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Abstract

Study of cellular mechanotransduction by visualizing actin and nucleoskeleton dynamics

in real-time
by
Shu Kan
Doctor of Philosophy in Comparative Biochemistry
University of California, Berkeley

Professor Gerard Marriott, Chair

Cellular mechanotransduction, the tight coupling between biochemical and mechanical
properties of the cytoskeleton and nucleus, drives a large range of cellular processes
including cell mobility, cytokinesis, vesicle transportation, or even cell fate determination
affected by alterations in gene expression. In this study, we study cellular
mechanotransduction by direct imaging of the actin cytoskeleton and component of
nucleoskeleton during normal cellular processes and under different stresses.

A novel class of cell permeable actin filament free barbed end dye was developed to
achieve high spatial and temporal resolution of actin dynamic imaging. the generation of
free barbed ends of actin filaments during lamellipodia protrusion, cytokinesis and
endocytosis were monitored in this study, providing new insights on the regulation of
free barbed end of actin filaments during these actin-driven processes. By distinguished
visualization of the filaments and barbed end pool of actin in cells, the controversial
views of whether new actin polymerization is involved during cleavage furrow closure
and scission were resolved, we show that there is a surge of new actin polymerization
during telophase, beginning with ingression of the contractile ring and ending with the
separation of daughter cells, supporting the view that new actin polymerization is
involved in cytokinesis.

we further developed a triple labeling system with the genetically encoded florescent
protein (FP) fused with nuclear component including emerin, Sun1, Sun2 and lamin A.
The FP was carefully choosing so the excitation and emission spectrums of FP and
(Si)TMR actin dyes are far apart enough to allow spontaneous imaging of the three
components. Several chemicals were applied to disrupt cytoskeleton of the cells, the
corresponding responses of the nucleus components were visualized real-time,
providing insights on the interaction between nucleus and cytoskeleton.

we also developed a label-free optical biosensor that employs a silicon-based high-
contrast grating (HCG) resonator with a spectral linewidth of ~500pm sensitive to ligand-



induced changes in surface properties in collaboration with Professor Constance
Chang-Hasnain’s group. The device is used to generate thermodynamic and kinetic
data on surface-attached antibodies with their respective antigens. The device can
detect serum cardiac troponin |, a biomarker of cardiac disease to 100pg/ml within 4-
minutes, which is much faster than and as sensitive as current enzyme-linked immuno-
assays for cTnl.
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Chapter 1

Fluorescent Kabarimide C : A novel and selective probe of actin
filament free barbed ends and actin polymerization in living cells

Introduction:

The regulation of actin filament dynamics is essential for cell motility, cytokinesis and
underlies the intracellular propulsion of pathogens, including Listeria and vaccinia'™.
Actin filament dynamics is characterized in living cells by fluctuations in the
concentrations and activities of membrane receptors and their effector ligands and
proteins including Rac1, Ca2+, PIP2, and CapG and gelsolin, which bind to the
protomer at the fast-growing end (barbed-end) and inhibit polymerization. The
dissociation of CapG or gelsolin from the barbed end sets in motion a rapid
polymerization of actin that is further accelerated by the nucleating protein complexes °.
Dysfunctional regulation of CapG or gelsolin activity has been linked to poor wound
repair, tumor metastasis and inflammation, while intracellular pathogens including
Listeria and Vaccinia have evolved mechanisms to trigger barbed-end polymerization of
actin at the surface to propel themselves in infected cells. °

The protomer at the barbed-end of an actin filament is unique among the thousands of
other protomers. For example the barbed end protomer binds selectively to Ca2+-
CapG, Ca2+-gelsolin and to nucleating complexes including formin and Arp2/3 ¢°.
Understanding the molecular mechanisms that underlie the regulation of free barbed
ends in living cells is made difficult because of the rarity and short lifetime of the free
barbed end protomer, and because the field lacks probes that bind selectivity to the
barbed-end protomer. In this study we introduce new cell permeable fluorescent probes
that function as a small molecule mimetic of CapG and can be used to label dynamically
sites of actin filament un-capping in living cells. We have shown in a number of
biochemical and structural studies that kabiramide C (KabC; Fig. 1a), a natural product
drug isolated from a marine sponge binds to actin protomers in a two-step process ''"°.
The first step involves the interaction of the macrocyclic ring of KabC with residues that
line the entrance of the cleft that forms between sub-domains (SD) 1 and 3 at the
barbed-end of the actin protomer (Fig. 1b). The second step involves penetration of the
hydrophobic tail of KabC into the SD1/3 cleft (Fig. 1c). The combination of these two
binding events results in a strong and long-lived KabC-actin complex with sub-nM
dissociation constant. The KabC-actin complex is capable of binding to actin filaments
through an association of its SD2 with the free SD1/3 cleft on the barbed end protomer,
so that the KabC-actin complex now becomes the barbed end protomer. However,
since the hydrophobic tail of KabC occupies the SD1/3 cleft in the actin complex it
blocks further addition of actin protomers at the barbed end. In this way the kabC-actin
complex behaves as a novel constitutively active mimetic of CapG. Since KabC binds to
the same site on actin as CapG, gelsolin and profilin, it effectively dissociates these
proteins — consequently, on entering the cytosol, KabC molecules will form complexes
with actin protomers in the ~100 uM pool of unpolymerized actin. The selective binding
of the KabC-actin complex to free barbed end protomers is exploited in this study for the



design of a novel class of probe to image and to quantify the regulation of barbed-ends
in living cells. Specifically, we detail experimental conditions that allow fluorescent KabC
probes to function as a reporter of free barbed end dynamics in living cells present high
spatial and temporal resolution images of KabC probes to provide new insights on the
regulation of free barbed end of actin filaments during actin-driven processes including
protrusion of lamellipodia, cytokinesis and endocytosis.

Result
Properties of fluorescent KabC probes in cells

TMR-KabC and SiR-KabC are cell permeable and are used to label cytosolic actin in
live NBT-II, NIH 3T3, and HelLa cells. The determination of the most effective
concentration of each fluorescent KabC for in vivo imaging of free barbed ends included
considerations of the signal to noise ratio, phototoxicity, impairment of cell division and
unusual cell morphologies including blebbing, and generation of dense intracellular
vesicles. NBT-II cell incubated at an external concentration of 10nM in the culture
medium for at least 60 minutes is the most effective, and allowed dynamic imaging of
actin filament free barbed ends in NBT-II cells. The probe proved to be an effective in
vivo marker of barbed end dynamics for at least 8 hours.

Imaging free barbed ends and actin filaments

The selectivity of fluorescent KabC binding for the actin protomer at the barbed ends of
actin filaments in mammalian cells is first demonstrated using high-contrast
fluorescence imaging of TMR-KabC and FITC-phalloidin in labeled cells (Fig. 2). Live
NIH 3T3 cells are labeled with TMR-KabC by adding the probe from a DMSO stock to
culture medium at a final concentration of 10nM for 1 hour, during which time the probe
accumulates via passive diffusion in the cytoplasm. TMR-KabC labeled cells are
subsequently fixed and labeled with FITC-phalloidin at 1TuM for 20 minutes.
Fluorescence images of TMR-KabC and FITC-phalloidin show enrichments and an
overlap of signals from each probe at the plasma membrane, primarily at sites of
lamellipoidial protrusion and membrane ruffling, the cell cortex and on intracellular
vesicles (Fig 2). TMR-KabC is absent from stress fibers and focal contacts, whereas
these structures are labeled strongly with FITC-phalloidin. The differential staining
pattern suggests that TMR-KabC probes molecules are found primarily at sites
undergoing active actin polymerization i.e. where free barbed ends are generated. On
the other hand, the stress fibers and focal contacts in these cells do not stain with TMR-
KabC, which suggests the mature actin filaments in these structures are capped at their
barbed ends by capping proteins including CapG and gelsolin and are thereby unable to
incorporate new protomers. Drawing form conclusions of our previous studies on the
binding and structural properties of KabC '*, we propose that KabC binds selectively to
free actin protomers at the barbed ends of the filaments at sites undergoing actin
polymerization. These studies are consistent with our preliminary and earlier findings
from our group. "2



Generation of free barbed ends during movement and cell spreading

Having shown that fluorescent KabC probes bind to free protomers at the barbed end of
actin filament in fixed cells, we next asked if the probe can provide dynamic information
in live cells. Our approach to these studies involved imaging KabC derivatized with a
new fluorescent probe based on the silicon-substituted rhodamine molecule (SiR). The
KabC probe is prepared by reacting the NHS-ester of SiR (Spirochrome Corp) with an
amino substituted kabiramide C probe as described by Petchprayoon et al. * The
conditions for using SiR-actin as a robe for live cell studies proved to be cell specific,
with the staining protocols for NBT-Il and HelLa cells being detailed in the Method
section.

The Near infra-red (NIR) fluorescence emission from SiR-KabC in NBT-II cells
undergoing actin-driven membrane protrusion and motility on a collagen-coated glass
surface is imaged using a Zeiss 700 confocal microscope. SiR-KabC fluorescence in
resting cells is uniformly distributed within the peri-nuclear region of labeled cells, where
it likely forms a 1:1 complex with the cytoplasmic pool of non-polymerized actin
protomers '°. This staining pattern changes dramatically however in motile cells as
shown in Fig.3a. In bursts of SiR-KabC staining in the form of micron scale clusters that
form a short distance behind the plasma membrane are followed by the formation and
protrusion of a lamellipodium. These SiR-KabC clusters dissipate within a few seconds
and reappear at new flanking sites that result in a further propagation and extension of
the leading edge. Thus waves of bright SiR-KabC clusters that form close to the plasma
membrane correlate with membrane protrusion and formation of a lamellipodium.
Interestingly, cells that undergo directional motility are characterized by hemispherical
lamellipodia that form as a result of breast-stroke line waves of SiR-KabC staining.
Based on previous structural and biochemical studies on the complex between actin
filaments and KabC we suggest the SiR-KabC labeled clusters are sites where high
number of free barbed ends are generated and along with accessory proteins including
Arp2/3 and formin, these barbed ends support an explosive polymerization of actin
filaments that drives membrane protrusion.

Fluorescence images of SiR-KabC fluorescence in NBT-II cells attached to extracellular
matrix protein substrates collagen are shown in Fig. 3b. The SiR-KabC probe is evenly
distributed in the cytoplasm of cells during an early stage of attachment. Upon making
contact with the ECM substrate, clusters of SiR-KabC fluorescence appear at cell cortex
with a diameter of ~1 m. These clusters most likely represent early actin filament-
associated attachment sites between the cell and the ECM substrate, as in cases where
the cell moves slightly after attaching to the substrate the position of the cluster does
not change. These clusters grow much larger with a concomitantly brighter fluorescence
signal in motile cells and are also seen to propagate in wave-like fashion along the
leading edge of the plasma membrane. Again based on a large number of studies in the
literature, these dynamic sites of SiR-KabC staining are likely to correlate with the
generation of a large number of free barbed ends that undergo explosive waves of
polarized actin polymerization that drives cell spreading.



