure 4.9: Length (A) and area (B) of GJ measured in control and drug treated Cx36-Halo-C-
IN transfected HeLa cells. Medians of 7-38 GJ measured in each experiment were used for
comparison. Ctrl — control; Cy-D — Cytochalasin D; La-A — Latrunculin A. ** P<0.01, ***
P<0.001, n=6.

To confirm that the presence of actin filaments is essential for the existence of GJ
plaques, we used tile analysis to calculate the fraction of HeLa cell pairs expressing Cx36-Halo

that harbored GJs at cell-to-cell contact. Cytochalasin D significantly reduced the ratio of
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neighboring cells expressing GJs (Student t-test: Cy-D, p<0.05; n=5 analyzed area per
condition). Latrunculin A did not alter the ratio significantly (Figure 4.10) (Ctrl, 37.8+2.2%, La-
A, 30.2+3.7%; n=5 analyzed area per condition). This shows that actin plays an important role
in stabilizing GJ and breaking down existing actin filaments disrupted the integrity of GJ

plaques.
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Figure 4.10: Fraction of HeLa cells pairs expressing Cx36-Halo that harbored a cell-cell GJ.
Ctrl — control; Cy-D — Cytochalasin D; La-A — Latrunculin A. * P<0.05, n=5

Disrupting actin filaments eliminates the thin Cx36 filadendrites

Thin Cx36 filadendrites co-localize perfectly with actin filaments, revealing close
association between the two. We studied the effects of actin filament disruption on the presence
of filadendrites. Six cover slips of Cx36-Halo expressing HeLa cells were imaged for control,
Cytochalasin D treated, or Latrunculin A treated conditions. Every GJ was imaged on either the
whole cover glass or a designated area of the cover glass. We then calculated the fraction of GJ
expressing thin Cx36 filadendrites. Interestingly, not only Cytochalasin D treated cells, but

Latrunculin A treated cells showed a significant reduction in the presence of filadendrites
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compared to the untreated cells (Student t-test: Cy-D, p<0.001, La-A, p<0.001; n=6 cover slips
per condition). In the Cytochalasin D treated cells, the presence of the filadendrites was almost
completely eliminated (Figure 4.11). These data indicate that the extension of the finger-like

structure is not only dependent on the presence of actin filaments, but also the active elongation

of actin filaments.
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Figure 4.11: Fraction of GJ that had one or more filadendrites. Ctrl — control; Cy-D —
Cytochalasin D; La-A — Latrunculin A. Data are means + SEM, *** P<0.001, n=6.

Disruption of actin filaments does not significantly affect new GJ material insertion.

Double labels of Cx36-Halo transfected HeLa cells with HaloTag TMR ligand and
phalloidin 488 revealed close association between small insertion vesicles and thin actin
filaments. To study whether disrupting actin filament affects new GJ material insertion into the
GJ plaques, we performed pulse-chase analysis with the presence of Latrunculin A because
Latrunculin A treatment did not significantly affect the number and integrity of GJ plaques, but

decreased the presence of thin Cx36 filadendrites. TMR chase label was added two hours after
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OG pulse label. Percentage increase in TMR label was calculated by the difference in
percentage of TMR label over total label between hour 2 and hour 0 divided by the percentage of
TMR label over total label at hour 0. Treatment of Latrunculin A did not significantly decrease
the percentage increase in TMR label (Figure 4.12) (Student t-test: Ctrl, 103+£13.2%; La-A,
60.4+25.8%; n=4 experiment per condition, each experiment has 7-14 GJs). Pulse-chase
analysis with treatment of Cytochalasin D was not performed because the total number of GJ

plaques present was limited and the integrity was the GJ remaining was severely affected.
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Figure 4.12. Percentage increase in TMR label from hour 0 to hour 2. Ctrl — control; La-A —
Latrunculin A. Data are means £ SEM, n=4. Each experiment has 7-14 GJs.

Discussion

Golgi apparatus is involved in Cx36 trafficking to the GJ plaques

Previous studies have reported that connexons are incorporated into GJs as undocked
hemichannels packaged in vesicles (Gaietta et al., 2002; Lauf et al., 2002) where the

oligomerization occurs. Old GJ proteins are removed as paired channels that form double
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membrane vesicles known as annular junctions (Laird, 1996; Gaietta et al., 2002; Lauf et al.,
2002). The annular GJs subsequently are transported to lysosomes, where they are degraded
(Laird, 1996; Piehl et al., 2007). In the BFA treated cells, newly synthesized Cx36 did not
integrate into GJs. This suggests that the packaging and transportation of Cx36 involves the
traditional ER-Golgi-TGN-plasma membrane pathway in order to form GJ plaques at cell-cell
contact. However, the un-inserted newly synthesized Cx36 still formed large hollow vesicles
that morphologically resembled annular junctions. These are unlikely to be the conventional
annular junctions since the newly synthesized Cx36 never reached the plasma membrane and
docked with hemichannels from the adjacent cells. Kumar and Gilula (Kumar and Gilula, 1992)
showed that when connnexins are over-expressed, double-membraned GJ-like sheets form within
the intracellular compartment. Many of the TMR labeled Cx36 annular junctions in our system
are probably artifacts of over-expression of Cx36 in HeLa cells. These annular junctions are
transported to lysosomes subsequently where the GJ proteins are degraded (Laird, 1996; Thomas

etal., 2002).

