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Abstract

Spatiotemporal Organization of Signaling Proteins on the Cell Membrane Studied by
Spatially Patterned Supported Lipid Bilayers

by

Hiroyuki Kai

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Jay T. Groves, Chair

Membrane proteins in the cell are dynamically organized to process the information from
the environment and can precisely regulate cell signaling and functions. The spatiotemporal
dynamics of proteins can be investigated by means of fluorescence microscopy to elucidate
the mechanism of cell signaling. In addition, a fluid lipid bilayer on a flat glass surface
with two-dimensional mobility of lipid molecules, called supported lipid bilayer (SLB), has
proved a powerful tool to investigate cell-cell interactions and reconstitute membrane protein
functions in vitro.

The T cell is activated by an antigen presenting cell (APC) when a T cell receptor (TCR)
is engaged by a major histocompatibility complex (MHC) on the APC. To precisely regu-
late T cell activation, the T cell organizes membrane proteins and other signaling molecules
into particular spatial organization. We applied spatial patterning technologies to the SLB
to probe and modulate spatiotemporal dynamics of the T cell signaling, and investigated its
mechanism by fluorescence microscopy. In Chapter 2, the SLB embedded with a regular
array of gold nanoparticles (nanodot array) was used to probe T cell receptor (TCR) micro-
clusters on the T cell membrane. This nanodot array probes membrane protein assemblies
below the diffraction limit of light in living cells by a mechanical means, which comple-
ments super-resolution microscopy. In Chapter 3, the spatiotemporal dynamics of Linker for
Activation of T cells (LAT), another important protein in T cell signaling, was investigated
by localized stimulation to the T cell using a polymer-patterned SLB. This method effec-
tively separated the sites of T cell activation far apart from each other, and elucidated the
LAT dynamics upon T cell activation more clearly than ever.

ESCRT proteins play an essential role in membrane budding and scission, and it is suggested
that they use membrane curvatures to regulate their functions. In Chapter 4, we made a cover
glass with nano-hollows of ∼100 nm in depth and ∼200 nm in diameter, and investigated
the interaction between the SLB on the nano-curvature and ESCRT proteins. Highly se-
lective accumulation of ESCRTs into the part of SLB with nano-curvature was observed,
which indicated the ESCRTs sense the artificial nano-curvature just as they do in vivo. This
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experimental platform opens up possibilities for precise kinetic studies on ESCRTs in vitro.
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Chapter 1

General Introduction

Cells use a network of interacting proteins to process the signal from the environment to
function properly. It has become widely accepted that not only the components and bulk
quantity of proteins, but also the dynamic spatial arrangement of signaling molecules, are
important parameters in cell signaling. T cell activation and ESCRT machinery are two
remarkable examples of biological systems that take advantage of the characteristic environ-
ment of the cell membrane.

1.1 T cell signaling

1.1.1 T cells in an adaptive immune system

An adaptive immune system protects our body from foreign pathogens based on the memory
of past infections. This vertebrate-specific immunity is governed by communication between
multiple kinds of cells in the body (Figure 1.1). Antigen presenting cells (APCs) such as den-
dritic cells and macrophages capture pathogen and present peptide fragments of the pathogen
(antigen) to the helper T cell (we called it just “T cell” throughout this dissertation) through
a major histocompatibility complex class II (MHC-II), and once the T cell is presented with
the antigen, it triggers the T cell activation signaling pathway, and leads to the secretion of
cytokines to proliferate themselves by IL-21 and stimulate other cells such as macrophages
and B cells by IFN-γ,2 IL-4,3 etc.
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Figure 1.1: Cell types in the family of white blood cells. CD4+ T cells (shown in red) are activated
by antigen-presenting cells such as B cells, dentritic cells, and macrophages (shown in blue).

1.1.2 Antigen recognition by TCR

Presentation of antigen to the T cell by the APC occurs in a juxtacrine (i.e. contact-dependent)
manner: MHC-II bearing an antigen peptide, called peptide-MHC complex (pMHC), binds
to the T cell receptor (TCR) on the surface of the T cell (Figure 1.2). The TCR distinguishes
peptide sequences to decide whether it gets activated or not. The remarkable fact about T
cell activation is that it has extremely high sensitivity and selectivity towards antigen, and
the T cell can distinguish two peptides with just a single amino acid residue difference to
have dramatic difference in the signaling outcome.

The TCR undergoes somatic recombination during development, which gives diversity to
TCRs in multiple clones of T cells, and every TCR recognizes different subset of peptides,
and only those peptides activate that specific clone of T cells. T cells that respond to “self”
peptides are removed during negative selection in the thymus. Tyrosines of the cytoplasmic
region of TCR (immunoreceptor tyrosine-based activation motif, or ITAM) are phosphory-
lated upon the binding by pMHC with the antigen peptide, and this phosphorylation is critical
in T cell activation, although how the binding of pMHC to TCR results in phosphorylation
of TCR’s ITAM is still unknown.
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Figure 1.2: Antigen presentation to the TCR by the APC. (a) Schematic of T cell-APC contact. (b)
Crystal structure of the part of TCR-MHC complex. Adapted from D. S. Goodsell, “T-Cell Recep-
tor”, RCSB Protein Data Bank4 (http://www.rcsb.org/pdb/101/motm.do?momID=63). This structure
lacks the transmembrane and cytoplasmic regions, and does not give information on binding-induced
structural change of TCR.
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1.1.3 TCR triggering and signaling cascade

TCR engagement by pMHC and phosphorylation of the ITAM of the TCR is the first step
of T cell activation.5 Once the TCR is phosphorylated, many other proteins are activated
in the signaling pathway (Figure 1.3). These proteins physically associate with each other
to convey the information of activation in the cell. Zap70 (zeta-chain-associated protein
kinase 70) is recruited to the phosphorylated TCR cytoplasmic chain, and Zap70 further
phosphorylates LAT (linker for activation of T cells), and LAT forms a cluster with other
signaling proteins such as Sos, SLP-76, PLC-γ, etc.

1.1.4 Methods for T cell signaling study

Various techniques are used to study the mechanism of T cell signaling. The global pro-
tein expression level in the cell is of a primary interest. Immunoblotting (Western blotting)
separates proteins in cell lysate based on molecular weight and charge by SDS-PAGE and
stains the protein of interest by an antibody to quantify the protein. Phosphorylation level of
proteins can also be quantified by using a phosphospecific antibody. As the T cell signaling
pathway contains kinases and their substrates, immunoblotting is a common method to study
their activities.