Having shown that fluorescent KabC probes bind to free protomers at the barbed end of
actin filament during cell attachment, we next asked if KabC probes can provide
dynamic information during other actin-polymerization driven processes within living
cells. Our approach to these studies involved dual-imaging of SiR-actin, a jasplakinolide
derivative that is known to bond to actin protomers on the side of the filament. SiR-actin,
developed by Kai Johnsson'’s group, is the first cell permeable and red-shifted
fluorescent probe that is known to label dynamically the actin flaments in a broad range
of cell types '®. The purpose of imaging SiR-actin and TMR-KabC in the same motile
cells is to better understand the regulation of actin filaments during a motile response by
resolving at high spatial resolution the generation of free barbed end filaments with
TMR-KabC and older or more established actin filaments that are labeled with SiR-Jas
(Fig.3c).

The conditions for using both TMR-KabC and SiR-Jas for dynamic imaging are limited
and cell specific. In the case of NBT-II cells and other cells detailed in this study the
conditions are as follows: NBT-II cells are seeded the night before experiments, and
incubated with 100nM of TMR-KabC and/or SiR-Jas for at least one hour before
imaging. If both dyes are used in the same cell then the dyes are pre-mixed and loaded
together, as it appears the serial uptake of one dye affect the uptake of the second dye.
The time delay between the acquisition of TMR and SiR images is less than 1 second,
and so overlap images of TMR and SiR include a short temporal offset of no longer than
a few seconds — this offset however is very short compared to the timescale of events
that lead to changes in the distribution of each probe during a motile response which
usually takes minutes or even hours.

NBT-II cells co-stained with 100nM TMR-KabC and 100 nM SiR-Jas for 1 hour do not
exhibit any noticeable difference in morphology or motile behavior compared to control
cells. Dual imaging of probes for established filaments and those that form dynamically
as a result of barbed end uncapping has not been described to date. Our approach
allows us to image differences in the distributions of mature actin filaments and free
barbed end with high spatial and temporal resolution. Individual frames from a movie of
a motile cell are displayed as an image montage in Fig. 3c — sequential images of TMR
and SiR emission at 60 second intervals. The arrows with the same color in each frame
located at the same position, as showen in 3C. in frame 1, The lamellipodium that
emerges in the cell is preceded by a burst of TMR-KabC fluorescence at the indicated
white arrow. In the following frame (t= 60 secs), the SiR-Jas stain shows the
appearance of new actin filaments at the same position indicated by the white arrow.
Moreover, a new burst of TMR-KabC staining indicated by the yellow arrow is seen in
front of this SiR-Jas signal. The lamellipodium is seen to advance forward and sideways
as a consequence of cycles of TMR-KabC fluorescence followed by a forward-moving
burst of SiR-Act fluorescence. These dynamic image data suggest that an advancing
leading edge arises from the propagation of wave-like signaling clusters that generate
free barbed ends that rapidly polymerize in the direction of the plasma membrane.
These and related studies strongly support our view that KabC acts as a unique and
selective probe for actin protomers at the free barbed end of the filament and that the
barbed end capping and uncapping reactions correlate with bursts of actin



polymerization and forward growth of intracellular filaments associated with lamellipodial
extensions and motility.

Generation of free barbed ends during PDGF-mediated endocytosis

Endocytosis is a cellular transport process that is often driven by receptor mediated
signaling pathways — in its simplest form the binding of a ligand to a cluster of receptors
triggers the invagination of the plasma membrane that is pinched off at its neck from the
plasma membrane and internalized within the cytosol. The extracellular contents are
found in the lumen of the ~100nm diameter endosome. A number of proteins have been
implicated in this dynamic process and in the stabilization of the endosome in the
cytosol. In particular, actin filaments have long been associated with membrane
invagination and the transport of endosomes towards the peri-nuclear region (REFS).
For example, previous studies have suggested dynamin and actin work together during
clathrin-mediated endosome formation, and it is known that inhibiting actin
polymerization by adding the G-actin sequestering drug latrunculin blocks clathrin-
coated structures dynamics in neuronal dendrites (REF). Other pharmacological studies
have shown endocytic transport is dependent on the actin cytoskeleton, but the
mechanism of directional endosome movement during endocytosis is still debating. Fath
et al had proposed a model of endosome transport where myosin motors attach to
endosomes and direct their motility along actin filaments from the plasma membrane to
the peri-nuclear region 7 An alternative mechanism for transport has been proposed by
Merrifield et al that indicates endocytic vesicles are transported by propulsive forces that
are generated by the polarized polymerization of actin filaments on one side of the
endosome to form comet-like tails (rocket-based motility) '®; This mode of transport
resembles that shown by Welch et al for motile Listeria bacteria in infected host cells 19,
Due to the lack of suitable probes to image actin dynamics in living cells, and in
particular new sites of actin polymerization, previous studies have employed
fluorescence or electron microscopy based imaging of fixed cells and so the dynamic
component of these motility mechanisms is lost. In the effort to resolve controversies
regarding the mechanism of actin based endosomal transport, and to study the role of
barbed polymerization in endocytosis and in the polarized motions of endosomes to the
peri-nuclear region, we carried out imaging studies using SiR-KabC and a Fyve domain
fusion with GFP as an endosomal maker. The Fyve domain is a conserved protein motif
characterized by its ability of bind with high affinity and specificity to phosphatidylinositol
3-phosphate (PI(3)P), a phosphoinositde that is highly enriched on the cytoplasmic side
of the early endosome membrane %. In our studies, GFP is fused to the C terminus of
the FYVE domain from human EEA1 ?'. We show that when this gene is expressed in
living cells it produces a FYVE-GFP fusion protein that is restricted to endosomes and
allows for endosomal tracking in living cells

Two frames from a movie of TMR-KabC fluorescence in HelLa cells transfected with
Fyve-GFP after treatment with 1nM PGDF are shown in figure 4b-c. These cells exhibit
robust receptor mediated endocytosis in response to PDGF treatment. Images of a
Fyve domain GFP fusion protein expressed in the same cells confirm that the motile
vesicles are in fact endosomes (Fig. 4b) rather than other intracellular structures. Our



studies show that only a few endosomes are found in cells before adding PDGF, while
the TMR-KabC fluorescence is largely restricted to the plasma membrane.

The rates of endosome formation at the plasma membrane and retrograde motion
towards the nucleus increases dramatically after adding PDGF. Overlay images of GFP
and SiR fluorescence from the two probes (Fig 4d) show that Fyve-GFP and SiR-KabC
colocalizes at sites of actin driven membrane protrusion and occasionally spurns new
endosomes resulting in the formation of waves of endosomes that undergo rearward
directed motions from the plasma membrane, where they are formed, to the peri-
nuclear region. After treatment of PDGF, one can identify two pools of endosomes as
indicated by the white and blue arrows in figure 4e. The white labeled endosomes are
found close to the cell cortex and are formed prior to the addition of PDGF — these
endosomes remain relatively stationary even after PDGF inducing endocytosis and
moreover, they do not co-localize with KabC stained clusters. The blue labeled
endosomes, on the other hand, form close to the plasma membrane after adding PDGF,
as can be seen from the zoomed images in figure 4d, these endosomes move rapidly
towards the nucleus. Interestingly, the co-localization of SiR-KabC and the Fyve domain
only occurs within the blue-arrow-pool of endosomes. In particular, one can see from
figure 4d that the appearance of a new endosome at the plasma membrane is followed
by the emergence of a cluster of KabC fluorescence, which trackes the trail-end of
endosomes as they move towards nucleus. Significantly the fluorescence of KabC
clusters elongates into a tail shape, similar to those that form behind motile Listeria
bacteria and vaccinia virus'® %2, which we argue, is evidence for an actin polymerization
driven propulsion of the endosome towards the peri-nucleus region. While actin
filaments are known to associate with the endosomal membrane, our findings suggest
that their retrograde motion from sites of membrane ruffling involves the generation of
free barbed ends and the subsequent polarized actin polymerization at their base.

Generation of free barbed ends during cytokinesis:

Having shown that the fluorescent KabC probes bind to the free actin protomer at the
barbed end of the filament at the leading edge of motile cells, we next asked whether
free barbed ends are also generated in the cleavage furrow during cytokinesis. A survey
of current literature on the molecular mechanism that drives cytokinesis implicates a
role for actin filaments de-polymerization in the closure of the contractile ring . On the
other hand, Pelham and Chang have presented compelling evidence to suggest that
new actin polymerization occurs throughout cytokinesis at least in the case of yeast ?*. If
the latter mechanism is correct, then one might expect to see new barbed ends are
generated throughout cytokinesis, whereas none are expected if the conventional view
is correct. Although the two mechanisms proposed for cleavage furrow closure are
completely opposite in terms of the role of actin filaments, they are both consistent with
the observed effect. For example, in textbook view of cytokinesis, the driving force for
the closure of the cleavage furrow is the contraction of actin bundles in the contractile
ring by myosin, which would continue in ever decreasing diameters as filaments are
depolymerized. In the alternative mechanism, the ever-decreasing actin ring is
continuously formed by new filament growth. We have addressed the controversy of the



role of actin filament dynamics during cytokinesis by imaging the distribution and
dynamics of free barbed ends during cell division using the fluorescence of TMR-KabC
loaded in NBT-II cells (Fig.5a). NBT-II cells are co-stained with 100nM TMR-KabC and
100nM SiR-Jas with each probe being imaged dynamically as described above. Before
cytokinesis, actin filaments exist across the cell cortex as indicated by the SiR-Jas
staining, and the the free barbed ends are distributed evenly in the cell cortex with some
emphasize on along the plasma membrane. When the cell first enters cytokinesis in
frame2, the actin filament start to rearrange to form the cleavage farrow, but at this
stage, TMR-KabC is still evenly distributed in the cell; as cell division processes, in
frame 3, actin filaments continue to rearrange and further concentrated at the site of
cleavage with a much smaller diameter indicating the formation of the contractile ring.
The TMR-KabC staining at this point also accumulates and colocalize with the SiR-Jas
staining at the site of cleavage, suggesting high concentration of barbed end at the
contractile ring, and the continues formation of new actin filaments. At the later frames,
the cytokinesis processes further, contractile ring closes with both actin filaments
accumulated at the closure and the actin barbed ends.

These imaging studies show that the cleavage furrow is formed via the annealing of
existing actin filaments, as revealed by the reorganization and accumulation of SiR-Jas
in the cleavage furrow. On the other hand, images of TMR-KabC and SiR-Jas show
there is a surge of new actin polymerization during telophase, beginning with ingression
of the contractile ring and ending with the separation of daughter cells.

Previous studies have shown that endosomes are delivered to the intercellular bridge
during telophase, where they are believed to add membrane to the cleavage furrow 2*
%6 Given our new observations that free barbed end generation and actin
polymerization are implicated in the movements of endosome following PDGF
treatment, and the role played by endosomes in cytokinesis, we asked if the extensive
actin polymerization we observe during the telophase of cytokinesis is responsible for
the endosome transport instead of cleavage furrow ingression. Specifically, we tested
the hypothesis that the free barbed end generation during telophase does not correlate
with the movement of endosomes towards cleavage furrow.