Actin filaments are essential for GJ integrity

Studies have shown that actin filaments play an important role in the transport of vesicles
from Golgi to plasma membrane (Hirschberg et al., 1998; Cao et al., 2005), as well as their
removal to early and late endosome in association with microtubules (Apodaca, 2001; Brown and
Song, 2001; Mundy et al., 2002). However, details of how actin filaments affect the integrity of
Cx36 GJ plaques have never been revealed. In our studies, we used drug treatment (Latrunculin
A and Cytochalasin D) to disrupt actin cytoskeleton and studied their effects on GJ plaques. We

utilized the difference in mechanisms in which the two drugs affect actin cytoskeleton to
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differentiate the effects caused by the presence of actin filaments or the elongation process of
actin. Latrunculin A does not break down existing actin filaments, like Cytochalasin D, and only
prevents the elongation of actin filaments by preventing polymerization of actin monomers
(Coue et al., 1987; Spector et al., 1989; Wakatsuki et al., 2001). In our studies, we found that
actin filaments can stabilize GJ plaques. Without the presence of actin cytoskeleton, the GJ
plaques disintegrate into smaller and shorter pieces and eventually can no longer exist. We did
find association and co-relation between actin filaments and Cx36 insertion vesicles. Itis
possible that the filadendrites extend from the GJ plaques to fuse with small insertion vesicles.
Blocking actin filament elongation, which we found to reduce filadendrites (Figure 4.11), did not

significantly reduce the ability for new GJ material to be inserted into the plaques.

More potential effects of actin filaments on Cx36 GJ assembly and functional regulation

will be discussed in the next chapter.
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Chapter Five:

Factors influencing Cx36 Plasticity

Part of the study in this chapter was published in my Dissertation of Master’s Degree.
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Introduction

GJ coupling is regulated by PKA activity

Cx36 GJ coupling is regulated by protein kinase A activity. In early scrape loading
experiments using HelLa cells stably transfected with wild-type Cx36, treatment of PKA
activator Sp-8-cpt-cCAMPS (Sp) decreased Cx36 coupling, while treatment of PKA inhibitor Rp-
8-cpt-cAMPS (Rp) increased coupling (Ouyang et al., 2005) (Figure 5.1A-D). Scrape loading
experiments using transiently transfected HeLa cells (unpublished data from O’Brien lab) show
similar results in the Rp treated condition, but failed to reduce coupling while treated with Sp,
possibly due to activation of phosphatases by the transfection reagent (Figure 5.1E). In the
transiently transfected HelLa cells, the control and Sp conditions gave a baseline coupling that
was comparable to that in non-transfected HelLa cells. This baseline coupling of HeLa cells may
be explained by a recent publication by Marandykina et al. Marandykina lab showed that Cx36
GJ coupling in HeL a transfectants can be inhibited by the presence of endogenous arachidonic
acid, which stabilizes a closed conformation state of the channel that leads to low fraction of
functional channels. Transfection reagent could be activating a phospholipase pathway, or lipids
in the transfection reagent could be causing uncoupling directly (Marandykina et al., 2013). In
tracer coupling experiments done in both non-transfected and empty vector transfected cells,
there is still coupling observed when treated with PKA activator, probably due to the background

coupling by other connexins.
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Figure 5.1: Effects of PKA activation and inhibition on tracer coupling in Cx35-HelLa
cells measured by scrape-loading. (A-D) from Ouyang et al., 2005 (Originally published in
Molecular Brain Research) (Images reproduced with permission from Elsevier). (E)
Unpublished data from O’Brien Lab (performed by Cheryl M. Mitchell, analyzed and
compiled by Helen Wang).

Cx36 is regulated by PKA at two major regulatory sites, Ser110 in the intracellular loop
and Ser293 (S276 in Cx35) in the C-terminus (Figure 5.2A). Phosphorylation of these two sites
is critical for the regulation of coupling mentioned in the figure above (Ouyang et al., 2005;
Kothmann et al., 2007). The intracellular loop also harbors a calmodulin kinase binding site
(Alev et al., 2008). Ser315, located towards the end of the C-terminus, has long been an

important candidate in possibly assembling a protein complex that contributes to the
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phosphorylation states of the regulatory sites (Figure 5.2B). Ser315 is phosphorylated by
CamKII (Alev et al., 2008), and Ouyang et al. showed that mutation at Ser315 (S298 in Perch

Cx35) inverts the coupling mechanism when measured by tracer coupling in HelLa cells (Ouyang

et al., 2005).
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Figure 5.2. Important regulatory sites in Cx36. A) Ribbon structure of Cx36 showing
phosphorylation sites Ser110 and Ser293. B) Cx36 C-terminus structure showing regulatory
phosphorylation sites. From Kothmann et al., 2007 (Originally published in Visual
Neuroscience) (Images reproduced with permission from Cambridge University Press).
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Cx35/36 C-terminal mutations invert regulation

The C-terminus of Cx35 is essential for its interaction with scaffolding proteins. One
study has shown that the interaction of the Cx35 C-terminus and PDZ domain containing protein
zonula occludens-1 (ZO-1) could be important in the regulation of electrical synapses (Flores et
al., 2008). Previous studies from O’Brien lab attempted to decipher the role of the Cx35 C-
terminus in Cx35 coupling regulation by using Cx35 mutants. Results showed that a C-terminal
truncation would completely invert the regulation pattern of Cx35 by PKA. Treatment of PKA
activator Sp would increase coupling, and PKA inhibitor Rp would decrease coupling. It was
hypothesized that Cx35 C-terminus is important in recruiting scaffolding proteins that bind
regulatory phosphatases or kinases. Interestingly, mutation of one regulatory serine (S298) alone
can result in the inverted regulation pattern as well. It is possible that the phosphorylation of
S298 can cause conformation change in Cx36 C-terminus, making it more accessible to a
scaffolding protein. However, by keeping S298 intact and truncating the very end of the C-
terminus (PDZ domain interaction site) of Cx35 did not change the regulation pattern back to
that from the wild-type, showing that both S298 and PDZ domain interaction are regulating

Cx35/36 GJ coupling (Figure 5.3).
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Figure 5.3. Tracer coupling measurements in HelLa cells stably transfected with Cx35 or
mutants S298ter, S298A, and S301ter. Con — control; Sp — 20 uM Sp-8-cpt-cAMPS (PKA
activator); Rp — 20 uM Rp-8-cpt-cAMPS (PKA inhibitor). Data are means + SEM, n =25 to
35; * P<0.05, ** P<0.01 (unpublished data from O’Brien lab).