To study the role of the protein of interest in signaling, a genetic approach is used to introduce
a mutation to the protein. A T cell line (e.g. the Jurkat cell6) that lacks a specific protein
was supplied with external gene that encodes a mutated version of that protein.7 Using this
setting, the function of that mutated protein can be studied. To suppress protein expression
in primary T cells, silencing (RNAi) can be used.8–11

Genetic transduction is used to introduce external gene to a cell. Retroviral transduction uses
retrovirus with the gene of interest generated by packaging cell lines such as Phoenix cells12

and Plat-E cells.13 Fusion proteins of the protein of interest and a fluorescent protein are rou-
tinely used to visualize localization of proteins in the live cell by fluorescence microscopy.14

Recent advances in super-resolution microscopy enabled to observe the spatial localization
of signaling molecules in sub-diffraction limit size regime.15, 16 The endogenous protein is
usually left intact in imaging studies with transduced fluorescent proteins.

There are a few common indicators to quantify the level of T cell activation. The secre-
tion of cytokines, especially IL-2, is a common indicator of activation. Enzyme-Linked
ImmunoSorbent Assay (ELISA) is used for quantifying IL-2 secretion from T cells. ELISA
quantifies the concentration of a protein in solution using specific binding by an antibody.
Single-cell analysis of cytokine secretion by T cells has also been achieved be separating
cells and surrounding media into microwells.17, 18 Another important indicator of T cell ac-
tivation of intracellular flux of Ca2+ion from the nucleus to cytosol.19–21 In addition, the
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Figure 1.3: After TCR engagement with the pMHC on the APC, the T cell undergoes a cascade
of activation steps. Figure as originally published in Jérémie Rossy, David J. Williamson, Carola
Benzing, and Katharina Gaus. The integration of signaling and the spatial organization of the t cell
synapse. Frontiers in Immunology, 3, November 2012.

phosphorylation of Erk,22, 23 translocation of NFAT that is dependent on Ca2+ flux,24 etc. can
be used as indicators of T cell activation.

1.1.5 T cell models

Jurkat T cell lines (immortalized human leukemic T cells) have been used as a model T cell
system due to several advantages.6 It is easy to maintain (cells infinitely grow), and gene
modification to manipulate proteins by mutant selection is possible.7 Jurkat cells were found
to lack two lipid phosphatases, PTEN and SHIP, which might affect the TCR signaling by
constitutive activation of the PI3K pathway of T cell signaling.25–28 Despite this limitation,
Jurkat T cells have been useful for mutation studies in T cell signaling.

TCR transgenic mice were created and used in T cell studies.29 In a specific species of
transgenic mouse, all T cells have the same single clone of TCR, which means all the T cells
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from that mouse species responds to the antigen in the same manner. TCR transgenic mice
made it possible to study the response of TCR to antigen in a manner closer to real T cells in
vivo than Jurkat T cell lines, although it requires a considerable amount of time and expenses
to establish a new kind of transgenic mouse. Primary murine T cells can be cultured from
spleen and lymph nodes of a TCR transgenic mouse. Recently, TCR retrogenic mice have
been developed.30, 31 This technology can be a complementary method to express specific
TCRs in vivo.

1.2 Model membrane systems

1.2.1 Model membrane systems for studying membrane proteins

While membrane proteins are confined on the two-dimensional plane of a lipid bilayer, they
can move along the surface of the cell membrane. This laterally confined movement gives a
unique environment to membrane proteins. To study membrane proteins in biologically rel-
evant environment and under control, several experimental platforms have been developed.

Giant unilamellar vesicles (GUVs) of lipid molecules are used for studying membrane-
associated proteins.32–40 In addition, instead of embedding membrane proteins in artificial
vesicles, vesicles can be extracted from a native cell membrane as giant plasma membrane
vesicles (GPMVs).41–44

1.2.2 Supported lipid bilayers

The model membrane systems described above all have spherical structures that are sus-
pended in solution. As an alternative mode of model membrane, a flat bilayer of lipid
molecules that is continuous in two dimensions can be made on the flat glass surface, and this
is called supported lipid bilayer (SLB) (Figure 1.4).45–48 Small unilamellar vesicles (SUVs)
of lipid molecules are made by sonication49 or extrusion of multilamellar vesicles (made
just by suspending lipid molecules in water) through a porous membrane,50–53 and when the
SUVs are incubated with the cleaned glass surface, they spread onto the glass surface to
form a flat, two-dimensional bilayer of lipid molecules by self-organization. There is a thin
water layer of 1-2 nm in thickness between the lipid bilayer and the glass surface, which was
measured by neutron reflection.54 The SLB can be combined with total internal reflection
fluorescence microscopy (TIRFM) to obtain high-resolution images in a real time manner,
which makes this platform especially appealing. Another advantage of the SLB is that pat-
terning techniques on the glass can be applied to control spatial arrangement of molecules
on the SLB.
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1.2.3 Mechanism of SLB formation

The proposed mechanisms of SLB formation are reviewed in detail by Richter and col-
leagues.47 The self-organization of SUVs into the SLB occurs through a few steps - vesicle
adsorption, rupture, and spreading into the planar bilayer structure. The simplest theory
to justify SLB formation is described as the balance between stabilization by interaction
between glass and lipid molecules (energetically favorable) and the cost of rigid structure
formation (loss of entropy, unfavorable) upon the formation of a flat bilayer. This simple
view, however, turned out to be insufficient, as adsorbed vesicles can be stable in commonly
employed conditions for SLB formation.

Quartz crystal microbalance with dissipation monitoring (QCM-D) can monitor the process
of SLB formation in a real time manner. QCM-D measures the mass of molecules adsorbed
on the glass surface, and it can distinguish different surface states - the glass surface with-
out vesicles, the surface with vesicles attached but not ruptured, and the surface with a bi-
layer.(Figure 1.4(b)), as water in SUVs is also measured as attached mass. In contrast, sur-
face plasmon resonance (SPR) measures change in a refractive index near the surface, which
quantifies the total amount of lipid molecules that are adsorbed on the surface. By combining
these two experimental methods along with computer simulation, it was shown that isolated
vesicles on the glass are stable and it undergoes rupture only above certain density thresh-
old.55 It is proposed that deformation of vesicles upon adsorption destabilizes vesicles, and
the destabilization is enhanced under the condition with densely adsorbed vesicles.56

Vesicle charge is considered as the primary parameter that governs SLB formation, and hy-
drophilicity of the solid surface is also important to obtain a fluid SLB. From our experience,
a glass coverslip cleaned with piranha solution (H2SO4/H2O2 3:1) should be used within 1
day after the piranha cleaning to obtain a fluid SLB consistently.