To test the hypothesis, the increase in TMR-KabC staining during ingression and its
relation to endosomal transport is investigated by comparing patterns of FYVE-GFP
staining during cell division with SiR-KabC.(Fig.5B-C). SiR-Kabc and Fyfe-GFP imaging
are carried out in NBT-II cells as detailed above. As can be seen from the time-base
image montage shown in Figure 5B, Fyfe-GFP labeled endosomes indeed move
towards the cleavage furrow and accumulated along the abscission plane, but when co-
stained with SiR-KabC, it is clear the movements of endosomes are not accompanied
by the formation of free barbed ends and actin flament propulsion as seen during
receptor-mediated endocytosis, suggesting that the directed endosomal transportation
to the abscission plate is more likely driven by motor proteins on microtubule or actin
filament tracks. On the basis of our studies, we propose that the polymerization of actin
filaments during telophase is coupled to the ingression of the actin contractile ring of the
cleavage furrow and scission, not the transport of endosomes.



Material and Methods
Preparation of an amino-functionalized KabC probe

KabC was converted into 7-azido KabC via Mitsunobu reaction by using hydrazoic
acid as nucleophile in the presence of PPhs and DIAD under nitrogen.1 Then 7-
azido KabC was reacted with 3-(fluoren-9-yl-methoxycarbonyl) amino-propyne in the
presence of catalytic amount of copper (I) iodide and Et3N to afford amino protected
KabC (KabC-AMT).™ The structure was confirmed by the presence of aromatic
proton signals of Fmoc in the 'H NMR spectrum. Deprotection of Fmoc with 20%
piperidine in dry CH,Cl, gave AMT-KabC. The 'H NMR spectrum confirmed the
triazole proton signal at d 7.47 ppm and methylene proton signal at & 4.02 ppm.
Compounds were confirmed by 'H NMR and HRMS (ESI)."

Fluorescent KabC probes

KabC derivatives of tetramethylrhodamine (TMR), (Si)TMR (Fig 4A), and the NIR
probes IC5-KabC (Fig 4B) and Cy7-NHS were prepared by treating AMT-KabC with
the corresponding succinimide ester as described in our earlier publication.' For
example, a solution of 5-(and-6)-carboxy-(Si)TMR succinimidyl ester (Spirochrome)
in DMSO was added to AMT-KabC in dry CH,Cl, 100 uL. The reaction was stirred
for 8 hours at 20c under nitrogen with the product (Fig. 4B) being isolated by TLC.®

Preparation and maintenance of cells

NBT-II cell line was purchased from ATCC, Hela cell line were obtained from Berkeley
Tissue Culture Facility. Cells were cultured in high- glucose DMEM with GlutaMAX (Life
Technologies, cat. 10566-016) supplemented with 10% FBS (Life Technologies, cat.
16000-085) 1% Penicillin/Streptomycin Solution (Life Technologies, cat. 15140-122) in
humidified 5%CO, incubator at 37 degree Celsius. Cells were passaged at confluence
and seeded in glass-bottom 35-nm dishes (/n Vitro Scientific, cat. D35-20-1.5-N) 1 night
before imaging

FYVE-GFP plasmid was provided by Alexander Hoepker. Plasmid transfection was
performed with Lipofectamin 2000(Life Technologies, cat. 11668-019) according to
manufacturer recommendations. Cells were seeded at least 8 hours before transfection
and grow in a humidified 5% CO, incubator at 37 degree Celsius.

Staining of live cell lines

Glass-bottom 35-nm dishes were coated with 50ug/ml Bovine collagen | solutions at
5ug/cm2 for 1 hour at room temperature. Collagen solution was aspirated afterwards
and the plates were rinsed with PBS. Cells were seeded in collagen-coated plates one
day before transfection or imaging.



KabC probes from a 100uM DMSO stock solution were added to the complete growth
medium to obtain the desired final concentration. NBT-II cells were incubated for 1 hour
in humidified 5% CO; incubator at 37C before imaging. For Hela cells, 2uM of
Verapamil was also added to the complete medium with Sir-KabC and incubated at
5%CO0O, 37 degree Celsius for 20 minutes. Then HelLa cells were washed with fresh
complete medium and incubated for 30 minutes before imaging.

SiR-Jas was provided by Prof. Kai Jonhsson from Ecole Polytechnique Fédérale de
Lausanne. Sir-actin was added to the cells from a 1mM DMSO stock solution to the
complete growth medium to a final concentration of 100nM, and then cells were
incubated in 5% CO- incubator at 37 degrees Celsius for 1 hour before imaging.



Chapter 2

Visualizing Mechanotransduction between the cytoskeleton and
nucleus in live cells

Introduction

Mechanotransduction is a property exhibited by every cell type and concerns the
translation of mechanical stimuli into biochemical responses that affect cell function,
proliferation and behavior " 2%, The ability for cell to sense and to respond to
mechanical perturbations of their microenvironment is essential for development,
differentiation and tumor metastasis %°.

Physical stimuli within the extracellular space are likely sensed by proteins at the focal
contact and involve distortions of the plasma membrane *. A number of critical
mechanosensing proteins and cellular components had been identified including
stretch-activated ion channels and the force-induced unfolding of extracellular matrix
proteins including vinculin? *'-32. More recently, several studies have highlight a role for
the nucleus or at least the nuclear membrane as a mechano-sensor. Mechano-sensing
at the nuclear membrane is thought to by-pass diffusion-based mechano-signalling
mechanisms of gene expression, and may involve direct mechano-coupling of a
mechanical disturbance in the cell microenvironment via the cytoskeleton to regulatory
elements that control gene expression in the nucleus Isermann P, Lammerding J.
Indeed, several studies have demonstrated that specific extracellular mechanical
stressors can be transmitted through the actin, microtubule and intermediate filament
cytoskeleton networks to the nucleus and result in deformations, nuclear membrane
may be further relayed via mechanical or biochemical signaling to the inner nucleus

where they alter chromatin structure and activate or repress mechano-responsive genes
33-35

The nuclear envelope (NE) is a highly organized and dynamic double-membranous
structure that partitions the nuclear and cytoplasmic compartments of the cell % Its
structural and functional integrity is maintained via specific components in the inter and
outer nuclear membrane that physically link the cytoskeleton to the nuclear lamina. This
linkage was revealed by the association of actin filaments, intermediate filaments and
microtubules in the cytoplasmic cytoskskeleton that are specifically anchored at the
nuclear envelope by different types of LINC (Linker of Nucleoskeleton and
Cytoskeleton) complexes *°. These connections are absolurely essential for normal
cell function, and enable the nucleus to maintain its position and tension within the cell
during cell migration and differentiation. Moreover these connections mechanically
couple the nucleoskeleton to the cytoskeleton and transduce force-induced regulations
in gene expression “®*?. The main component of the LINC complex include outer
membrane embedded Nesprins and inner membrane embedded SUNs. Three types of
Nesprin proteins, nesprin1, nesprin2 and nesprin 3, exist in mammalian cells with
numerous isoforms also being formed by alternative splicing. Nesprin 3, and the giant
isoforms of nesprin 1 and nesprin2 bind directly to actin in the cytoskeleton, whereas
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their luminal KASH domain binds to the SUN protein, which is embedded within the
inner nuclear membrane. In turn, the nucleoplasmic domains of the SUN proteins,
interact with other nuclear membrane proteins including emerin, a shorter nesprin
isoform as well as the major component of the nuclear cytoskeleton, lamin 37943,

Due to its importance in signal transduction, mechanotransduction plays major rules in
regulating cell behavior or even differentiation. Multiple studies have showed
extracellular stiffness can influence cell shape and migration ***°; upregulation of
neurogenic and myogenic differentiation markers in human mesenchymal stem cell
(hMSC) differentiation was also observed with patterned substrates *’; biophysical
microenvironment can even replace the effect of small-molecule epigenetic modifiers
and improve iPSC generation efficiency *®. More importantly all these cellular processes
collectively will influence a broad range of complex biological processes such as
development, wound healing and tumour matatesis. In addition to regulate cellular
behaviors, impaired mechanotranduction and LINC complex components had been
implicated in multiple diseases. More than 80% of LINC mutation associated diseases
are cardiac and/or skeleton muscle pathologies including Emery—Dreifuss muscular
dystrophy (EDMD) and dilated cardiomyopathy with conduction system defects disease
(DCM-CD) which both result from disturbed assemble between nuclear envelope and A-
type lamin in nucleo-skeleton * *°.

Understanding how biophysical signal transmitted into nucleus will not only provide
more insight of the relationship between biophysical extra cellular environment and cell
behaviors, but also propose possible therapeutic targets for related diseases.

One important aspect of the mechanism that underlies mechanotranduction is how the
nucleus responds to extra-nuclear biophysical stimuli. In this study, we utilize live cell
imaging techniques with fluorescent fusion proteins of Sun, nespin and etc, to
investigate at a molecular level how the dynamics of cytoskeleton network affect the
nuclei membrane and their interactions during specific cellular processes. By
visualization of the real time changes of nucleus with different stimuli, we will gain more
insight of the relationship between the biophysical extracellular environment and cell
behaviors.

Results
Visualization of nuclear and cytoskeleton proteins

In order to visualize the dynamics of the nucleus in living cells, we first need to establish
valid protein markers for the nuclear membranes. Members of the LINC complex are
expressed in NIH 3T3 cells with genetically encoded florescent fusion proteins GFP or
YFP on their C-termini and examined by live cell confocal fluorescence microscopy. As
shown in figure 6A-C, emerin-YFP, SUN1-GFP and SUN2-GFP constructs that are
transfected in NIH 3T3 cells by lipofectamine and readily expressed within 24h post-
transfection. All three fusion proteins are found to localize predominantly at the inner
membrane of the nuclear envelope forming a smooth fluorescent ring that corresponds
well with the location of the endogenous protein as seen by immunofluorescence.
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Moreover, the transfected cells are healthy and undergo proliferation indicating the
expression of these genes does not interfere with vital cellular functions. Lamin-GFP
was also expressed in NIH 3T3 after lipofectamine transfection, as shown in the
fluorescence image of Fig.6D. In this case the fusion protein localizes predominantly to
the inner nuclear envelope and in contact with the nucleoplasm. We also expressed
nesprin2-mini, a protein fusion that is composed of of the C-terminal actin binding
domain and the C-terminal SUN-binding KASH domain. Nesprin 2-mini-GFP fusion
protein is also found to localize to the outer nuclear membrane, which is consistent with
previous studies. The final nuclear protein marker tested in this work is Histone 2B.
Histone 2B is one of the five main histones that organized DNA into nucleosomes within
nucleus; specifically, it is required along with H3, H4 and H2A for the assembly of the
octameric nucleosome core. The localization pattern of H2B, as seen from fluorescence
images of the GFP fusion protein (shown in Fig.6F) reveals it is diffusely distributed in
the nucleus that are punctuated by several spots that most likely represent tightly
packed heterochromatin regions.