Nagy lab showed that a number of PDZ domain containing proteins, including ZO-1,
Z0-2, ZO-3 and MUPP1, bind directly to the tip of the C-terminal of Cx36 (Li et al., 2004; Li et
al., 2009b; Li et al., 2012). Phosphorylation of Ser315 and PDZ proteins interaction with the
Cx36 C-terminal tip could both contribute to regulation of assembly of a protein complex, that
disruption of Cx36 C-terminal could lead to inverted regulation and coupling (Ouyang et al.,

2005).

Factors influencing turnover rate

Although our reported half-life of Cx36 in HeLa cells is consistent with the studies of
other connexins in cell cultures and whole organs (Herve et al., 2007), as well as the

electrophysiology data of Cx36 half-life in Mauthner cells reported by the Pereda group (Flores
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et al., 2012), there are still considerable factors that may influence the measurement of half-lives.
Turnover rate of plasma membrane proteins have been reported to be very different in different
cell types. It is believed that the turnover rate of a certain protein can be cell type specific
instead of protein specific. For example, Cx32 showed a half-life of 4-6 hours in rat hepatocytes
(Traub and Wong, 1983), but only 2.5-3 hours in mouse embryo hepatocytes (Traub et al., 1987),
suggesting that Cx32 GJs turn over faster in embryo cells. When turnover rate studies are
carried out in primary cultures of cells, cells may contain intact GJs from their previous
neighbors before cell division and isolation, and these GJs are removed and internalized at a very
rapid rate (Herve et al., 2007). In these conditions, connexin turnover rate might be faster in cell
cultures than intact tissues. However, pulse-chase analysis showed that Cx43 had similar half-
life in metabolically labeled rat heart (Beardslee et al., 1998) and cultured myocytes (Laird et al.,
1991; Darrow et al., 1995; Laing et al., 1998). In some cases, connexins in primary cell culture
even showed a slower turnover rate, e.g. a reported half-life for Cx45 of 4.2 hours in HeLa cells

(Hertlein et al., 1998) but only 2.9 hours in rat cardiac myocytes (Darrow et al., 1995).

The half-life of Cx36 is too long to contribute substantially to short-term changes in
coupling of neurons driven by transmitters such as dopamine, which alters plasticity in minutes.
In this study, we want to see whether changing the short term plasticity by altering PKA activity
can influence long term plasticity in terms of turnover rate of Cx36. The dynamic movements of
Cx36 filadendrites are too fast to directly influence long term plasticity like Cx36 half-life, but
they could be associated with short term plasticity that is regulated by neurotransmitter. We also

analyzed how the disruption of actin filaments affects Cx36 regulation by PKA.

We have found a few regulatory processes that might influence Cx36 plasticity. Short

term plasticity, like GJ coupling, is regulated PKA. Cx36 CT plays an important role in PKA
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regulated plasticity. Long term plasticity, like Cx36 turnover, is likely to be regulated by the
insertion and removal of connexin vesicles and is influenced by a number of factors mentioned
above. In this chapter, we want to determine out that whether the factors regulating Cx36
plasticity are inter-connected, i.e. whether changing Cx36 coupling affects connexin half-life.

We also investigated further the role of Cx36 CT.
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Methods and Material

Tracer coupling

Transfected HelLa cell cover glasses were maintained in oxygenated Ringer’s medium at
35°C. The medium was supplemented with 0.05% Neurobiotin and cells were scraped with a 25-
gauge needle. Incubation with Neurobiotin was continued for 10 minutes to allow loading and
diffusion. Cells were then washed twice with 0.1 M phosphate buffer to remove excess
Neurobiotin and fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA)
in 0.1 M phosphate buffer. When used, the PKA activator Rp or inhibitor Sp was added to the
oxygenated incubation medium 10 minutes before the scrape for pre-incubation and replaced
with fresh drug upon Neurobiotin addition. Drugs were present throughout the 10 minute tracer
diffusion period. To analyze the effect of disrupting actin filaments on GJ coupling, transfected
HeLa cells were incubated in oxygenated Ringer’s medium containing Cytochalasin D (0.2uM)
or Latrunculin A (0.2uM) at 35°C for 45 minutes prior to PKA activator or inhibitor treatment.
Cytochalasin D and Latrunculin A were present during the 10 minute incubation with Rp and Sp,

as well as the 10 minute tracer diffusion period.

Following fixation, cells were probed with streptavidin-Cy3 (Jackson ImmunoResearch,
West Grove, PA) and photographed on a Zeiss (Thornwood, NY) fluorescence microscope
(Axiovert 200 with 40x, 0.5 NA Hoffman Modulation Contrast objective) with a Hamamatsu
C4742-95 digital camera using HCImage software (Hamamatsu, Sewickley, PA). Five images
were taken of different patches of loaded cells for each experiment and treated as replicates in

the data analysis.
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The diffusion coefficient of Neurobiotin through the coupled network of HeLa cells was
determined from fluorescence intensity data using a compartmental diffusion model
(Zimmerman and Rose, 1985). Fluorescence intensities of coupled cells were used to calculate
diffusion coefficients based upon a linear 25-compartment diffusion model as described in

Chapter Two.

Results

Blocking of Cx35 CT does not invert regulation

Truncation of Cx35 CT resulted in inverted regulation of Cx35 coupling by PKA. In
order to see whether blocking the PDZ domain interaction site alone is sufficient to invert
regulation, we created Cx35-EGFP fusion protein where EGFP was inserted at the very end of
Cx35 C-terminus. In this construct, the C-terminus was unavailable for PDZ domain interaction,
but did not invert Cx36 coupling regulation (Figure 5.4). A single mutation at S298A, however,

inverted regulation as shown in figure 5.3.
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Figure 5.4. Tracer coupling measurements in HelLa cells transiently transfected with EYFP,
Cx35-EYFP, and Cx35 S298A-EYFP. Con — control; Sp — 20 uM Sp-8-cpt-cAMPS (PKA
activator); Rp — 20 uM Rp-8-cpt-cCAMPS (PKA inhibitor). Data are means + SEM, n=3; *
P<0.05, ** P<0.01. (Performed by Cheryl M. Mitchell, analyzed and compiled by Helen
Wang)

Interrupting actin filament elongation inverted regulation

Actin filaments associate with thin Cx36 filaments that constantly broke off and fused
back with Cx36 GJ plaques at a rapid pace. The fast movement may contribute to the high level
of short term plasticity. To study the effect of actin filament on Cx36 plasticity regulated by
PKA activity, we performed scrape loading experiment with drugs that affect actin filaments.
Cytochalasin D binds to F-actin polymers and causes loss of GJ at cell-cell contacts.