1.2.4 Characterization of SLBs

Fluidity of the SLB can be measured by fluorescence recovery after photobleaching, (FRAP)
and fluorescence correlation spectroscopy (FCS), and single particle tracking (SPT). In FRAP,
the small area of the SLB is irradiated with excitation wavelength of fluorescent lipids to
bleach them. After bleaching, the fluid SLB can recover fluorescence of that bleached area
by lateral diffusion of fluorescent lipid molecules. This easy method measures the global
fluidity of the SLB, and you can also obtain diffusion coefficients from the FRAP measure-
ment.

FCS uses the temporal fluctuation of fluorescence intensity in a small excitation area, and
it determines diffusion coefficient by measuring how fast a molecule moves out from the
excitation area. SPT tracks the movement of molecules over time and determines the diffu-

7



Figure 1.4: Supported lipid bilayer (SLB). (a) A schematic of the structure of a SLB. (b) The pro-
posed mechanism of SLB formation. Vesicles adsorb to the glass surface, and they fuse together and
rupture onto the glass when the density on the surface becomes high enough.
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sion coefficient from mean squared displacement/time relationship derived from Langevin
equation of Brownian motion.

The SLB can have defects (areas with no fluid lipid molecules) in some cases, and defects
could potentially affect some applications.57 Defects can become too small to be observed by
normal fluorescence imaging, and AFM observation is desirable to better characterize those
tiny defects. From our experiences, those possibly existing tiny defects have never been a
problem for our application of the SLB for T cell studies.

1.2.5 Patterning technologies for SLBs

There are various technologies to fabricate patterns on the glass surface to form spatial pat-
terns of the SLBs and proteins. (Figure 1.5)58 Photolithography and e-beam lithography
were used to impose the diffusion barrier on lipid molecules in the SLB.59, 60 Our group has
been using this system extensively to investigate cell signaling and protein functions.21, 61–65

The diffusion barrier on the SLB was also made by using PDMS stamping, although the
resolution is much lower than e-beam lithography.66

Photolithography, combined with plasma dry etching, was also used for creating topographic
patterns on the glass and the SLB on top of that.67 Self-assembly of polymer and colloidal
particles is used to create a regular hexagonal array of gold nanoparticles on the glass surface,
and this pattern of gold nanoparticles can be combined with the SLB.68

The glass surface can be coated with materials that lipid molecules do not adsorb to. This
coating process, called passivation, is useful for patterning a SLB. A part of the passivation
layer can be removed with desired shape by photolithography by a photomask, and the SLBs
can be formed on the area where the passivation layer is removed. A monolayer of poly(l-
lysine)-grafted poly(ethylene glycol) (PLL-g-PEG) is used to passivate the glass surface,69, 70

and this passivation surface can be removed by deep UV exposure with a photomask. This
method has been successfully used for forming a SLB on the glass surface with a lithograph-
ically patterned surface. From our experience, patterns of ∼2 µm feature size can be readily
made with this method. Parylene was also used as an alternative material to passivate the
surface.71

1.2.6 SLBs as a platform to study cell signaling

The SLB mimics physiological environment of a laterally fluid cell membrane, and proteins
can be attached to a lipid molecules in covalent and noncovalent manners, where proteins
maintain their mobility. The SLB has proved a powerful tool to study a cell-cell junction and
juxtacrine signaling61, 63, 72 due to its compatibility with highly sensitive microscopy such as

9



Figure 1.5: Various patterning technologies for the SLB. (a) Chromium lines for diffusion barri-
ers. (b) A gold nanoparticle array. (c) Patterning by a polymer passivation layer. (d) Topographic
patterning of glass. Note that (a) and (b) are drawn in higher magnification than (c) and (d)
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TIRFM73 and spectroscopies such as FCS.74 Another advantage is its applicability to various
surface patterning technologies as described above.

In addition to observing the spatiotemporal dynamics of signaling proteins on the live cell, it
is also possible to study membrane proteins in vitro on the SLB.75 Compartmentalized SLBs
made by lithographic patterning described above can be considered as a SLB microarray.76

The single-molecule kinetics of lipid-anchored GTPase was investigated on the compart-
mentalized SLB.65

It is important to note that there are a few discrepancies between a SLB and a real cell
membrane. Cells that interact with proteins on the SLB do not experience dynamic feedback
from their counterpart, which may become important in some cases. In addition, cell-cell
junctions in vivo are not flat, and their shape is constantly fluctuating in three dimensions.
Three dimensional topology of the cell-cell junction and curvature of the membrane play
a role in some cases in cell.77–86 Nonetheless, SLBs have been proved a powerful tool to
discover new biological phenomena of cells and proteins and investigate them in great detail
in vitro.

1.3 Spatiotemporal organization in T cell signaling studied
on the model cell membranes

The SLB is compatible with various fluorescence microscopy techniques. Total internal
reflection fluorescence microscopy (TIRFM) uses evanescent waves to excite fluorescent
molecules only within ∼200 nm from the coverslip surface.87–89 This is suitable for studying
signaling on the cell membrane, as the cell membrane and signaling proteins that interact
with ligands on the glass coverslip surface are in this region of thin illumination, and it
reduces background noise thus improves a signal-to-noise ratio.

There is significant interest in the mechanism by which the T cell achieves high perfor-
mance. Since the first discovery of characteristic concentric superstructures of membrane
proteins, called immunological synapse (IS),72, 90 at the interface between the T cell and an
antigen presenting cell (Figure 1.6), there has been significant progress in understanding of
spatiotemporal regulation of signaling proteins. cSMAC (central supramolecular activation
cluster) exists at the center and contains TCR/pMHC. cSMAC is surrounded by pSMAC
(peripheral supramolecular activation cluster), which contains ICAM-1/LFA-1. The IS was
originally thought as the site of T cell activation, but later it turned out to have a down-
regulatory role as the TCR is dephosphorylated at cSMAC91, 92 and lysosomal compartments
exist near the cell membrane of the cSMAC.92 Ligands to T cells (pMHC and ICAM-1) can
be either immobilized on the glass surface or tethered on the laterally fluid SLB, but the
SLB has the advantage for observation of movement of molecules as it does not impose un-
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Figure 1.6: The immunological synapse (IS) and TCR microclusters. (a) At the T cell-APC contact
surface, the cells form a concentric structure of protein assemblies called immunological synapse
(IS) with two primary regions, cSMAC and pSMAC. cSMAC at the center contains TCR/pMHC, and
pSMAC at the periphery contains LFA-1/ICAM-1. (b) TCR microclusters are formed at the entire
contact surface, and they are centripetally transported towards the center of the contact surface to
form cSMAC.