In addition to nuclear proteins, another important component of cellular biomechanical
transduction is the cytoskeleton. In our study we focused primarily on the actin and
tubulin networks of the cytoskeleton. Fluorescently labeled phalloidin is the most
commonly used methods for actin filaments staining, as it generates provides excellent
high contrast images of the actin cytoskeleton. However, phalliodin is not cell
permeable, and its application to high contrast imaging of actin filaments requires cell-
permeabilization. This condition will clearly compromise the dynamic analyses of the
cyto- and nucleo-skeletons that are key to our studies °'. Moreover, since the actin
cytoskeleton is a dynamic network playing major roles in cell division, intracellular
trafficking and locomotion, one requires specific types of actin fluorophores that
generates images within living cells. Previous studies have focused on GFP-actin fusion
proteins °? or other fluorescent-tagged actin-binding proteins including lifeact. % These
genetically-encoded probes however have had limited success in imaging actin
dynamics due to the interference of the fusion proteins with actin polymerization, their
inhibition of actomyosin contraction at elevated levels of expression > and their
nonspecific binding to actin-binding proteins. In our study, we overcome these
limitations by using a newly reported cell permeable probe Sir-actin ** a red-shifted
fluorescent conjugate of jasplakinolide that like phalloidin binds to protomers along the
side of an actin filament. In addition, we developed a similar cell permeable SiR (or
TMR) derivative of kabiramide C, which is unique in its ability to stain the actin protomer
at the fast-growing, barbed end of the actin filament as described in Chapter 1. KabC is
small molecular mimetic of gelsolin that specifically bind with the barbed end protomer
of actins, kabC is covalently linked with the fluoresce probe Sir, as showed in the
Fig.7A, it specifically labels the growing end of actin filaments and therefore can provide
information of the dynamics of the actin network. In Fig.7B, images of sites of barbed
end actin polymerization are made visible using Sir-Kabc, which accumulates in cells
after 1-hour incubation and it decorates transiently free barbed ends forming at the
leading edge of motile cells.
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Together, these cell permeable probes allow us to image in real time and with high-
spatial resolution both the dynamics of new actin growth and the distributions of actin
filament bundles associated with stress fibers during cellular processes. As shown in
Fig.7A, actin filaments in a living cell are labeled within 1-hour of incubating Sir-act at
100nM. The combination of the TMR, SiR probes and GFP-labeled proteins allows for
dual and even triple color imaging of proteins in the cyto- and nucleo-cytoskeletons.

Multicolor imaging of live cells

Since the mechano-transduction pathway involves multiple molecular components from
both the cytoskeleton and the nucleus, it is important to develop a set of probes that can
monitor real time dynamic changes from both sides of the nuclear envelope. In this
study, we developed a simple protocol for multicolor imaging in live cells using a
combination of both genetically encoded fluorescent fusion proteins and cell-permeable
fluorescent probes. Specifically, NBT-II cells were first transfected with plasmid with
genetically encoded FPs fused with nuclear envelope proteins, namely emerin and YFP,
Sun1 and GFP or Sun2 and GFP. Next we load the same cells with cell permeable
probes of the actin and MT cytoskeletons using Sir-act or Sir-tub respectively.
Conditions were established for the labeling of NBT-Il cells with these cell permeable
probes that limited their potential cytotoxicity. The conditions for labeling are cell specific
and in principle must be re-established for other cell types. After incubating NBT-Il cells
for 1h with Sir-act/Sir-tub, fluorescence images are recorded using a Zeiss 700 confocal
microscope. The excitation and emission spectrum of YFP and SiR probe are shown in
Fig.8D, samples are excited with 488nm laser and 639nm laser for GFP/YFP and SiR
probe respectively, minimal (2~5%) power level is used to avoid photo-toxicity effects
and photobleaching of the dyes, each probe can be imaged separately to provide real-
time imaging based analysis of interactions between the actin network and the nuclear
envelope.

A protocol for co-labeling of YFP and SiR-KabC has also been established within NBT-I
cells. Since SiR-KabC labels the barbed-end of the actin filament, it provides unique
information on sites of new polymerization that are associated with cell protrusion and
nuclear remodeling, more intensive signal in certain regions represents active actin
polymerization. Nuclear invagination had been found to be a common feature in some
cells *°, but its function and mechanism of formation was still undiscovered. In Fig.8D, a
NBT-II cell with nuclear invagination was imaged, the nuclear envelope is folded deep
into the nucleus creating an over S5um groove. When overlaid with the Sir-KabC image,
it is clear that there is a spot with intensive signal at the bottom of the nuclear
invagination suggesting actin was actively polymerizing at that spot and is likely the
reason of the invagination. Although it is not clear at this point whether continuous
protrusion of actin filaments into the nucleus will result in formation of nucleus actin
filaments or this protrusion will not precede further to actually penetrate the nucleus, this
imaging method can provide more insight on the regulation of the dynamics of nuclear
invagination and actin protrusion on the nucleus.
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Since KabC probes can provide unique information about the dynamics of actin, we
further developed a triple labeling system with the genetically encoded emerin-YFP, Sir-
act and TMR-KabC. The excitation and emission spectrums of YFP, Sir and TMR are
far apart enough to allow spontaneous imaging of the three dyes in live cell as showed
in Fig.8E.

Visualization of the nuclear dynamics with disturbing cytoskeleton

One main aim of our study is to visualizing the dynamic changes of the nucleus with
changes of the biophysical environment. Due to the difficulty of creating a changing
extracellular environment while imaging, we used a different approach by alter the
cytoskeleton to create a dynamically changing extranuclear environment.

Blebbistatin is actin-affecting drug. It inhibits the motor protein myosin-Il which alters the
contractile forces of the actin network by lower the affinity of myosin with actin °® *”. NIH
3T3 cells expressing SUN2-GFP were incubated with 5nM of blebbistatin and the
responses of nucleus were imaged by confocal microscope. As showed in figure 9,
before addition of the drug, the nuclear membrane is smooth and circular; within 20
minute of incubation, membrane ruffling started to occur, likely resulted from the
unbalanced pressure between the nucleus and the actin network of cytoplasm; nuclear
volume shrinkage can be clearly observed by half hour of incubation and the ruffling and
shrinkage continuous with longer incubation. Interestingly, after incubated for 2 hours,
ruffling of membrane gradually disappeared and the nucleus returned to the round
shape as showed in Fig.9, but the volume of the nucleus after blebbistatin treatment is
notably smaller than before.

This observation suggests the contractile forces from the actin network is important for
maintaining the nuclear shape and volume, however, when minor pressure imbalance
occurs between the cytoplasm and nucleus, nucleus can adjust to it in a timely manner.
We then increased the blebbistatin concentration to 10nM to increase the pressure
imbalance and test if the nucleus membrane can adjust to it. As showed in Fig.10,
ruffling and volume shrinkage starts within 20 minutes of incubation and continued, at
about 1 hour of incubation, the nucleus envelope suddenly exploded into several
interconnected pieces and the cell died soon after. This observation suggests that
although nuclear membrane is elastic and can sustain certain degree of force imbalance
%8 rapid force change across the membrane can result in breakage. It is also interesting
that with both concentrations of blebbistatin incubation, the nucleus volume shrinks first
suggesting the actin myosin interaction exert outward tensile force on the NE while the
nucleoskeleton was holding the membrane inwards to maintain the pre-stressed state,
in 5nM samples, the force between the nucleoskeleton and the actin network soon
reached balance state with a smaller nucleus, but in 10nM sample, balance did not
reach, instead of collapse of nucleus, the volume of nucleus quickly expanded and
resulted in an “explosion”. The mechanism of these two contradictory observations is
still unknown but it demonstrates the complexity of the regulation of nucleus’ response
with biophysical stresses.
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To further study the effect of cytoskeleton changes on nucleus, another drug
Cytochalisin D (Cyto D) was also introduced to the cells. Cyto D is also an actin-
targeting drug, in contrary to blebbistatin, Cyto D disrupt actin microfilaments and inhibit
actin polymerization **®'. Nuclear membrane ruffling was observed when NIH 3T3 cells
were treated with Cyto D for 1h, but unlike the blebbistatin treated cells, even with long
treatment of cyto D, the nucleus never returns to its smooth and circular shape. It is also
notable that the Cyto D induced nuclear membrane instability is reversible. When the
Cyto D is removed, nuclear membrane ruffling stopped and the nucleus resumed its
smooth, round shape.

In addition to drugs directly targeting the actin cytoskeleton, we also examined
chemicals that can indirectly affect the regulation of actin. Rho-associated protein
kinase (ROCK) promotes cellular contraction through two mechanisms, both involve
actin stress formation. First, it phosphorylates myosin light chain to increase myosin Il
ATPase activity and induces actin bundling, which in turn increases stress fiber
formation. Secondly, ROCK inhibits the depolymerization of actin filament indirectly by
activation of LIM kinase, LIM kinase will further inactivate the actin dissemble protein
coflin and therefore preserve existing actin stress fibers in cells 2%,

We treated emerin-YFP expressing NBT-II cells with the ROCK inhibitor Y-27632 65,
similar with blebbistatin and cytoD treatment, the shape of the nucleus changes from a
smooth, circular shape into a less regular shape shortly after incubation. Then there
seemed to be a redistribution of emerin-YFP on the NE. Before the treatment, emerin
was evenly distributed around nucleus, but after the treatment, significantly more emerin
was observed at the inwardly bended region of the NE compare to the rest of the NE,
the emerin concentrated region also become more “floppy” and showed with very rapid
raffling. Then, with longer treatment of Y-27632, the NE stabilized, emerin became
evenly distributed again but the intensity significantly increased, and the nucleus
became irregularly shaped with smaller volume.

Cytoskeletons are not only critical for maintaining the integrity of nucleus during
interface, but also important for the force generation during cytokinesis. We examined
how ROCK inhibitor affects actin arrangement during cytokinesis and overall cell
division with the barbed end actin dye Sir-KabC. As showed in Fig.13A-F, before
cytokinesis, KabC signal was well spread over the cells with emphasize on the leading
edge of lamillopodia. At the onset of cytokinesis, the lamillopodia retracted and cell
started to round up, Kabc at this point distributes generally evenly along the membrane,
then active actin polymerization started at two equatorial sites of the cell cortex
indicated by the intensive kabC staining, the kabC signal ingresses continuously until
met in the middle and the midbody structure is formed. Then before the two daughter
cells were physically completely cleaved by the abscission process, actin polymerization
increase dramatically at the peripheral of the two daughter cell opposing the abscission
site visualized by the redistribution of KabC. The daughter cells start spreading before
completely detached. On the other hand, in ROCK inhibitor treated cells, the actin
behavior at the onset of cytokinesis seemed to be normal with lamillopodial retraction,
cleavage furrow formation and equatorial ingression, but when the two ingression point
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jointed in the middle, abscission did not occur; actin polymerization is continuously
active at the ingression site even after one hour without abscission. In contrast of the
rapid actin polymerization around daughter cells in normal cells, the ROCK inhibitor
treated daughter cells stay rounded for long time and minimal polymerization were
observed in the cell peripheral.