Latrunculin A binds to actin monomers and prevents polymerization and filament elongation.
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Disrupting actin filaments by Cytochalasin D and Latrunculin A both inverted Cx35 coupling

regulation by PKA (Figure 5.5).
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Figure 5.5. Tracer coupling measurements with drug treatments to interrupt actin filaments in
HeLa cells transiently transfected with Cx36-Halo. Ctrl — control; Cy-D — 0.2uM Cytochalasin
D; La-A — 0.2uM Latrunculin A; Sp — 5 uM Sp-8-cpt-cAMPS (PKA activator); Rp — 5 uM
Rp-8-cpt-cCAMPS (PKA inhibitor). Data are means + SEM, n = 3; *** P<(.001.

Half-life of Cx36 is not affected by its phosphorylation states

To determine whether the turnover rate of Cx36 was affected by PKA activity, we
performed pulse-chase analyses in the presence of the PKA inhibitor Rp or the PKA activator Sp,
which had significantly altered tracer coupling in 20 minutes. There were no significant
differences in the half-life of Cx36 with either treatment (Figure 5.6), showing that the long term

plasticity of Cx36 was not affected by changing in short term plasticity.
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Figure 5.6: Half-lives of Cx36 GJ plaques were not altered by the treatment with 5 uM Sp-8-
cpt-cCAMPS or Rp-8-cpt-cAMPS throughout the chase period. N=3 experiments with 10-20
GJs per time point in each. Data are means £ SEM.

Discussion

Contribution of Cx36 turnover to electrical synaptic plasticity

Electrical synapses display a great deal of functional plasticity, being subject to
alterations in coupling strength due to biophysical properties of the coupled cells, activity-
dependent modification of the synapses, and modification driven by neurotransmitters (Pereda et
al., 2013; O'Brien, 2014). The mechanisms responsible for these forms of plasticity are of great
interest. In previous studies, profound dopamine-driven short-term plasticity of coupling in
Cx36 GJs on All amacrine cell dendrites in the rabbit retina was found to be directly correlated
with phosphorylation of regulatory sites on Cx36, with no changes in number or size of the GJs
(Kothmann et al., 2009). Similarly, Li et al. (Li et al., 2013) also showed a direct relation of

dramatic changes in photoreceptor coupling during light or dark adaptation in the mouse retina to
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Cx36 phosphorylation while the number of Cx36 plaques per unit area in the photoreceptor
synaptic layer was not affected. However, Katti et al. (Katti et al., 2013) found that Cx36 protein
level was regulated by diurnal and circadian rhythms in mouse retina. The level of Cx36
transcript peaked in the late night and immunolabeling showed higher Cx36 expression level in
the night than in the day in the photoreceptor synaptic layer. This suggests that Cx36 GJs in the
photoreceptor layer may contain more Cx36 protein at night than during the day, reflecting the
fluctuation in Cx36 protein synthesis rate and potentially contributing to the elevated coupling at

night.

In all electrical synapses, the continuous insertion and removal of connexons through
turnover has the potential to alter electrical synaptic strength. In studies of goldfish Mauthner
cell mixed synapses, Flores et al. (Flores et al., 2012) found that introduction of synthetic
peptides that disrupt endocytosis or formation of SNARE complexes enhanced or reduced,
respectively, electrical coupling. Glutamatergic transmission was altered in parallel as well.
Peptides that mimicked the C-terminus of Cx36, interfering with Cx36 interactions with
scaffolding proteins, also reduced electrical coupling. These experiments indicate that steady
state maintenance of GJs through turnover is important for maintenance of electrical coupling.

They further demonstrate that the C-terminus of Cx36 is important in stabilizing the GJs.

Our studies in HelLa cells indicate that turnover of Cx36 and functional plasticity driven
by changes in connexin phosphorylation occur on different time scales. This is likely also to be
the case in neurons, in which short-term changes in coupling of neurons driven by transmitters
such as dopamine, which take minutes to achieve, do not appear to be accompanied by a change
in Cx36 abundance. However, it is certainly reasonable to expect regulation of insertion and

removal/degradation rates to contribute to changes in coupling strength in longer time frames
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such as through a circadian cycle. Changes in Cx36 expression and neuronal coupling occur on
an hours to weeks time scale during the course of central nervous system development and
following a variety of types of injury. These changes are regulated by neurotransmitters and
involve both transcriptional and post-transcriptional mechanisms (Belousov and Fontes, 2013).
Factors that control turnover must be important in establishing the steady-state level of Cx36

expression, and it is apparent that these can be modified under certain circumstances.

Actin filaments could be the anchors for regulatory subunits that influence PKA activity

and Cx36 GJ coupling.

Cx36 coupling is regulated by PKA activities. Treatment of PKA inhibitor Rp or the
PKA activator Sp had significantly altered tracer coupling in 20 minutes, while changing the
PKA activities does not alter the half-life of Cx36 in HelLa cells. Since the two regulatory
processes occur on different time scales, mostly likely they are independent of each other.
However, the fast pace of changes in Cx36 morphology, demonstrated by the fast recovery rate
when photobleached (Chapter Two) and the fast movements of the finger-like filadendrites
(Chapter Four) suggested that Cx36 trafficking could still play an important role in short term
plasticity. By disrupting actin filaments, which associate closely with the filadendrites of Cx36
GJ plaques, we completely reversed how PKA activity regulates Cx36 coupling. The only time
that we have observed this reversed regulation was when Cx36 C-terminus was truncated or a
regulatory serine (5298) was mutated. Cx36 interacts with PDZ family proteins, which can act
as scaffolds that recruit integral membrane, cytoskeletal, and signaling proteins to the vicinity of

the plasma membrane (Flores et al., 2008). Given the similarity in regulation, it is possible that
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actin filaments are anchors that provided a platform for Cx36 C-terminus and regulatory protein

interaction. This possibility will be further discussion in Chapter Six.
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Chapter Six:

Future Directions

Part of the study in this chapter was published in my Thesis of Master’s Degree.