necessary constraints on the lateral transport of membrane proteins. The live cell imaging
of T cells on the SLB with stimulatory ligands revealed the formation of small clusters on
the entire contact surface between the T cell and the stimulatory SLB in a few seconds of
contact, followed by lateral inward transport on the cell membrane to form a cSMAC. These
small clusters of proteins containing TCR, called TCR microclusters, are thought to be a
basic signaling unit of early T cell signaling.93–95

Mechanism of TCR microcluster formation is still unclear, but there are multiple hypothe-
ses that explain it.94–96 The ITAM of TCR is associated with the cytoplasmic side of a cell
membrane and occupies the neighboring area, and this prevents multiple TCRs from form
a tightly packed cluster. The TCR ITAM undergoes structural change upon the TCR en-
gagement with antigen and phosphorylation of the ITAM, so that the ITAM is dissociated
from the cell membrane, and multiple TCRs can assemble into a cluster by their weak cis
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interactions. Clustering of multiple TCRs makes a defined gap of ∼14 nm between the T
cell and the APC, and can possibly exclude CD45, a phosphatase with a large extracellular
domain, and this “kinetic segregation” can change the balance between phosphorylation of
Lck and dephosphorylation by CD45 to lead to stable ITAM phosphorylation. Also, theo-
retically it is energetically more favorable to have a smaller number of larger clusters than a
larger number of smaller clusters because each cluster causes membrane deformation which
is energetically unfavorable.97, 98 It should be noted, however, the phosphorylation of TCR
ITAM seems to be unnecessary for microcluster formation. Once the TCR microclusters are
formed, they are transported centripetally in a myosin-dependent manner, which suggests
the role of actomyosin cytoskeleton in TCR microcluster transport.

LAT is an adaptor protein (i.e. a protein that does not have enzymatic activity but binds
to other proteins to regulate signaling), and it is downstream of TCR microclusters. Upon
TCR activation, the LAT forms visible clusters, and the LAT in the cluster is largely phos-
phorylated. Although the relationship between LAT phosphorylation and clustering is under
debate, it is known that LAT mutation at tyrosine residues inhibits LAT cluster formation.
As LAT accumulates signaling proteins, and LAT movement can be decoupled from TCR, it
is interesting to observe the spatiotemporal dynamics of TCR and LAT clusters and correlate
these two.
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Chapter 2

Size-based chromatography of TCR
microclusters

This chapter is partially reproduced from a previously published journal article: “Size-
Based Chromatography of Signaling Clusters in a Living Cell Membrane.”99

2.1 Introduction

2.1.1 T cell activation and TCR microclusters

The T cell is a key component in adaptive immune system that finds foreign pathogens
in a body and exclude them. The T cell receptor (TCR) complex is made of α, β, γ, δ, ε
transmembrane subunits and cytoplasmic ζ chains. The T cell is activated when the TCR
is bound by a major histocompatibility complex (MHC) bearing an antigen peptide (called
pMHC) on the antigen presenting cell (APC). The engagement of TCR with pMHC causes
phosphorylation of cytoplasmic tyrosines (immunoreceptor tyrosine-based activation motif,
or ITAM) of TCR by a kinase Lck through an unclear mechanism. Once the ITAM of TCR
is phosphorylated by Lck, another kinase Zap70 binds to the TCR and the Zap70 further
phosphorylates tyrosines of a linker for activation of T cells (LAT). T cells have remarkable
sensitivity and selectivity towards antigen. Submicron-scale assembly of TCR and other
proximal signaling molecules, called microcluster, is considered a scaffold to facilitate the
sensitivity and selectivity of TCR against antigens.92, 94, 100 TCR microclusters are formed
immediately after the stimulation of the T cell by pMHC, a ligand to TCR, or anti-CD3, in a
cytoskeleton dependent manner,101 .
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Figure 2.1: A simplified picture on the mechanism of initial T cell activation. Lck phosphorylates the
cytoplasmic chain of TCR when the TCR is bound by pMHC. Zap70 binds to phosphorylated TCR,
and then phosphorylates LAT, an adaptor protein that is localized to the cell membrane.

2.1.2 Elucidating the structure of diffraction limited TCR microclus-
ters

As the spatial arrangement of TCR and proximal signaling molecules in the TCR microclus-
ter is thought to be an important factor for TCR triggering, there have been studies to eluci-
date the structure of the TCR microcluster by superresolution microscopy. Although these
powerful methods are becoming increasingly common to yield precise spatial arrangement
of proteins inside signaling microclusters, it is still not straightforward to distinguish multi-
ple clusters in a close proximity as those clusters can be the order of a few proteins, as well
as those are dynamic entities. To investigate microclusters as a dynamic, functionally rele-
vant unit of protein assembly, we embedded a regular array of gold nanoparticles (“nanodot
array”) onto the SLB as microcluster-size-dependent mechanical perturbation onto TCR mi-
croclusters and measured effects on the lateral transport of TCR microclusters (Figure 2.2).

2.1.3 Probing TCR microclusters by a gold nanodot array

Supported membranes functionalized with intercellular adhesion molecule-1 (ICAM-1) and
peptide-loaded major histocompatibility complex (pMHC) proteins can effectively replace
the antigen-presenting cell (APC) to form a hybrid immunological synapse with a living T
cell.72 As TCR on the T cell engage their antigen pMHC ligands on the supported membrane,
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Figure 2.2: A schematic of nanodot array for mechanical perturbation on the lateral transport of TCR
microclusters.
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they assemble into signaling microclusters,102–105 which indirect estimates suggest range in
size from 70 to 500 nm102, 106(Figure 2.3). Within a matter of seconds after formation, the
TCR microclusters become coupled to actin retrograde flow and are centripetally transported
to the center of the junction to form the classical immunological synapse.21, 104, 107 Physical
structures, such as patterns of metal lines or arrays of gold nanodots (described here), can be
fabricated onto the underlying substrate to define geometric restrictions on molecular trans-
port in the supported membrane.68, 108 These substrate-imposed constraints are selectively
transmitted to the living cell through receptorligand interactions to induce what we refer to
as a spatial mutation.21, 61, 63 In the case of the nanodot array, TCR cluster transport is im-
peded if the clusters are too large to percolate between individual nanoparticles in the array
(Figure 2.2).