Discussion and future directions

One direct approach to study mechanotransduction between cytoskeleton and nucleus
is to visualize their interaction in real time. In our study, we had established conditions
for live cell imaging of several genetically encoded nuclear markers including the
nuclear matrix markers Lamin A, the inner-nuclear membrane marker Emerin, Sun1 and
Sun2 and the outer-nuclear membrane marker Nesprin2. With these markers, the
dynamics of nucleus during normal cell cycle and with stresses can be easily visualized.

In addition to nucleus, cytoskeleton plays crucial roles in mechanotransduction as both
the force transducer and generator. To visualize actin and microtubule cytoskeleton
networks, we utilized a relative new approach with SiR-labeled dyes. SiR is a cell
permeable analog of the commonly used florescent dye TMR. SiR-jaspalkinolide (SiR-
Jas) was used in our study to visualize the filamentous actin. Jasplakinolide is a small
molecule originally isolated from marine sponge, it binds to actin filaments very
specifically 8. SiR-Jas composes a few advantages over the traditional method of
actin labeling with phalloidin and actin coupled florescent proteins. First, SiR-Jas is
readily cell permeable; making them extremely effective in live cell imaging for actin
dynamics compare to phalloidin based florescent dyes. Secondly, it is much smaller
than any actin coupled florescent protein that would typically be used for fluorescent
microscopy which allows for denser labeling of F-actin and more detailed images can be
acquired particularly at high resolutions; it is also less likely to interfere with the
cytoskeletal dynamics due to its small size. Another new actin labeling probe we used in
this study is SiR-kabC and TMR-kabC. Kabiramide C is a molecular mimic of gelsolin
and bind selectivity to the barbed-end protomer of actin, in contrast to SiR-Jas which
only bind to mature F-actin, SiR-kabc can provide real-time dynamics of actin.

SiR-labeled dye staining had allowed us to perform multicolor live cell imaging because
of its simple protocol and great efficiency. When imaging co-labeling of emerin and
barbed end actin in NBT-Il cells, we observed pushing inward of nuclear membrane by
polymerization of actin and the formation of nuclear invagination. The presence of actin
in the nucleus has been an intensely studied topic for decades ®*"*; however, how actin
is transported into nucleus is still not fully understand. Previous studies had showed that
although actin does not carry NLS (nuclear-localization-signal), it can get into nucleus
through diffusion due its small size "*. Formin had been showed to initiate actin
polymerization in nucleus to form short and highly dynamic actin filaments ’°, but it is
not until recently when researchers discovered that the actin flaments running partially
or entirely across the nucleus are mainly thin invaginations of cytoplasmic actin into the
nucleus '°. It was suggested they provide an increased opportunity for cytoplasmic-
nuclear transfer of specific molecules °°, but the formation of these invaginations are still
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unknown and had been observed as a common feature in many type of cells. The
observed intensive kabC staining at the bottom of the invagination in our study showed
that actin polymerization could be the driven force for the formation of invaginations.

The contractile actin-myosin networks had been shown to generate forces responsible
for many cellular behaviors, from cell shape changes and maintenance to tissue
remodeling. it is also important for the maintenance of nucleus shape, the nucleus
cannot maintain its round shape and proper size with disruption of the actin-myosin
network. Another important function of the actin-myosin contractility is formation of the
contractile ring during cytokinesis. Previous studies have suggested that the actin
filaments undergo intensive de-polymerization during the closure of the contractile ring
and the contraction of the actin-myosin network is the main force driving the cleavage
furrow ingression and abscission ’”. There had also been compelling evidence in yeast
suggesting the new actin polymerization also occurs during cytokinesis at the cleavage
furrow and could contribute for the force generation during ingression 24 In our studies,
the cleavage furrow still formed when the actin-myosin contraction was inhibited by
ROCK inhibitor Y-27632. And intensive kabC staining was observed at the ingression
site, indicating very active new actin polymerization at the leading edges. The
ingressions propagate normally until met in the middle, but did not continue to
abscission as normal. This behavior suggested that both new actin polymerization and
actin-myosin contribute to cytokinesis, actin polymerization might be main driving force
for cleavage furrow formation and propagation while actin-myosin contraction is critical
for final abscission.

Material and Methods

Emerin-YFP plasmid was a gift from Dr. Yasushi Hiraoka (NICT, Japan), Nesprin-mini,
Sun1 and Sun2 plasmid was a kindly provided by professor Karakesisoglou from
University of Durham. Cell maintenance, plasmid transfection was performed as
described in Chapter 1.

Blebbistatin was purchased form Selleckchem, cytochalasin D was purchased from
Santa Cruz Biotech.and Y27632 was purchased from Stemcell Technology.

KabC probes were prepared as described in Chapter 1, and SiR-tub is a kindly gift from

Professor Kai Johnsson from Ecole Polytechnique Fédérale de Lausanne. Live cell
staining and imaging was preformed as described in Chapter 1.
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Chapter 3

High-contrast Grating resonators for label-free detection of disease
biomarkers

Introduction

Point of care devices (POC) offer advantages over conventional technologies for
biomarker detection including cost and speed while requiring smaller amounts of the
sample and reagents. Since diagnostic tests account for an appreciable percentage of
the national healthcare budget, the demand for POC devices and decentralized
g}rategies for low-cost analyses of biomarkers in patient samples will likely increase "®

In most cases, the amount of a target biomarker associated with cancer, neurologic and
cardiovascular disease in a POC device is determined by recording a change in the
intensity of a colored dye or a fluorescent molecule that is generated by way of an
enzyme linked immuno-assay (ELISA). ® " ELISA formats while sensitive, suffer from
the use of heterogeneous preparations of antibody-enzyme conjugates whose
properties may vary widely from manufacturer to manufacturer and batch to batch. In
particular the presence of one or more randomly attached enzyme molecule to an
antibody reduces the affinity of the conjugate for their biomarker. Moreover, ELISA
assays require multiple incubation and wash-steps that increase the complexity of the
device and the time to complete an assay. Label-free approaches to detect target
molecules offer an attractive alternative to ELISA’s. #°° High throughput, label-free
optical sensing techniques have been described for POC devices including those based
on surface plasmon resonance 2% 8% photonic crystals %% integrated micro-cavity, %
8 and metal nanohole arrays *. While providing sensitive detection, these devices are
produced using expensive e-beam lithography, while the need for exact optical
alignments and specialized personnel limits their application at remote sites.

We have developed an alternate label-free biosensor that employs a high-contrast
grating (HCG) resonator (Figure 15(a), (b)). 2The high-contrast grating structure
generates strong and specific resonances that are sensitive to surface properties under
surface-normal excitation with very high efficiency. The resonance quality factor
(defined as resonance wavelength divided by the full width half maxima) of these
devices was reported here as ~3000 with a refractive index sensitivity ~418nm/RIU,
which is higher than related measures reported for other nanostructures 8 that also
use direct surface-normal coupling. For example the BIND system (which is based on
guided-mode resonant filter) 8’ and metal nanohole arrays %.

The binding of a biomolecule to the HCG surface results in a red-shift of the resonance
wavelength, a consequence of increasing the effective optical length of the cavity
(Figure 15(c)). Tunable laser is used as excitation source and reflected signal is
collected by a photodiode at various wavelength (see Method). Spectrometer is
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eliminated here to reduce the cost of the measurement. This measurement
configuration is enabled by the narrow linewidth and high sensitivity of the HCG device.
HCG’s are produced en masse and at low cost by using a standard silicon optical
lithography and etching (see Method). And can be patterned as 96-well, 384-well or
1536-well formats for high-throughput screening (optically lithography definition). The
surface normal input of the probing light beam simplifies the optical alignment of the
device. In this study detection antibodies are chemically-linked to the surface of the
HCG where they provide a platform for rapid, sensitive and specific detection of
disease-associated antigens. %

Following myocardial infarction, damaged cardiac muscle cells release troponin | (cTnl)
into the blood — the detection of cTnl in serum is a reliable and validated clinical marker
of cardiac muscle tissue injury and stroke, affecting ~1 million people in the USA each
year %% ELISA platforms are most frequently used to detect cTnl as they provide for
sensitive and quantitative measures of the serum protein. In this study we show how the
HCG label-free detection platform can also be used for rapid and quantitive analysis of
cTnlin PQB38 and in serum over a clinically relevant concentration range of 100 pg/ml to
80ug/ml **.

Results
HCG resonator design, fabrication and characterization.

The HCG is formed from an ultra-thin layer (a few hundred nm) of a silicon grating that
is surrounded by material of low refractive index. A schematic of a Si-based HCG
resonator with surface-normal optical coupling is shown in Figure 15(a). Unlike other
gratings, HCG devices the refractive index contrast is high at both the entrance and exit
planes. The large difference in refractive index (contrast) between the grating plane and
its surroundings, results in a strong coupling between resonance modes at both exit and
entrance boundaries. Resonance happens inside the grating layer, and air/Si and
Si/oxide serve as two boundaries of the cavity. By choosing appropriate grating period
and grating barwidth, one can produce a HCG design that supports only two resonance
modes®®. Moreover, by choosing an appropriate thickness of the grating layer, the two
resonance modes can be made to interfere constructively at the entrance and exit
boundaries, resulting in a high-Q resonator with light propagating in the direction normal
to the grating plane. We have reported on this phenomenon in earlier publications®,
and so we will only present a brief summary of the principle. First, if we define p as the
coupling coefficient matrix between the resonance modes at the entrance/exit
boundaries, and ¢ as the propagation factor inside the Si grating layer, and C is the
vector representing a self-sustainable mode that satisfies the round-trip condition. We
can show that:

C = pppyC.
(1)
The intrinsic quality factor is calculated by
_ Znngtg r
- A 1-r2|’

(2)
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where {y is the thickness of the grating, A is the wavelength of the incident light, ng is the
group index, and r represents the eigenvalues of matrix pg.

A detailed analysis of the design algorithm employed for the HGG resonator is
described in Sections 1 & 4 of reference 16. For the HCG devices used in this study, the
period is 792nm, the bandwidth is 427nm, and the grating thickness is 500nm. A test
array with thousands of single HCG resonators can be patterned during a single
exposure, enabling low-cost and high-throughput production of devices. An SEM image
of gratings within a single device is shown in Figure 115(b) and serves to highlight the
high quality of structures that are generated using our fabrication process.

A single mode fiber is used to excite resonances inside the HCG sensor— in practice
the fiber is simply adjusted vertically above the surface of the HCG to excite resonance,
and we find the device works well without the need for a precise optical alignment
(Figure 15(d)). The reflection spectrum (see Methods) obtained under fiber illumination
of a HCG device is shown in Figure 15(e). It shows that the device has a quality factor
measured at ~3000 with a center wavelength of 1564nm when immersed in phosphate
buffered saline (PBS).

An important advantage of the HCG resonator over other on-chip resonance based
devices is its intrinsic ability to establish a unique pattern of resonance modes. A
simulated mode pattern at resonance for an HCG resonator excited with a Gaussian
beam of ~10um spot size (output from a single mode fiber) is shown in Figure 16(a).
The top view of the resonance (at 1564nm) sliced through the center of resonator is
shown in Figure 16(a). Efficient optical coupling of the input light to the HCG device is
facilitated by the large mode overlap between the input Gaussian beam and the
resonance mode. The side view of the resonance inside one grating period of the HCG
is shown in Figure 16(b), which reveals a large portion of the resonance mode exists
near the HCG surface. This feature results in a strong interaction between the resonant
light and surface attached biomolecules.