Part of this study was done using Perch Cx35. Cx35 and Cx36 are used interchangeably in

this chapter.
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Rationale and Hypothesis - Proteins associated with Cx35/36

Cx36 GJs play an important role in both photoreceptor and All amacrine cells in the
retina (Lee et al., 2003) (Kothmann et al., 2009) (O'Brien et al., 2012) (Li et al., 2013). The
signaling mechanisms that control plasticity, however, are different in the two neural networks.
While both mechanisms are regulated by cAMP and PKA activity, they yield precisely the
opposite response to CAMP signaling. A major difference between the two networks is the
presence of protein phosphatase 2A (PP2A) in the signaling pathway within All amacrine cells.
In All amacrine cells, activation of D1 dopamine receptors activate adenylyl cyclase, which
catalyzes the transformation of ATP to cyclic AMP. Cyclic AMP binds to and activates protein
kinase A, which activates PP2A. PP2A dephosphorylates the regulatory serines (S110 and S276)

on Cx36, and causes decreased coupling.

N-terminus

D1 dopamine

67

AC

Figure 6.1. Model of regulations control Cx35/36 coupling by cCAMP and PKA in All
amacrine cells (Adapted from unpublished illustration by John O’Brien, PhD).
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The C-terminus of Cx35/36 is essential to protein interactions (Helbig et al., 2010). It has
long been hypothesized that connexins interact with regulatory proteins through signaling
complexes containing scaffolding proteins (Flores et al., 2008). To explore protein binding
interactions that may be involved in the C-terminal interaction that regulates Cx35 coupling, we
did a protein microarray study in collaboration with Mark Bedford (MD Anderson Cancer
center). We used synthetic peptides corresponding to the C-terminus of Cx35 and probed an
array of functional protein domains that are involved in “reading” protein phosphorylation events
or binding to PDZ target sites. We identified several PDZ domains bound directly to the C-
terminus of Cx36 (outlined in blue and highlighted in blue in the array list). These proteins
include PDZ domains from NHERF2, Muppl, PDZK1, and nNos, and the interactions ware
reduced when S298 of Cx36, an important regulatory site near the end of C-terminus, was
phosphorylated (Figure 6.2). Pull-down assays with lysates of bacteria expressing GST fusions
with the PDZ-containing portions of these proteins showed that each binds the C-terminus of
Cx36 (Figure 6.3). The reduction in protein-protein interaction when S298 was phosphorylated

was confirmed in the pull-down assay as well (Figure 6.3).
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Figure 6.2: Protein domain microarray probed with Cx35 C-terminal peptides. The array was
probed with biotinylated peptides conjugated to Cy3-streptavidin; a control array was probed
with an Alexa 555 anti-GST antibody. The peptide probe sequence is listed below each
image; phospho-Ser298 is highlighted in green. Positive hits on the array are outlined, with
14-3-3’s circled in red and PDZ’s circled in blue. The positives are similarly color coded in
the array list. (performed and compiled by Alexsandra Espejo and Dr. Mark Bedford from the
Bedford Lab in MD Anderson Cancer Center, and Dr. John O’Brien)
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Figure 6.3. Pull-down assays using Cx35 CT peptides, both wild-type and Phospho-5298,
against five PDZ proteins with positive hits from the protein microarray. Protein samples were
detected with Coomassie Brilliant Blue stain.

NHERF2 and PDZK1 are important regulators of ion channels in chemical synapses
(Paquet et al., 2006) (Magalhaes et al., 2012). Both proteins can bind to AKAPs (A-kinase
anchoring proteins) and mediate cAMP and PKA regulated regulations of ion transport functions
(Singh et al., 2009). We find both proteins expressed in the retina. NHERF2 is expressed in
Muller glial cells with little overlap with Cx36, and PDZK1 is diffusely present in the inner
plexiform layer (IPL). MUPP 1 has been found to co-localize with Cx36 and can potentially
interact with Cx36 in the retina (Li et al., 2012). Neuronal NOS is a signaling protein with a
single PDZ domain that anchors many different targets and impacts a wide range of activities

including neurotransmission and neurotoxicity (Wang et al., 1999).

In addition to these PDZ proteins, we also studied the interaction between Cx36 and 14-
3-3 proteins. Three isoforms of 14-3-3 proteins were found to bind (red outlines and highlighted
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in red in the array list). Truncation of Cx36 C-terminus at S298 completely abolished these
interactions. Phosphorylation of S298 increased the interaction between Cx36 CT and three
isoforms of 14-3-3 proteins. Pull-down assays with lysates of bacteria expressing GST fusions
with these 14-3-3 proteins showed that each binds the C-terminus of Cx36 (Figure 6.4) and the
increase in protein-protein interaction when S298 was phosphorylated was confirmed in the pull-

down assay as well (Figure 6.4).
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Figure 6.4. Pull-down assays using Cx35 CT peptides, both wild-type and Phospho-5298,
against three purified GST-14-3-3 proteins with positive hits from the protein microarray.
Protein samples were detected with western blot.

14-3-3 proteins are small phosphoserine/phosphothreonine binding proteins that bind to
specific phosphorylated sites and have central roles in regulating hundreds of phosphorylation-
dependent cellular processes (van Heusden, 2005). They can form dimers and often act as a
bridge between two sides of the same molecules or connection between two different molecules
(Gardino et al., 2006). There has not been much study done on the potential interaction between

Cx36 and 14-3-3 proteins. Only one connexin is known to interact with 14-3-3 proteins and the

functions of such interaction are unclear (Park et al., 2006; Park et al., 2007).