We employ a relatively straightforward method of block copolymer nanolithography to pro-
duce ordered arrays of gold nanoparticles (510 nm diameter) with highly controlled (rel-
ative standard deviation <20%) interparticle spacings ranging from 40 to 180 nm (Figure
2.5).68, 109–112 Interparticle spacings are controlled by the deposition and the specific poly-
mers used in the gold micelle solution (Figure 2.4). Nanodot arrays can be readily fabricated
over cm2 areas, and supported membranes subsequently assembled on the substrate exhibit
free mobility (D ∼ 1 µm2/s)68, 113 throughout the array (Figure 2.6).

2.2 Methods

2.2.1 Nanodot fabrication

Gold nanodot arrays were fabricated by block copolymer micelle nanolithography.68 Am-
phiphilic block copolymer (Polymer Source, PS-PVP) was dissolved in toluene (varied amount;
Figure 2.4). Chloroauric acid (varied amount; Figure 2.4) was weighed quickly by a plastic
spatula so that reaction of chloroauric acid with metal was avoided and absorption of water
was minimized. After overnight stirring on a 40 °C hotplate, chloroauric acid was dissolved
completely and the solution turned yellow. The resulting solution of gold salt/polymer mi-
celles was kept in the dark at room temperature, and it remained intact for more than 1 year.
A glass coverslip (40 mm diameter, 0.17 mm thickness; Bioptechs) was sonicated in IPA/wa-
ter for 30 minutes, rinsed with a stream of MilliQ water, immersed into piranha solution for 5
minutes, rinsed with MilliQ water, and dried with a flow of nitrogen. The gold salt/polymer
micelles solution was cast on the dried glass coverslip by slowly moving up the coverslip
half of which was immersed into the solution, so that the half of the coverslip was cast with
the solution. The coated glass coverslip was irradiated with oxygen plasma in a plasma
cleaner (PDC-32G, Harrick Plasma) operated at 18 W for 90 minutes. The resulting nanodot
array was characterized by scanning electron microscopy (SEM) to obtain the statistics of
interparticle spacings of the nanodot array (Figure 2.5).
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Figure 2.5: Scanning electron microscopy characterization of gold nanodot arrays. (a) Schematic
for the analysis of gold nanodot spacing from SEM images. Scanning electron microscopy (SEM)
images were analyzed using nearest neighbor detection by the Delaunay triangulation algorithm. The
distribution of distances was collected to produce a histogram. (b) Histogram analyses for nanodot
arrays at various spacings. SEM images of nanodot arrays (left) and histograms for the distribution of
distances (right). Calculated mean and standard deviation of interparticle spacings are shown. Scale
bar: 200 nm.
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Figure 2.6: The supported membrane is fluid on the nanodot array. Fluorescence recovery after pho-
tobleaching (FRAP) images of Alexa fluor labeled MCC peptide bound to MHC proteins presented
on the supported membrane with the nanodot array prior to T cell addition. Supported membranes
consist of a continuous phospholipid bilayer that coats the surface of a solid substrate, such as silica or
some polymers. A thin water layer separates the membrane from the underlying substrate, allowing
free lateral mobility of lipids and membrane-linked proteins.

2.2.2 Primary T cells

RVC media for T cell culture was prepared by mixing DMEM (500 mL), FBS (50 mL), L-
glutamine (5 mL), Pen/Strep (5 mL), NEAA (5 mL), MEM (5 mL), Arg/Asp/Folic Acid (5
mL), sodium pyruvate (5 mL), HEPES (1.19 g), and mercaptoethanol (1.73 µL), and filtered
with a sterile filter. Murine primary T cells were cultured from spleen and lymph nodes taken
from AND transgenic mice (JAX laboratory). Collected organs were smashed and filtered
through 70 µm cell strainers, and T cells from lymph nodes and spleen were suspended in 10
mL RVC media separately. Suspended T cells were centrifuged with 500 x g for 5 minutes,
and media was aspirated. T cells from lymph nodes were resuspended in RVC (10 mL).
ACK lysing buffer (5 mL) was added to T cells from spleen to resuspend and incubate for 3
minutes, and RVC (5 mL) was added. These two cell batches were centrifuged with 500 x g
for 5 minutes, and media was aspirated, and suspended in RVC (10 mL total) and combined
together to filter through a 40 µm cell strainer. Cell density was counted, and the suspension
was diluted to 10M cells/mL. The T cells were primed by adding MCC (2 mM stock, 2 µM
working). Media was changed every 2 or 3 days with IL-2 (48 U/mL working). The T cells
were used between Day 5 (4 days after harvesting organs) and Day 16.

2.2.3 Flow chamber preparation

A flow chamber with an isothermal heater (FCS2, Bioptechs) was used for all cell imaging
experiment. The SLB with pMHC and ICAM-His was prepared according to the standard
method as described previously except for the following modifications. A glass coverslip
was patterned with gold nanodots as above, and the surface was cleaned and activated by
oxygen plasma instead of piranha solution before SLB formation. It was confirmed that
piranha solution immediately removes gold nanodots in the glass surface (data not shown)
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and piranha solution is not applicable.

2.2.4 Fixed cell imaging

Anti-TCR Fab fragment was labeled with Alexa Fluor 568-NHS ester using an antibody
labeling kit (Life Technologies) to prepare anti-TCR Fab/Alexa Fluor 568 conjugate (Anti-
TCR Fab-568). Primary T cells between Day 5 and 14 were centrifuged at 500 x g for 2
minutes, and anti-TCR Fab-568 (1 µL) was added to a cell pellet to incubate on ice for 20
minutes. It is known that Anti-TCR Fab does not interfere with TCR-pMHC binding.102 The
flow chamber prepared above started to be warmed to 37 °C with an isothermal heater 20
minutes before T cell injection. T cells were injected into a flow chamber, and the chamber
was kept at 37 °C for 20 minutes. The T cells were fixed by 2% paraformaldehyde in imaging
buffer for 10 minutes at room temperature, and the chamber was rinsed with imaging buffer
(2 mL).

2.2.5 Image analysis

Epifluorescence images of T cells fixed 20 minutes after injection were analyzed by extract-
ing variance of a radial profile (2) from every cell, a scalar quantity that shows the degree
of spread of TCR microclusters over the cell surface (Figure 2.12) To cross-validate the ef-
fectiveness of σ2 as a metric of microcluster spread, we also calculated other quantities from
radial profiles and images(Figure 2.13). In every ratio of agonist/null, the population data
was compared with cells on a plain bilayer (=without nanodots) with the same agonist/null
ratio (Figure 2-5(a)).