Sensitivity of the HCG device to changes in refractive index.

Quantitative measurements are used to evaluate the intrinsic sensitivity of the HCG
device to a change in refractive index. First the sensor is covered uniformly with a liquid
of known refractive index (RI), with solvents covering a Rl range from 1.494 to 1.506.
The results of these measurements are shown in Figure 17(a), and reveal that an
increase in RI shifts the resonance wavelength to the red. The shift in wavelength as a
function of the change in Rl is plotted in Figure 17(b). This plot reveals a linear
relationship exists between RI and the red-shift, and shows our HCG sensors have a
Rl sensitivity (RIS) of 418nm/RIU, which is higher than those measured for other
dielectric structures. % 8" The high sensitivity of the HCG is attributed to the special
resonance mode pattern of the HCG resonator, which was described in the previous
section.

Quantitative analysis of antibody-antigen interactions using HCG sensors.
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To characterize the sensitivity of the HCG sensor in detecting target antigens, we
tested a complementary antibody-antigen pair of unlabeled IgG from rabbit serum
(Sigma, 15006) as the antigen, and anti-rabbit IgG produced in goat (Sigma; R2004) as
the detection antibody. A schematic of antibody-antigen binding assay platform is
shown in Figure 18 (a) and (b). First the HCG sensor surface is linked to the anti-rabbit
IgG antibody using a maleimide-thiol coupling reaction (see Methods). Before adding
the target antigen, the spectral response of the sensor is recorded and the resonance
wavelength for the measurement assigned as the reference. Next solutions (200ul) of
the rabbit IgG (antigen) are added separately to the HCG surface over a concentration
range from 0.1ng/ml to Tmg/ml. The spectrum is recorded after the addition of each
concentration of antigen.

Spectral data of the interaction between surface-bound goat anti-rabbit IgG and rabbit
IgG studies are presented in Figure 18(c) and (d). A standard curve for the device is
generated by recording the spectral shift for different concentrations of the purified
antigen in PBS; three parallel titrations are performed for each antigen concentration to
improve the precision of the measurement. The standard curve recorded over a 1000-
fold range of antigen concentration shows the shift of wavelength is proportional to the
concentration of antigen. The signal associated with the binding of antigens to the
surface antibody saturates at ~3 g/ml. The lowest detectable concentration of antigen
is 100pg/ml, which results in a wavelength shift of 60pm (red trace of Figure 18(d)). A
negative control experiment is carried out using a non-complementary antigen, namely
anti-rabbit IgG and mouse 1gG, which is shown in the blue line of Figure 18 (d). This
wavelength shift for the control sample is minimal compared to the complementary
rabbit lgG/anti-rabbit IgG system. The same antibody-antigen complex is detected
equally well for rabbit IgG dissolved in serum rather than PBS, which suggests that non-
specific binding of serum proteins to the HCG surface is low. Three known
concentrations of rabbit IgG in serum (2ng/ml, 10ng/ml and 80ng/ml) lie close to their
expected values on the standard curve (black triangles in Figure 18 (d)).

To demonstrate the ability of the HCG device to record dynamic interactions between
an antigen and surface-linked antibodies we recorded the shift in the resonance
wavelength after adding rabbit IgG binding to the anti-rabbit IgG labeled surface. The
spectral response to antigen binding is recorded continuously after the addition of 4
different concentrations of the antigen. As shown in Figure 18 (c), the spectral shift
increases exponentially with a time constant of ~50 seconds (on average) and reaches
a plateau at 95% of the equilibrium value within 200 seconds. This study shows the
HCG devices van be used to quantify the amount of antigen in a sample and to
establish kinetic constants associated with complex formation (or dissociation) within 4
minutes.

Quantitative analysis of cardiac Troponin I.

Purified human cTnl is detected in serum and PBS using a commercial anti-human
troponin | antibody that binds to an epitope between residues 86-209 on troponin | (sc-
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133117, Santa Cruz Biotechnology). The monoclonal antibody is covalently linked to the
HCG surface using the maleimide-thiol coupling strategy described in the Methods
section. The standard curve for cTnl binding to anti-cTnl on the HCG surface is
generated by measuring the change in the resonance wavelength for different dilutions
of purified cTnl in PBS (0.1ng/ml to 80ug/ml; Figure 19 (a)). Purified cTnl is also
measured after being diluted at 4 defined concentrations in fetal bovine serum on the
HCG device. The concentrations of cTnl in the different serum samples are determined
by comparing their spectral shifts to the standard curve (black triangles in Figure 19(a)).
The concentrations of cTnl recorded on the HCG device are comparable to those that
occur in the serum of stroke victims, and to those reported for commercial assays of
serum cTnl.

Discussion

Clinical diagnosis of diseased states based on quantitative analysis of biomarkers
present in serum require assays that are robust, sensitive, accurate and specific for the
target biomarker. These assays are increasingly being carried out using ELISA on POC
devices. The ELISA technique however, requires multi-step processing of the sample
and detection reagents, which complicates the design of the device. Moreover, since
the readout signal is generated using heterogeneous antibody-enzyme conjugates the
performance of ELISA'’s is subject to vendor to vendor, and batch-to-batch variability. In
this study we used high contrast grating (HCG) resonator for label-free detection and
quantification of interactions between specific antibody-antigen pairs. The low-cost
device is simple to construct and allows for sensitive and robust, surface-based
detection formats to quantify disease biomarkers in serum within 4 minutes. Our studies
show that cTnl can be detected in a mock serum sample with a sensitivity of 100pg/ml,
a level of detection that falls within the range of serum cTnl levels associated with
stroke (~400 pg/ml is the normal cutoff) ** 8. The simple design of the HCG sensor,
which is based on a standard silicon manufacturing process, allows for the fabrication of
more than10000 unique sensors on a single cm? chip complete with integrated
microfluidic and electronic systems. The integration of a stand-alone tunable laser and
photodiode helps to reduce the cost of the measurement system, while the surface-
normal fiber detection format overcomes a requirement in other competing devices for
continuous adjustments to maintain a precise optical alignment. A simple extension of
the HCG platform described in this study would be to combine a HCG sensor array with
a fiber array, as shown in Figure 19(b). This new platform could facilitate high-
throughput, parallel screening of biomarkers in thousands of samples. Finally, the HCG
label-free biosensor is shown to perform well in mock clinical diagnoses of cTnl in
serum, providing both equilibrium and kinetic analyses of the target protein over a
concentration range that is relevant for the clinical diagnosis of cardiac infarction.

Material and Methods

Fabrication method
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The devices are patterned onto a 6 inch silicon-on-insulator with Si-layer thickness
500nm wafer (from SOITEC) using DUV (ASML 300) lithography followed by silicon
refractive ion etching (Lam Research), which are both standard processes in
semiconductor manufacturing.

Reflection spectrum measurement

A tunable laser (HP 8164) centered at 1550nm is used as the excitation and is set in a
continuous sweeping mode between 1560nm and 1565nm at a rate of 40nm/sec. The
power of the reflected light is recorded using a photodiode in real time and is
synchronized to the laser sweep rate.

Antibody immobilization

Maleimide groups are introduced to the antibody by treating the antibody (1mg/ml) with
100 uM maleimidobenzoic acid succnimide ester (MBS, Sigma) in PBS for 2hrs at room
temperature. The mixture is then passed over a PD-10 column in PBS to remove
unlabeled MBS and fractions containing the MBS-antibody conjugate are pooled. The
surface of the Si-sensor is thiol-silanized using a fresh 5% solution of (3-
Mercaptopropyl) trimethoxysilane (MPTMS) in IPA for 1hr. After washing with PBS the
surface is treated with a 1mg/ml of the MBS-antibody. The reaction between the MBS-
antibody conjugate and surface thiol groups on the HCG results in a stable thioether
bond. After an incubation period of two hours, the surface is washed with PBS, and a
blocking buffer containing 3%BSA is applied to the surface to reduce the non-specific
binding of serum proteins.
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Chapter 4

Dissertation of a novel mitochondrial mediated Necrosis pathway

Introduction

Homeostasis is maintained in multicellular organisms through a balance of cell
proliferation and cell death. Programmed cell death is triggered during development and
in diseased and damaged tissue and allows the body to eliminate damaged or
inappropriately stimulated cells. Three major cellular processes associated with cell
death have been described: apoptosis (type 1), cell death associated with autophagy
(type 2), and necrosis (type 3) %192,

Necrotic cell death has been shown to be the critical regulator of disease pathologies
including Alzheimer’s, Parkinson’s, ischemia-reperfusion, stroke and infection 103,
Recent studies also suggest an important role of necrosis in controlling viral infection
and stimulating immuno-surveillance ' '%. In addition to its biological importance in
pathological cell death, as a tightly regulated cell death pathwaa/, programmed necrosis
may exert an anti-cancer function in vivo, similar to apoptosis 1% 'Necrosis was not
characterized as a programmed process until recently as it was originally thought of as
an accidental and uncontrolled process, a consequence of extreme physicochemical
stresses. While our understanding of the mechanism and regulation of necrosis is still
somewhat limited, significant progress has been made over the last decade. The main
conceptual change is that necrosis may be considered as a highly regulated cell death
pathway, both in its occurrence and in its appearance " '%®. Many stimuli including
death domain receptors, reactive oxygen species (ROS) and calcium overload have
been showed to trigger necrosis leading to defined steps and signaling events that are
reminiscent of those characterized for programmed cell death "%,

TNFa (tumor necrosis factor alpha) is a potent inducer of necrosis in many cell types; it
is so far, the most characterized necrosis pathway. TNFa normally stimulates a plasma
membrane associated complex 1, which triggers activation of NF-kB (nuclear factor
kappa-light-chain-enhancer of activated B cells) initiated cell survival response. But
when complex 1 is internalized, the cytosolic complex Il forms containing RIP1(receptor-
interacting protein 1), RIP3 and caspase 8. This complex is considered the pro-death
complex. Normally, Caspase 8 will cleave RIP1 and RIP3 and initiate apoptosis,
however, in the presence of caspase inhibitors, or in the absent of caspase 8, RIP1 and
RIP3 are phosphorylated and forms a necrosome that initiates necrosis '°°''?. A small
molecule Nec-1 (Necrostatin-1) was identified that inhibits necrosis by allosteric-
blocking of the kinase activity of RIP1. Nec-1 abolishes the assembly of the RIP1-RIP3
complex, suggesting that the kinase activity of RIP1 is required for necrosome
formation. Necrosis depends on a tightly-regulated mutual relationship between RIP1
and RIP3 kinase activities, involving the auto-phosphorylation of RIP1 and direct or
indirect RIP3 mediated phosphorylation of RIP1. Several other necrostatins have been
identified according to their ability to suppress TNF induced necrosis "> ''*. So far, two
RIP3 downstream kinase substrates have been identified to be the positive regulator of
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TNF induced necrosis, PGAMS (phosphoglycerate mutase family member 5) and MLKL
(mixed lineage kinase domain-like) ''* '"®. PGAMS5, as a protein phosphatase, is
activated by RIP3 mediated phosphorylation. Active PGAMS5 will dephosphorylate and
activate the mitochondria fission factor Drp1 that induces mitochondria fragmentation.
Mitochondria permeability and fragmentation has long been associated with necrosis
"7 When necrosis is executed, the mitochondria permeability transition pore is
deregulated, leading to an increase in ROS production and calcium imbalance, which
eventually cause disintegration of the organelle. The subsequent release of cytotoxic
hydrolase and ferrous ion from mitochondria matrix and lysosome further enhances the

91i85ruption of membrane integrity and increases ROS production and calcium imbalance

In addition to the death receptor induced necrosis pathway, other chemical stresses,
including ROS and calcium-overload can also induce necrosis through the mitochondria
pathway. PGAMS has been found to be an important regulator in both ROS and calcium
overload necrosis '*°.