To study the role of PDZ proteins and 14-3-3 proteins in Cx36 GJ coupling, functional

studies can be done using biochemical and cell biological methods. We can manipulate 14-3-3
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protein expression level in HeLa cells transfected with Cx36. Expression of endogenous 14-3-3
proteins that are known to bind to Cx36 can be knocked down with siRNA. We can also
overexpress the three 14-3-3 protein isoforms by transiently transfecting an expression plasmid
into the Cx36 stably transfected cell line. Scrape loading experiments can be performed with the
HeLa cells with knocked-down or overexpressed three 14-3-3 protein isoforms. If 14-3-3
proteins indeed play an important role in Cx36 GJ coupling, an overexpression should
significantly increase Cx36 GJ coupling, and 14-3-3 protein knockdown should significantly
decrease coupling. The same experiments can be performed with the identified PDZ proteins to

study the effect of knocked-down or overexpressed PDZ proteins on Cx36 GJ coupling.

We can also use the Cx36-HaloTag construct we created to perform pull-down assay.
Since HaloTags form an irreversible covalent bond with their ligand, we can utilize HaloTag
magnetic resin to pull down proteins that interact with Cx36 CT. We have attempted the pull-
down assay in past studies and it has presented some issues. The most obvious problem is the
size of inserted HaloTag could affect Cx36 CT binding with interacting proteins and HaloTag
ligand at the same time. We can try using different titrations of Cx36-HaloTag fusion protein
and Cx36 WT protein to find a balance where the whole connexin can be pulled down by the
subunit expressing Cx36-Halo, while the WT subunit can still pull-down 14-3-3 or PDZ proteins.
Theoretically, the composition of Cx36 GJ should not discriminate Cx36-Halo from Cx36 WT in

assembly.

Cx35/36 C-terminus is important in protein-protein interaction. These interactions may
play an important role in Cx36 GJ plasticity. In Chapter Five, we showed that truncation of
Cx36 C-terminus from S298, mutation of S298, and truncation of C-terminus from S301 can all

invert the regulation pattern of Cx36 by PKA activity (Figure 5.3). 14-3-3 proteins interact with
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phosphorylation sites, and S298 is a potential target for 14-3-3 proteins. It is possible that 14-3-3
proteins are responsible for anchoring the scaffolding proteins that recruit PP2A. Without the
active phosphorylation site, PP2A cannot be recruited to dephosphorylate Cx35 at S110 and
S276, and result in change in regulation pattern. Blocking the tip of the Cx36 CT by occupying
it with EYFP does not invert such regulation (Figure 5.4). The tip of the Cx36 CT contains the
PDZ binding domain, meaning if PDZ proteins play a role in regulation of Cx36 coupling, they

are not enough to cause the inversion in regulation alone.

We have observed this inversion in regulation in Chapter Four, when actin filaments
were disrupted. When Cx36-Halo transfected HeLa cells were treated with Cytochalasin D and
Latrunculin A, Cx36 GJ coupling showed reversed pattern of regulation by PKA. It has been
shown that Cx36CT interact with PDZ protein ZO-1, and ZO-1 was thought to link connexin GJ
to actin cytoskeleton (Flores et al., 2008). It is possible that actin filaments dock the regulatory
proteins including PP2A or PDZ proteins to the vicinity of plasma membrane, where GJs are
located. When actin filaments are disrupted, PP2A are no longer close to the phosphorylation
sites of Cx36 and are no longer available to dephosphorylate Cx36, causing the inversion of
regulation. It has also been identified that Cx36 CT domain is involved in the assembly and
trafficking to the electrical synapse (Helbig et al., 2010). We hypothesize that PDZ proteins, 14-
3-3 proteins, and actin filaments all work in conjunction at Cx35/36 CT to regulate Cx36

coupling. Figure 6.5 shows a proposed model of Cx35/36 C-terminal assembly complex.
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Figure 6.5. Proposed model of Cx35/36 C-terminal assembly complex that may control
Cx35/36 coupling in All amacrine cells. We propose that Cx35/36 C-terminus is important in
binding to a scaffolding protein that assembles other regulatory proteins, including PP2A that
regulate the phosphorylation and de-phosphorylation of Cx35/36. Evidence suggests that
phosphorylation of S298 and 14-3-3 binding is important for this complex formation (Adapted
from unpublished illustration by John O’Brien, PhD).

In order to study the involvement of actin filaments in Cx36 GJ plasticity, we need to
confirm the interaction between actin filaments and Cx36 CT. We can transiently transfect HeLa
cells with Cx36-S298-ter, and double label Cx36 with phalloidin. We hypothesize that actin
filaments will lose their association with Cx36 without the presence of CT. We should no longer
see actin bundles connecting edges of GJ plaques, or small insertion vesicles associated with thin
actin filaments. We will also perform FRAP experiment with the presence Cytochalasin D,
which binds to actin monomer and disrupt existing actin filaments. One theory is that Cx36
recovery is active and drives along the thin actin filaments, resulting in the fast mobility and
recovery of Cx36. In this theory, disruption of actin filament should abolish the recovery of

Cx36 we observed after photobleaching. However, it is also possible that the mobility of Cx36
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within the plaques is passive and due to a pool of Cx36 that is not anchored by the actin
filaments and scaffolding protein to hold them in place. In this theory, disrupting the actin
filaments should result in higher mobility of Cx36. When we perform the FRAP experiments
again with the presence of Cytochalasin D, mobile fraction would be significantly higher

compared to untreated condition.

Methods and Material (results shown above)

Protein Microarray

Purified protein domain-GST fusion proteins were spotted on Whatman FAST slides.
The microarray was probed with a biotinylated 22 amino acid wild-type C-terminal peptide and
with the same sequence phosphorylated at Ser298 or truncated at Ser298. The biotinylated
peptides were pre-conjugated to Cy3-streptavidin; a control array was probed with an Alexa 555

anti-GST antibody.

Pull-down assays

Wild-type and S298Phos C-terminal peptides attached to streptavidin magnetic beads
were incubated with purified or crude GST-fusion proteins. Protein samples attached to the beads
were resolved on polyacrylamide gels, and detected with Coomasie Brilliant Blue stain or
western blot. For western blot, samples were transferred to nitrocellulose or PVDF membranes.