2.2.6 Live cell imaging for tracking TCR microcluster movement

TCR of T cells were stained with anti-TCR Fab-568 as in the fixed cell imaging above, and
the stained T cells were injected into a flow chamber. TIRF images were obtained with 500
milliseconds exposure with a 1 second frame interval for 10 minutes. Time lapse images
were analyzed by u-track software114 or a Matlab script to obtain trajectories of microclus-
ters. Parameters of analysis were adjusted to give optimal tracking trajectories judged by
eye.
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2.2.7 Calcium imaging

Calcium influx was measured by fura-2-acetoxymethyl ester dye (Fura-2 AM; Molecular
Probes) as described previously.21 T cells were incubated with 1 M Fura-2 AM in FBS-free
media for 15 minutes at room temperature and incubated with serum rich media at 37C for
20 minutes. Cells were then labeled with anti-TCR Fab-568 as above. Intracellular calcium
flux was monitored with excitation wavelengths of 340 and 380 nm and emission of 510
nm using a 40x objective with S7 CoolSnap K4 camera as before . Time course of Fura-2
340/380 fluorescence intensity ratio of every cell was analyzed by Imaris software and the
intensity profiles were plotted as heatmaps by a MATLAB script.

2.3 Results

2.3.1 Live cell tracking of TCR microclusters on a gold nanodot array

Nanodot arrays differentially restrict long-range transport of TCR microclusters as a func-
tion of the interparticle spacing within the array. As TCR engage pMHC loaded with activat-
ing agonist peptide moth cytochrome C (MCC; ANERADLIAYLKQATK) in the supported
membrane, signaling clusters form, and their movement was tracked on live cells by total
internal reflection fluorescence (TIRF) microscopy (Figure 2.7). On a 171 nm spaced ar-
ray with an average agonist pMHC density of 80 molecules/µm2 (Figure 2.10), most TCR
clusters successfully percolate through the array. The final positions of continuously tracked
clusters are circled on both the track plot (top) and final frame (bottom) in (Figure 2.7(a))
On a 40 nm array with the same agonist pMHC density, clusters exhibit some centripetal
transport but most become trapped while still in peripheral positions (Figure 2.7(b)). In gen-
eral, agonist pMHC is observed to colocalize with TCR, irrespective of whether they are
freely moving or trapped (Figure 2.7(b), (d) and Figure 2.8). Leukocyte function associated
antigen-1 (LFA-1) bound to ICAM-1 can still form a ring pattern, as is characteristic in a
mature immunological synapse (Figure 2.9). This suggests that LFA-1:ICAM-1 complexes
are less affected by the physical constraints imposed by the nanodot arrays. In addition to
the larger lateral size of TCR microclusters, as compared with LFA-1:ICAM-1 clusters,62 the
closer apposition of the two cell membranes dictated by the short length of the pMHC:TCR
complex115–117 is likely to also contribute.
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Figure 2.7: Signaling cluster chromatography of live T cell membranes. (Top a, b) Individual trajec-
tories of TCR microclusters in cells interacting with supported membranes containing nanodot arrays
of (a) 171 nm or (b) 40 nm spacing. Color bar represents elapsed time (0-10 minutes). Open circles
indicate final positions. (Bottom a, b) TIRF images of the cells after 10 minutes. (c, d) Epifluo-
rescence images of TCR (red) on cells interacting with pMHC (green) presented on a SLB studded
with 180 nm spacing (c) or 50 nm spaced (d) arrays. (e) Intracellular Ca2+ flux for cells presented
with varying ratios of agonist (ag) to null peptide presented by pMHC on SLBs with or without the
nanodot array; nanodot arrays do not interfere with T cell triggering. Scale bars: 5 µm.
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Figure 2.8: TCR and pMHC on and off the nanodot array. ICAM-1 still forms a partial ring on the
nanodot array. Bright field and epifluorescence images of TCR and intercellular adhesion molecule-1
(ICAM-1) on a supported membrane embedded with or without a nanodot array. Scale bar: 5 µm.

2.3.2 Calcium signaling

Although the 40 nm spaced nanodot array impedes long-range transport of TCR clusters,
no significant interference with signaling function was observed 1. To quantitatively char-
acterize the antigen specific triggering of T cells, we monitor intracellular Ca2+ flux using
a Fura-2 dye reporter21 while titrating the ratio of agonist peptide to a null peptide (T102E)
at constant total pMHC density (80 molecules/µm2). Null peptide-pMHC alone does not
induce TCR triggering. The Ca2+ concentration (colorimetric scale) is plotted for each cell
(y-axis) as a function of time (x-axis) (Figure 2.11) for at least 350 cells per condition in
Figure 2.7(e). Agonist-null ratios from 1:0 to 1:100 all lead to comparable Ca2+ response in
T cells on or off the arrays. When no agonist peptide is present, essentially no Ca2+ response
is observed in either case.

2.3.3 Two-dimensional titration by nanodot spacings and antigen den-
sities

T cells can respond to fewer than 10 individual agonist peptides.21, 118, 119 However, morpho-
logical characterization of the immunological synapse and TCR signaling cluster phenomena
is often performed at agonist pMHC densities in the range of 2000-1500 per cell.72, 103 Little
is known about how the physical properties of TCR signaling clusters scale with antigen
density or even if stable TCR clusters exist at the lowest level of antigens that can lead to T
cell triggering.21, 104 This is especially important given that, under most physiological condi-

1We know from prior studies that interference with TCR cluster movement can induce minor perturbations
on cell signaling.61, 62 However, our experiments aim to map the boundary of conditions at which frustration
first occurs in order to map the size of the TCR cluster. Thus, from the point of view of the experiment, there
is no need to interpret what happens in the T cell after the TCR cluster transport has been impeded.
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Figure 2.9: ICAM-1 still forms a partial ring on the nanodot array. Bright field and epifluorescence
images of TCR and intercellular adhesion molecule-1 (ICAM-1) on a supported membrane embedded
with or without a nanodot array. Scale bar: 5 µm.

Figure 2.10: Calibration of the density of MCC-loaded MHC molecules on the supported mem-
brane. Quantitative fluorescence analysis was used to determine the surface of MCC-loaded MHC
molecules. (a) The surface density calibration standard was generated using supported membranes
doped with Texas Red at various concentrations. (b) The concentration of Alexa Fluor 568 labeled
MCC- loaded MHC on the bilayer (83 molecules/µm2) was calculated using the equation derived
from (a) and values shown in (b).
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Figure 2.11: Quantification of calcium flux. (a) Calcium flux for a single cell on a bilayer. Curves
for Fura-2 AM excitation at 340 nm (green) and 380 nm (red), both with emissions collected at 510
nm. The calculated curve for the Fura-2 ratio (340/380) is shown (blue). (b) Curve of the Fura-2 ratio
(blue) and corresponding heat map trace for a single cell. A heat map for all the Fura-2 ratio traces is
generated to display all the Ca2+ flux data for a large number of cells per condition.

tions, antigen is present on cell surfaces at extremely low levels. Here we apply the nanodot
array chromatographic strategy to probe the physical properties of TCR signaling clusters as
a function of antigen density.