In our group’s previous study, a small molecule compound, necrocide 1 (NC-1), which is
currently under development as an anticancer drug, was identified as an inducer of
programmed necrosis in a broad spectrum of human cancer cell lines. Further
characterization of NC-1 induced necrosis reveals unique features of this pathway. First,
NC-1 induced necrosis independent of caspase inhibitors, second, this pathway does
not require TNFR, and finally, necrosome inhibitors cannot completely block necrosis
initiation. All together, we believe a novel necrosis pathway is induced by NC-1 and can
be utilized as a tool to dissect the general pathway of necrosis.

Results
Confirming NC-1 induces necrosis, not apoptosis or autophagy

Cleavage of PARP(Poly (ADP-ribose) polymerase) and caspase 3 are widely used as
markers for the activation of the apoptosis pathway '?°. The LC-II (Microtubule-
associated proteins 1A/1B light chain 3) complex is formed when LC3 is recruited to the
autophagosomal membranes during autophagy and is therefore a potent marker for
autophagy '?'. On the other hand, no specific marker has been identified for necrosis.
Since none of the apoptosis or autophagy markers are detected during necrosis '"’,
researchers have had to use an elimination method to distinguish necrosis cell death.
More recently however, release of the intracellular protein CyPA(Cyclophilin A) from

cytosol has been identified as a marker for early necrosis '%.

In order to affirm the cell death induced by NC-1 results from necrosis, the biological
markers PARP, caspase 3, LC-Il, and CyPA were tested for apoptosis, necrosis and
autophagy. MCF-7 cells were treated with NC-1 and the apoptosis inducer TNFa for
various lengths of time, the supernatant growth medium and cell lysate was collected
separately for Western blot assays. As shown in Fig.20, formation of the LC3-Il complex
did not occur in both TNFa and NC-1 treatments, eliminating the possibility of
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autophagic pathway activation. Cleaved Parp and Caspase 3 can be detected after 3
hours of TNFa treatment suggesting onset of apoptosis, but is not detected with NC-1
treatment even after 24-hours, which indicates NC-1 does not induce apoptosis in
treated cells. Moderate amounts of CyPA were detected in the supernatant of TNFa
treated cells following a 3 hour treatment; this is most likely due to leakage of the cell
contents from already-dead cells, the level of CyPA notably increased at 24 hours when
majority of cells are dead or have impaired cell membranes. Significantly higher levels
of CyPA were observed in NC-1 treated cells at 3 hours compared to TNFa treated
cells, suggesting the onset of necrosis. In our previous studies, florescent images (Fig.
20C) of NC-1 induced cell death showed a swelling of the nucleus and fragmentation of
chromosomes along the nucleus membrane, which morphologically resembles necrotic
cell death. The combination of morphological assembly and release of necrosis
biomarkers, it our studies suggest that NC-1 induces necrosis in treated cells.

Characterization of NC-1 induced necrosis.

To gain insight into the mechanism of action of this novel necrosis pathway, a kinome
screen was conducted by our colleague Christina Trojel-Hansen. The screen involved
knocking down 691 human kinases using small interference RNA in individual cells. The
screen identified 16 kinases that conferred significant protection against cell death
induced by NC-1 with the notable inclusion of RIP4, a member of the RIP family of
kinases. Other RIP family kinases including RIP1 and RIP3 have been characterized as
important regulators of TNF- and zVAD- induced necrosis, that form necrosomes upon
activation '®. Significantly, RIP4 had not been previously linked to necrosis signaling.
RIP kinases share a similar kinase domain, yet they are also characterized by shared
capacities to transmit intracellular responses to various environmental factors 24 n the
past few years, progress has been made towards understanding the functions of
different RIP family members. RIP4 was identified as an important component in the
NF-kB pathway and is a substrate of caspase in apoptosis 125129 R|P2 was also
implicated in the NF-kB pathway and apoptosis % The function of RIP5,6 and 7 were
largely unknown, but RIP5 shares more than 30% sequence similarity with RIP4 **,
This high resemblance in overall structural organization suggests a function similar to
that of RIP4 2. RIP7 and RIP6 also share high sequence similarity and missense
mutations of RIP7 have been identified in several major neurodegenerative diseases
associated with Parkinson’s disease '3*1%.

To further confirm the involvement of RIP4 in the protection of NC-1 induced necrosis,
RIP4 was knocked down by transient transfection of siRNA. As shown in Fig.21, the
high efficiency of the RIP4 knock-down was confirmed by western blot analysis. The cell
survival rate in RIP4 KD cell increased by 20% in the knock-down compared to
transfection with a mock siRNA. We further analyzed whether RIP4 KD reduces necrotic
cell death by recording the release of CyPA. MCF7 WT and RIP4 KD cells were treated
with 25nmol of NC-1, as shown in Fig.21, RIP4 KD cells release significantly less CyPA
compared to WT. Our studies suggest that RIP4 is a positive regulator of NC-1 induced
Nnecrosis.
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In the RIP1, RIP3 studies, necrostatin-1 was found to interact directly with RIP1 to
inhibit its kinase activity. Next we considered the possibility that NC-1 may also function
to interfere with RIP4. To test this hypothesis, an in vitro kinase assay was conducted
using overexpressed and tandem affinity-purified RIP4. In our assay, purified RIP4 was
incubated with p35-labled ATP and phosphorylation by was measured by
autoradiography. As shown in Fig.22, the level of phosphorylation of RIP4 decreased in
the presentce of NC-1, indicating a direct effect of NC-1 on RIP4 kinase or its interacting
partners. RIP1 and Nec-1 was also included in the assay as a positive control. As
shown in Fig.22, RIP1 auto-phosphrylation decreased significantly in the presence of
Nec-1, which is consistent with our previous studies, but did not change with NC-1.

Identification of the RIP4 complex

In order to identify the RIP4 complex with NC-1 treatment, tandem affinity purification
was used to pull down proteins that interact with RIP4. An inducible RIP4-FLAG
overexpression cell line was established with MCF-7 cells. RIP4 expression was
induced by doxycycline before incubation with NC-1 and the collection of cell lysate.
Tandem affinity purification coupled with mass spectrometry was carried out on the
RIP4 pull-down with the main components being identified as Mule and PGAMSI
(Fig.22). PGAMS is a phosphatase that is located on the outer membrane of
mitochondria and has been previously reported as a positive regulator of both TNFa and
ROS induced necrosis through its activation of the mitochondria fission factor Drp-1 3¢
Mule is an E3-ligase that has reported to positively regulate apoptosis by degradation of
Mcl-1 and HDAC2 "*" '*® but was not previously linked in necrosis pathway.

Discussion

Previous studies of the necrosis pathway were mainly based on analysis of membrane
receptor induced pathways, which overlap largely with apoptosis. NC-1 is the first
compound that has positively been identified with the induction of necrosis without
apoptosis inhibition. The identification of NC-1 provides an unprecedented opportunity
to broaden our understanding of the molecular regulation of necrosis.

We also identified a new necrosis regulator RIP4 and its necrotic complex components,
PGAMS and Mule. PGAMS is a mitochondria localized phosphatase. Mitochondria
fragmentation has been implicated in necrosis for many decades, but only recently, has
a necrosis induced mitochondria fission pathway been described. In this pathway
PGAMS5 was shown to be activated by RIP3, which in turn activates a downstream
target, Drp1. Active DRP1 subsequently localizes to the mitochondria and induces
fission'*®. Since PGAM5 was found in the NC-1 induced RIP4 necrotic complex, we
propose that RIP4 induces necrosis through our newly discovered PGAMS mediated
mitochondria pathway. A deterioration of mitochondrial health has been implicated in
many stress response and cell death pathways such as mitophagy and intrinsic
apoptosis, with permeabilization of the outer mitochondrial membrane being a signature
event in the onset of intrinsic apoptosis '*°. It is reasonable to speculate therefore that
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RIP4 induces necrosis by altering PGAMS5 and DRP1 function and a consequence of
this activity is mitochondrial fragmentation.

The identification of the TNF-independent necrosis inducer NC1 provides an opportunity
to broaden our understanding of the molecular regulation of necrosis. Once regulation is
clarified, these studies could provide us with more defined knowledge of necrosis and
its execution. With an increased implication of necrosis in human disease, a deeper
understanding of necrosis will provide considerable insight on disease pathology and
may provide new targets for drugs that could be used to interpret the disease
pathologies and to provide more specific targets for anti-cancer drug and pathologic
necrosis

Material and Method
Preparation and maintenance of cells

All cells used were provided by UC Berkeley Tissue Culture Facility. Cells were cultured
in high- glucose DMEM with GlutaMAX (Life Technologies, cat. 10566-016)
supplemented with 10% FBS (Life Technologies, cat. 16000-085) 1%
Penicillin/Streptomycin Solution (Life Technologies, cat. 15140-122) in humidified
5%CO0O; incubator at 37 degree Celsius. Cells were passaged at confluence.

SiRNA for human RIP4 and mock were purchased from Santa Cruz and transfected
MCEF-7 cells according to the manufacturer’s protocol.

Cell survival assay was performed using SYTOX® Green Nucleic Acid Stain (Molecular
Probe) according to the manufacturer’s protocol and analyzed by Flow cytometry.

Tandem affinity purification

293T cells were cultured in DMEM supplemented with 10% FBS. When the cell
confluency rises to 80-90%, cell transfection was performed using PEI solution
(30pg/15cm dish). Two days after transfection, whole-cell lysates (WCLs) were
prepared in tandem affinity purification (TAP) buffer 20 mM Tris HCI (pH 7.5), 150 mM
NaCl, 0.5% Nonidet P-40, 1 mM NaF, 1 mM Na3zVO,4, 1 mM EDTA, protease inhibitor
mixture (Roche)], recombinant proteins were pulled down using anti-flag beads. Before
elution, the beads with recombinant proteins were given three washes using high salt
buffer [20 mM Tris HCI (pH 7.5), 650 mM NaCl, 0.5% Nonidet P-40]. The proteins were
finally eluted using flag peptide solution and analyzed by SDS-PAGE.

Silver staining was preformed using the Pierce™ Silver Stain Kit (Thermo Scientific)
according to manufacture’s protocol, each protein band was cut off and analyzed by
Mass spectrometry.