Blots were probed with the antibody of choice. Fluorochrome-conjugated secondary antibodies
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are applied at 1:5,000 dilution in TBST, and labeled bands are detected by fluorescence with a

Typhoon multi-imager with 16-bit dynamic range.
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Chapter Seven:

Summary, Discussion and Impacts
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Information is passed down in the nervous system through synapses, both chemical
synapses and electrical synapses. Both types of synapses have demonstrated a great range of
plasticity. Factors influencing chemical synaptic plasticity have been studied extensively.
Turnover rate of receptors and ion channels have been found to impact the plasticity of chemical
synapses. Electrical synapses (GJ) however, have been a neglected counterpart, though they are
present throughout our nervous system and play an important role in direct transfer of ions and
small molecules. The O’Brien lab has devoted years to deciphering the contributors of Cx36 GJ
plasticity. Cx36 is the most abundant neuronal GJ protein in the central nervous system, and has
shown a great range of plasticity. Retina has been a great system to study Cx36 GJ coupling
where Cx36 are responsible for the coupling between photoreceptors and All amacrine cells.
Past members of the O’Brien lab showed that phosphorylation states of Cx36 at regulatory
serines are important in regulating Cx36 coupling. Changes in the phosphorylation state of Cx36
are regulated by PKA activity and it occurs on a relative short time scale in minutes. Recent
studies have shown involvement of connexin turnover in regulating cell-cell communication and

can potentially regulate electrical synaptic plasticity.

In my previous studies, we have created a new fusion protein, Cx36-HaloTag, to study
the turnover rate of Cx36 in HelLa cells. HaloTag can form irreversible covalent bond with its
ligand and allow the discrimination of new GJ material from the old one. By performing pulse-
chase analysis, we calculated the half-life of Cx36 in HelLa cells to be 3.1 hours. This opened up
a new type of plasticity on a much longer time scale. The turnover rate is too slow to take part in
the plasticity regulated by phosphorylation of Cx36, which takes place in minutes, but it can still

contribute to long-term plasticity.
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To study the mechanism of Cx36 turnover, we focused on the Cx36 trafficking
mechanism. In our pulse-chase labeling, we observed new GJ material diffused throughout the
entire GJ plaques. This observation contradicted the well-established trafficking mechanism that
has been reported for Cx43, where new Cx43 material accreted to the outside edges of existing
GJ and mixed very little with existing GJ channel. These observations of Cx43 trafficking
mechanism are what the common framework of understanding of connexin trafficking and
turnover are based on. We performed two types of experiments to confirm whether these tagged
connexins diffuse through GJ plaques. First, we created different fusion proteins of Cx36-
HaloTag and Cx43-HaloTag with HaloTag inserted into both the internal portion and the very
end of the CT tip, and transfected the different fusion protein into different cell lines, HeLa cells
and HEK293 cells. Cx43-HaloTag constructs did not form GJs when transfected into HelLa cells
but formed GJs efficiently in HEK293 cells. We performed pulse-chase analysis of turnover
with each of the constructs and TMR chase label was present within the existing GJ plaques in
each different construct respectively. The Cx43 chase label was patchy in intensity, suggesting
less mixing of the recently made connexin proteins with connexins present in the plaque. As a
second test of the ability of connexin proteins to diffuse laterally through GJ plaques, we
performed live photobleaching studies of Cx36-Halo-C-IN in HeLa cells. The bleached areas in
Cx36 GJ plaque were able to recover with a half-life of 1.5 seconds. The post-bleach steady
state was below the original baseline, reflecting both bleaching of the total pool of OG-labeled
Cx36 and a portion of the OG-labeled Cx36 pool that was effectively immobile within the time
course of the experiment. These two experiments confirmed that Cx36 proteins were able to

diffuse freely in a GJ plaque, and the diffusion occurs at a very fast pace.

108



Rapid recovery of photobleached connexins in GJ plaques has not been previously
reported and it is going to be an uphill battle to change the public’s view on the trafficking
mechanism of connexins. We considered the three possible explanations for the observed
recovery. First, the recovery could be the result of a temporary inactivation and fast reactivation
of the fluorochrome. This possibility was eliminated by performing the aqueous droplet test as a
negative control. Under the same experimental conditions, the Oregon Green working solution
droplets did not recovery after photobleaching. Second possibility was that new GJ material
replenished at a fast speed to replenish the bleached area. This possibility was unlikely given
that the calculated half-life of Cx36 was 3.1 hours, and the half-life of the recovery was 1.5
seconds. These observations and results led us to believe that the third possibility, that GJ
protein were free to diffuse within the plaques, was the reason behind the fast recovery we
observed. We also noticed that when bleaching was done using confocal zoom greater than 6
with the 20x objective or a 40x objective, recovery was greatly reduced or completely
eliminated. This led us to believe that the intensity of the bleaching laser can affect GJ’s ability
to recover and can potential explain the discrepancy between our observation and others that
were reported in Cx43. In all the previously reported FRAP experiments done on Cx36, it is a
common practice to confine the laser power to a thin band so the bleaching occurs in a very
refined area with clear edge. It was also absolutely essential to bleach the fluorescent signal
within the ROI. However, our results have shown that using higher zoom or high laser power
might not be the proper way to approach this problem. Phototoxicity has been an issue that was
overlooked or underestimated. Some studies have done live-cell imaging for long periods of
time and have pointed out that the total amount of light intensity and the rate where light was