The relative frustration of TCR cluster transport induced by the nanodot array can be quan-
tified using a radial profile analysis as depicted in Figure 2.12. The measured TCR density
is converted into a normalized radial probability distribution. We compute the variance, σ2,
of the symmetrized probability distribution to provide a scalar measure of the degree of frus-
tration (see Section 2.2.5). In an uninhibited immunological synapse, the radial transport of
TCR toward the geometric center of the junction leads to low variance while a completely
frustrated system exhibits high variance. This analysis allows comparison of cells as well as
analysis of cell-cell variation within an ensemble unbiased by labeling efficiency or cell size.

Results from a two-dimensional titration experiment in which antigen density and nanodot
array spacing are independently varied are illustrated in Figure 2.14 and 2.15. As before, the
total pMHC density is fixed at ∼80 molecules/µm2, and the ratio of agonist to null peptide
is titrated. Five different nanodot array spacings, ranging from 40 to 171 nm, as well as
unpatterned membranes were examined, and a minimum of 39 cells was analyzed for each
combination of conditions. Representative images with color-coded borders corresponding
to population average data (Figure 2.12) are depicted in a matrix layout in Figure 2.14. As
antigen is titrated to lower densities, the TCR clusters are able to percolate through progres-
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sively smaller nanodot arrays. Appreciable TCR transport was observed even on the 40 nm
spaced arrays at agonist-null peptide ratios of 1:50 and below. These data reveal that the
effective size of TCR signaling clusters varies continuously with antigen density and that
functional signaling clusters readily percolate through 40 nm spaced arrays at low antigen
density.

2.4 Discussion

Structural studies of TCR and CD4 simultaneously bound to pMHC suggest that the lateral
size of this complex in the T cell membrane is 10 nm in diameter.120 Additionally, TCR-
pMHC complexes require relatively close apposition of the two membranes.115 Thus, the
10 nm high nanodots may sterically interact with other proteins associated with the TCR
signaling cluster (Figure 2.2). As such, the physical footprint of the TCR cluster in the T
cell membrane, more so than just the bound pMHC ligands in the supported membrane, is
likely to define the effective cluster size as determined by percolation through the nanodot
array. In support of this conclusion, we note observations of distinctly different behavior
in a juxtacrine signaling system (ephrinA1-EphA2) that has a larger intercellular spacing
(21 nm) .121 In a hybrid live cell supported membrane junction, ephrinA1-EphA2 form
signaling clusters that exhibit lateral transport in a manner reminiscent of TCR signaling
clusters.63, 111, 122 However, transport of EphA2 clusters is not impeded by the nanodot array,
even when the clusters are visibly larger than the array spacing.111 The EphA2 clusters
appear to be able to pass over the nanodot array. Only when some of the ephrinA1 ligand is
directly affixed to the gold nanodots is any impedance imposed on the EphA2 clusters.

If TCR complexes within a cluster are assumed to pack in a rough lattice with a 10 nm
unit cell, a cluster with 10 TCR would have a diameter of 30 nm and might therefore be
expected to percolate through the array. The useable space between nanoparticles in the
array is less than the interparticle spacing (e.g., 30 nm for the 40 nm array, accounting for
the nanoparticle size itself). Nanodot array chromatography does not necessarily provide a
direct caliper for the size of the TCR cluster since other properties, such as the dynamics of
the TCR cluster, are naturally convolved with the percolation measurement. Nevertheless,
this type of ambiguity is inherent to essentially all forms of size chromatography without
significantly reducing their utility.

Collective consideration of results from the experiments described here reveals the physi-
cal nature of the TCR signaling cluster to be distinctly dependent on the amount of antigen
encountered by the cell. At high antigen densities, they reach sizes that exhibit difficulty
percolating through supported membrane-embedded nanodot arrays with interparticle spac-
ings as large as 120 nm. At lower antigen densities, but still well above the threshold for
triggering intracellular Ca2+ flux, TCR clusters can move through nanodot arrays with inter-
particle spacings as small as 30 nm. At these lower antigen densities, TCR clusters appear to
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Figure 2.12: Quantitative analysis of the perturbation on TCR microcluster transport. (a) Schematic
of the quantitative analysis method. Normalized radial intensity profile of the TCR image (radial
probability distribution for TCR) for each cell off or on the array in the same sample. Variance of
the distribution (σ2), which corresponds with the degree to which TCR transport is frustrated, was
calculated for each profile generated. Population level analyses are performed thereafter. (b) How the
variance was calculated (top). σ2 for example cell images (bottom). Larger σ2 corresponds to more
scattered TCR microclusters.
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Figure 2.13: (a) Correlation between various metrics for TCR microcluster transport perturbation.
2D plots of a pair of metrics from every cell in all conditions combined. (b) The correlation matrix of
metrics shows µr, γr, σr, and µR are strongly correlated, which means they can be used interchange-
ably.
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be small (<10 TCR), flexible, or dynamic. This observation necessitates a reconsideration
of the concept of a TCR signaling cluster to account for such antigen-dependent variabil-
ity. Downstream signaling reactions within the TCR cluster must either be independent of
these physical properties or perhaps regulated by them. The supported membrane-embedded
nanodot array platform provides a physical means to both probe and manipulate membrane
assemblies, such as the TCR signaling cluster, while they are functioning in the membrane
of a living cell.
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Chapter 3