In vitro kinase assay

28



Recombinant FLAG-RIP4 protein was purified from transfected HEK293T cells as
previously described in tandem affinity purification. Kinase reaction was initiated by
addition of 10 mM cold ATP and 1 mCi of [g-32P]ATP, and reactions were carried out
for 30 min at 30 1C. Reactions were stopped by boiling in SDS-PAGE sample buffer
and subjected to 8% SDS-PAGE. Protein band was visualized by analysis in a Storm
8200 Phosphorimager.
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Figure 1. Kabiramide C structure and Actin-binding mechanism. A. The chemical structure
of Kabirmide C with a macrolide ring and tail. B. First step of KabC-actin binding
mechanism involving the rapid interaction of macrocyclic ring of KabC with residues at
the entrance of the cleft between SD1 and 3 at the barbed-end of actin protomer. C. the
second step of KabC-actin binding when the macrolide tail penetrates into the SD1, SD3
cleft to form a strong and long-lived KabC-actin complex.
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Figure 2. Selectivity of the binding of fluorescent KabC to the barbed ends of actin
filaments in fixed mammalian cells. A. TMR-KabC staining in fixed NIH 3T3 cells
represented by the red color. B. FITC-phalloidin staining in same cell represented by the
green color. C. overlay image of TMR-KabC and FITC-phalloidin.
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Figure 3. Generation of free barbed ends during movement and cell spreading. A. motile
cell with lamellipodia formation. Live NBT-II cells stained with SiR-KabC, images were
taking every two minutes. B. Cell attaching to surface. A live NBT-Il cell stained with SiR-
KabC attaching to the surface of culture plates after trypsin digested. White arrow pointing
to the KabC cluster formed and grew as cell attached and spreading. Images were taking
very 4 minutes C. SiR-Jas and TMR-KabC co-staining of motile cells. The position of
arrows with same color remain stationary in two consecutive frames, and the arrows point
to TMR-KabC clusters first in the first image, and in the second image SiR-Jas staining,
which representing actin filaments, move to the arrow position.
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Figure 4. Generation of free barbed ends during PDGF-mediated endocytosis. A-C.
PDGF-induced endocytosis in Rac-1-GFP transfected Hela cells staining with TMR-
KabC. A. Before PDGF addition. B-C. two consecutive frame of TMR-KabC and GFP
fluoresce image of the cell after adding PDGF. D. SiR-KabC staining of Fyve domain-
GFP expressing Hela cells demonstrate generation of endosome from the barbed-end
rich plasma membrane. White arrows point to the endosome generation site. E. Two
pools of endosomes existed in PDGF-induced endocytotic Hela cells. White arrows
indicate the pre-exist, stationary endosomes, blue arrows indicate the endosome
generated after PDGF induction. F. close-up montage of one endosome generated
close to plasma membrane
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Figure 5. Generation of free barbed ends during cytokinesis. A. SiR-Jas (Red) and TMR-
KabC (Green) double staining of NBT-Il cells undergone cytokinesis. B-C. Correlation of
endosome movement and actin filament propulsion during cytokinesis. B. GFP
fluorescent image of FYVE domain-GFP expressing Hela cell during cytokinesis. Arrow
showed the movement of endosome towards cleavage furrow at the on set of cytokinesis.
B. overly of FYVE domain-GFP image with SiR-KabC images. Arrow indicates movement
of endosome not associated with new barbed end formation.
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Figure 6. Visualization of nuclear proteins. A-E, Emerin-YFP, Sun1-GFP, Sun2-GFP,
LaminA-GFP and Nesprin2-mini-GFP were transiently expressed in NIH 3T3 cells,
fluorescent images were taking with live cells using Zeiss 710 confocal microscope with
an environmental chamber for the live visualization of nuclear membrane. F. Ear
fibroblast cells from Histone 2B-GFP transgenic mice were imaged with same set-up as
A-E.
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Figure 7. visualization of cytoskeleton component in live cells using SiR conjucated
dyes. A. NBT-II cells treated with 10nM SiR-Jas showed strong florescent labeling at the
stress fiber and focal contacts. B. NBT-Il cells treated with 10nM TMR-KabC showed
differential label at barbed end actin at site of membrane protrusion. C. NBT-Il cells
stainted with 10nM SiR-Texal showed microtubule network.
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Figure 8. Multicolor imaging of nucleus and cytoskeleton. A-B, Emerin-YFP transfected
cells were stained with SiR-Jas and SiR-tub respectively. C. Excitation and emission
spectra of SiR and YFP to allow spontaneous imaging of the two dyes. D. Emerin-YFP
transfected cells were stained with TMR-KabC, nuclear invagination was observed with
localization of intensive KabC staining at the bottom. E. Triple live cell staining of
Emerin-YFP, TMR-KabC and SiR-Jas.
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Figure 9. Nuclear response to 5nM blebbistatin treatment. A. Emerin-YFP fluorescent
image before addition of blebbistatin. B-F. Emerin-YFP fluorescent images taking every
20 minutes after addition of 5nM of blebbistatin. G. Emerin-YFP fluorescent after 2
hours of blebbistatin treatment.

38



Figure 10. Nuclear response to 10nM blebbistatin. A. Emerin-YFP fluorescent image
before 10nM of blebbistatin treatment. B-C. Emerin-YFP fluorescent 20 min and 40 min
after addition of 10nM of blebbistatin respectively. D. Emerin-YFP labeled membrane
explosion after 1 hour of 10nM blebbistatin treatment. E. Emerin-YFP fluorescent image
of interconnected nuclear membrane fragments after the explosion.
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Figure 11. Nuclear response to 5nM of Cytoclasin D treatment. A. Sun2-GFP
fluorescent image before 5nM Cyto D treatment. B-E. Images of Sun2-GFP labeled
nuclear responding to 5nM CytoD treatment taking every 20min. F. image of Sun2-GFP
fluorescent image after 2 hours of CytoD treatment.
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Figure 12. Nuclear response to ROCK inhibitor Y-27632. A. Emerin-YFP fluorescent
image before Y-27632 addition. B-F. Emerin-YFP images taking every 20mins after
addition of Y-27632. F. Emerin-YFP images taking 3 hours after Y-27632 treatment.
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Figure 13. SiR-KabC fluorenscent image of NBT-II cell during cell division. Images were
taking very 4 minutes. Two daughter cells separated completely after 20 minutes in F.
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Figure 14. SiR-KabC fluorenscent image of NBT-II cell treated with Y-27632 during cell
division. A-E. SiR KabC images taking every 2 minutes. F. SiR-KabC image taking after
2 hours from A, the two daughter cells were still interconnected.
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Figure 15. HCG resonator as a label-free biosensing platform. (a) Schematic of a
surface normal coupled HCG resonator. (b) SEM image of gratings within a single
fabricated HCG resonator. (c) Schematic of the principle of using HCG resonator as a
protein binding sensing platform. The red-dashed curve indicates a red-shift in the
resonance wavelength occurs when a protein binds to HCG surface. (d) A single mode
fiber probe is immersed in the fluid above the HCG surface to avoid surface reflections.
(e) A reflection spectrum recorded for a device having the configuration schematized in
(d). A tunable laser centered at 1550nm is used as excitation source and is run in a
continuous sweeping mode. The reflection power is recorded in real time and is
synchronized to laser sweeping rate.
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Figure 16. HCG resonator intensity pattern at resonance wavelength. (a) Top view of
the resonance inside the HCG cavity excited by Gaussian beam with a 10um spot size
at resonance wavelength (1564nm). A large mode overlap with the input beam
contributes to a simple and efficient coupling of the input light. (b) Side view of the
resonance (showing one period) inside the HCG cavity. The resonance is designed to
have large mode exposure to surroundings, which contributes to the high sensitivity of
the device.
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Figure 17. Quantification of HCG sensor sensitivity at different refractive indices. (a)
Reflection spectra for a HCG resonator immersed in liquids with different refractive
indices ranging from 1.494 to 1.506. (b) Resonance wavelength as function of the

change in refractive index.
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Figure 18. Three-dimensional schematic (not drawn to scale) and the experimental
measurements illustrate the detection scheme using HCG resonator as platform for
antibody-antigen binding assay. (a) HCG sensor immobilized with capturing antibody.
(b) Antigen attaches to the antibody immobilized sensor and changes the surface
properties of HCG sensor. (c) Real time recording of the interaction between surface
bound goat anti-rabbit IgG and different concentrations of antigen (rabbit IgG). The
dashed lines are the corresponding fits to data. (d) Red dots show the resonance
wavelength shift for different concentrations of purified rabbit IgG added to a HCG
resonator surface-coated with anti-rabbit IgG. The red dashed line is the fit to recorded
data. Blue dots show that the incubation of mouse IgG with surface linked anti-rabbit
IgG results in smaller shift of the resonance wavelength. The black triangles show the
response of the HCG sensor to the addition of rabbit IgG dissolved in goat serum
(Sigma). The bars indicate the error range for the 3 measurements.
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Figure 19. (a) Measurement results for troponin | molecule inside PBS (red dots) and
serum (black triangles). The bars indicate the error range over 3 measurements. (b)
HCG sensor array combined with fiber array for high throughput screening.
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Figure 20. NC-1 induces necrosis. A. The chemical structure of NC-1. B. MCF7 cells
were incubated with TNF or NC1 for indicated length of times, then the cell lysate and
medium supernatant were collected for western blot detection of necrosis marker CyPA,
apoptosis marker cleaved PARP and autophagy marker LC3-II. C. Cells were treated
with NC1 and TNF before stained with Hoechst dye for DNA.

49



&0

LRNA Mock RIP4

A : 2
691 Human Kinases % " ‘ .
Average survival 2 . A 7o
Yy +3SD g
16 Kinases §
Validation g :
' »
RIP4
Mock RIPE LRNA
C wT RIP4 KD
NC-1 0 25 50 0 25 50 100 nmol

e D WD e oo 0y g i

Nec-1 Nec-1
D arl nNee-s NC1  ctrl Nec.s NC1

2 3 a 5 6

e

ra

i I8

- .
L) %

~RIP4

RIP1—

Figure 21. RIP4 is a positive regulator of NC-1 induced necrosis. A. human kinome

screening identified RIP4 as a putative regulator of NC-1 induced necrosis pathway. B.
RIP4 was knocked down by siRNA, cell survival rate in Mock knock down and siRNA
knock down was determined by Sytox Green staining and cell counting. C. Wildtype and

RIP4 KD cells were treated with indicated concentration of NC-1, the medium

supernatant was collected and CyPA release was detected by Western blot. D. in vitro
kinase assay of RIP4 and NC-1. RIP1 and RIP4 was purified from MCF7 cells by
immunoprecipitation, then incubate in vitro with radiolabeled ATP and Nec1+Nec5 or

NC1. The level of phosphorylation was determined by autoradiography.
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Figure 22. Identification of RIP4 necrotic complex. MCF-7 cells inducible expressing
FLAG-RIP4 were treated with NC-1. Cell lysate was collected and RIP4 complex was
tandem affinity purified and analyzed on a silver-stained SDS-gel. The bands were cut
out and analyzed by Mass spectrometry.
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