being delivered can contribute to phototoxicity. Measures have been taken in many live-cell
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imaging studies to reduce phototoxicity. However, in FRAP experiments, where photobleaching
is an intended effect, it is hard to imagine that maximizing photobleaching would not cause a
certain level of phototoxicity. Phototoxicity is the fast generation of ROS to the point where the
cells cannot regenerate ROS scavengers and recover fast enough. It can cause downstream toxic
effects that affect cellular function, and cause cell death. No studies on connexin mobility using
FRAP as an analytical method have discussed the possibility that photobleaching may cause
inactivation of mobility. In our study, we used low NA objective and low zoom to minimize the
intensity of laser power. Using these conditions, the bleaching sweeps bleached more widely
than the targeted band of interest, and it bleached only a fraction of the fluorochrome. In
standard FRAP protocol, these conditions would be considered unacceptable. However, we were
able to observe fast recovery of Cx36 into the bleached area which no one else was able to
achieve in the past. Even under our bleaching condition that allowed recovery, we still found the
mobile fraction of Cx36-Halo to decrease with each subsequent bleach in the ROI, showing that
these gentle bleaching conditions are still impairing trafficking mechanism of Cx36, just to a
lesser extent. In order to confirm that this recovery was not an artifact resulting from reversible
bleaching of the OG fluorochrome by the bleaching sweeps, we photobleached aqueous droplets
of the OG HaloTag ligand suspended in mineral oil using the same bleaching paradigm and
observed no recovery in any of the laser power setting and confocal zoom setting that we tested.
This confirmed that the rapid recovery of OG-labeled Cx36 in the bleached area was not an

artifact, but a result of lateral diffusion.

When studying trafficking mechanism of Cx36 in live-cell imaging, we noticed thin-
finger like filadendrites extending from both the center and the edges of the GJ plaques. The

ones extended from the edges of the GJ plagues were reported before in Cx32-EGFP live
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imaging. They were extensions of the plaques themselves and constantly broke off and fused
back with the plaques. The thin finger-like filadendrites that extended from the center of the GJ
plaques, however, were novel features. Our study showed that these filadendrites co-localized
with fine actin filaments. Actin filaments have been proposed to be a major player in
maintaining cell integrity and assisting vesicles trafficking. We found that thick actin bundles
connected edges of all GJ plaques, and thin actin filaments associated with insertion vesicles.
When actin filaments were disrupted by Cytochalasin D, GJ broke down and could no longer
exist after two hours of treatment. When actin elongation was prohibited, the presence of the
thin Cx36 filadendrites was greatly reduced as well. We do not know exactly how these thin
connexin filadendrites play into the plasticity of Cx36 GJ, but the possibilities are endless. One
possibility is that connexin filadendrites extend along actin filaments on the plasma membrane.
They fetch insertion vesicles that reach the actin filament, fuse with the connexin filadendrites,
and are added to the GJ plaques. However, when we disrupt actin elongation when performing
pulse-chase analysis, we failed to see a significant reduction in the percentage increase in chase
TMR label after two hours. This could be because of other mechanisms involved in new GJ
material addition. There have been reports and speculations of different mechanisms how new
connexons are added to the GJ plaques. Shaw et al. (Shaw et al., 2007) found that Cx43 cargo
vesicles were targeted directly to adherens junctions adjacent to GJ plaques through microtubule
plus-end tracking proteins. Lauf et al. (Lauf et al., 2002) and Gaietta et al. (Gaietta et al., 2002)
found that Cx43 present as undocked hemichannels in the plasma membrane accreted to the
outside edges of existing GJs and mixed very little with existing GJ channels. It is possible that
connexons are added to the GJ plagues in different ways. As a result, inhibiting one mechanism

would not yield a full inhibition of connexin addition. Another possibility is that the extension
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of Cx36 filadendrites is a way for the GJ plaques to rearrange themselves. No new material was
added to the GJ plaques from the breaking off and fusing back of the filadendrites. Instead,
existing GJ material is shuffled from one part of the plaque to another. This theory would be
consistent with the observation that all the thin connexin filadendrites were labeled with pulse
OG label. GJ plaques are usually highly redundant. Each individual GJ plaque can contain
thousands of channels and extend several micrometers in diameters. However, usually only less
than 1% of all the GJ channels are active and open for conduction at the same time (Bukauskas
and Verselis, 2004). The reason behind this high redundancy and the necessity for connexin to
have a high turnover rate was unknown. It is possible that after old GJ material is removed as
annular junction and removed into lysosomes, GJ plaques use the filadendrites as a rearranging
mechanism to ensure the proper and even distribution of active GJ channels within a big GJ
plaque. The connexin filadendrites are novel features that have never been documented or
explored. Our observations can open new doors in the studying of Cx36 trafficking, turnover

and plasticity.

There is so much to be studied about Cx36 and so little that we have already known.
With all the pieces of the puzzle that we have obtained that are part of the big picture, electrical
synaptic plasticity, we tried to investigate if they were inter-connected and influencing each
other. We found that changing phosphorylation states of Cx36 by regulating PKA activity does
not affect the half-life of Cx36 in HelLa cells, which means that short term plasticity of Cx36
does not lead to long term changes in Cx36 turnover. We also found that inhibiting actin
polymerization inverted regulation of Cx36 coupling by PKA activity. This was a very exciting
discovery for us. The only other situations when we observed such inversion in coupling

regulation was when the CT of Cx36 was truncated, or when serine S298 in the CT was mutated.
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We referred to the inversion as the “C-terminal switch”. The fact that disrupting actin elongation
caused the same switch told us that actin might associate specifically with the CT of Cx36 in
regulating coupling. We have hypothesized that CT of Cx36 is important for the assembly of
scaffolding proteins that harbors regulatory proteins like PP2A. It has been hypothesized that
actin plays an indirect role in GJ assembly by working with cadherins, calcium dependent
adhesion proteins (Takeichi, 1990; Johnson et al., 2002). It is reasonable to hypothesize that
actin filaments can play an important role in anchoring the CT of Cx36 and recruiting Cx36
associated proteins to the vicinity of Cx36 CT and the plasma membrane. Potential targets for

such regulatory proteins include PP2A, PDZ proteins and 14-3-3 proteins.

In conclusion, our study has created new fusion proteins with HaloTag and revealed
dynamics and trafficking mechanisms of Cx36 that have never been reported before. We also
found key players that contribute in Cx36 plasticity on several different time scales. There is
still much to learn about electrical synaptic plasticity, and we are excited about the potentials this

study has presented.
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