Clustering dynamics of LAT studied by
localized activation

3.1 Introduction

3.1.1 LAT as a signaling hub in the T cell

Early T cell signaling has a cascade of phosphorylation events with a precisely regulated spa-
tiotemporal dynamics (Figure 3.1).94 Upon T cell receptor (TCR) engagement with peptide-
major histocompatibility complex (pMHC), phosphorylation of TCR followed by binding
of Zap70 (zeta-chain-associated protein kinase 70) to TCR occurs, and LAT (linker for Ac-
tivation of T cell) is phosphorylated by Zap70. Phosphorylated LAT forms a cluster that
contains SLP-76 (SH2 domain containing leukocyte protein of 76kDa), Gads (GRB2-related
adaptor downstream of Schematic), Sos (Son of Sevenless), etc., and this signaling protein
assembly triggers further downstream signaling such as calcium influx, Ras activation, etc.
LAT is a transmembrane protein, and murine LAT contains 242 amino acids with only four
amino acids in the extracellular domain.123, 124 and two palmitoylated cysteine residues near
the transmembrane region (Figure 3.2). LAT is an adaptor protein that is bound by other
enzymatic proteins, but LAT itself does not have any catalytic activity. The intracellular
domain of LAT has nine tyrosines. Tyrosines of LAT are phosphorylated immediately af-
ter TCR activation, and phosphorylation of LAT is essential for T cell signaling. Mutating
tyrosines of LAT causes the inhibition of association of LAT with PLC-γ1123 as well as
severe pathological conditions in T cell development and function125, 126 Once tyrosines of
LAT are phosphorylated, LAT is bound by multiple other proteins through their SH2 do-
mains, domains that recognize phosphorylated tyrosine selectively.124, 127 Grb2 and Sos1 are
associated constitutively.,128, 129 and multivalency of LAT (multiple phosphotyrosines) and
Grb2/Sos1 complex (multiple SH2 domains) can explain cluster formation by biochemical
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Figure 3.1: The early T cell signaling pathway around TCR and LAT.

experiment129 and theoretical and computational studies130, 131

3.1.2 Imaging studies of LAT dynamics on the cell membrane

Although it is clear that LAT is associated with important signaling proteins as a LAT sig-
nalosome, much remains to be solved about the precise mechanism of LAT cluster formation,
the role of LAT clustering in signaling, and spatiotemporal regulation of cluster. Imaging
techniques have yielded important findings on how LAT clustering is regulated upon T cell
activation.132–137 A typical setup to observe the dynamics of LAT is a glass coverslip coated
with anti-CD3, which triggers TCR signaling, and the dynamics of fluorescent fusion pro-
teins on the cell surface can be observed in a real time manner using fluorescence microscopy.
LAT clusters, which are visible as blobs brighter than the background intensity on the cell
membrane, appear immediately after the T cell is stimulated. Immunostaining of phospho-
rylated LAT (pLAT) visualizes spatial distribution of pLAT, and LAT is phosphorylated in
the cluster. This indicates the phosphorylation of LAT is associated with the formation of
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Figure 3.2: (a) 242 amino acid sequence of mouse LAT (UniProt ID: O5495). Tyrosines (Y) were
shown in red, palmitoylated cysteine (C) in blue. (b) Simplified schematic of interaction of LAT with
other signaling molecules in LAT signalosome.

visible LAT clusters.

In addition to the bulk spatial distribution of LAT, there have also been studies on mobility
of LAT upon TCR triggering. LAT diffusion on the cell membrane slows down upon TCR
triggering by anti-CD3 coated beads.138 Vale and his colleague observed LAT dynamics
on the cell membrane of a Jurkat T cell stimulated by immobilized ligands on glass, by
means of single molecule tracking, and found that larger fraction of LAT molecules move
between signaling protein clusters and trapped there,139 which is reminiscent of Kusumi’s
“hop diffusion” model.140

3.1.3 Controversy on the origin of signaling active LAT

The size of clustering may be a governing factor for the regulation of signaling in LAT sig-
nalosome, because the microenvironment for signaling proteins may differ for LAT clusters
of different sizes. Electron microscopy studies suggested the existence of nanoclusters of
LAT even in a resting cell before TCR triggering.141 High-speed PALM (superresolution mi-
croscopy) and fluorescence cross correlation spectroscopy (FCCS) was used to find that TCR
and LAT form nanoclusters of the average diameter of 35-70 nm separately in a resting T
cell and they concatenate upon activation.106 There is also a report of the presence of visible
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clusters of LAT by fluorescence microscopy in naive T cells even before the activation.142

Although LAT is largely localized to the plasma membrane, there is also a cytosolic pool
of LAT as vesicles. Recent reports suggested that the involvement of subsynaptic vesicles
of LAT in T cell activation.143 The movement of cytosolic LAT vesicles was imaged, and it
was found that LAT vesicles move in cytosol between the sites of SLP-76 clusters.134 This
suggests the involvement of cytosolic LAT in signaling, although it is not straightforward to
associate this with the regulation mechanism of signaling, because SLP-76 is downstream
of LAT and SLP-76 is considered to accumulate as a consequence of LAT phosphorylation.
Super-resolution microscopy study found pre-existing LAT clusters are not phosphorylated,
and indicated that subsynaptic vesicles of LAT are recruited upon activation and get phos-
phorylated.144 Vamp7, one of SNARE proteins that facilitate the fusion of vesicles, was
shown to be involved in the recruitment of LAT subsynaptic vesicles and subsequent phos-
phorylation, while the vesicles do not fuse to the cell membrane.11 In contrast, experiment
using CD4-LAT chimera that is localized to the cell surface indicated that 90% of phospho-
rylated LAT at 2 minutes after TCR activation originates from cell surface LAT.145 This result
indicates that the cell surface LAT plays a primary role in signaling at an early time point,
although it does not exclude possibility of involvement of subsynaptic LAT in signaling in
later time points. As Dustin pointed out,146 the cell membrane is a highly irregular structure
and those clusters that appear to be signaling-active subsynaptic LAT vesicles observed in
these recent studies might be actually within the cell membrane. Nonetheless, those studies
raised interesting possibilities that LAT can be regulated in a more complex manner than
previously thought.

As discussed above, recently debated activation mechanisms of LAT can be classified into
three different hypotheses (Figure 3.3). (1) LAT forms a cluster on the cell membrane upon
phosphorylation following TCR triggering.145 (traditional view) (2) LAT exists as a nan-
ocluster even before TCR triggering, and LAT nanocluster and TCR nanocluster concate-
nate once the TCR is triggered106 (3) LAT clusters are recruited from cytosol after TCR
triggering.144, 147 These three mechanisms are not mutually exclusive, and possibly coexist
in the T cell. However, each of these leads to completely different pictures of how signaling
molecules are activated after TCR triggering, and it is important to elucidate the spatiotem-
poral dynamics of LAT activation and regulation.

One implication by apparently varied results reported recently is that it is important to not
only understand the dynamics of LAT with spatial resolution in the cell membrane and cy-
tosol, but also quantitatively map the dynamics to the time course of T cell activation, be-
cause T cells may combine different pathways involving the same protein at different time
points.
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3.1.4 Localized stimulation to T cells for observing the bulk live-cell
dynamics of LAT

Although there have been studies on the dynamics of LAT upon TCR activation and its
roles in T cell signaling, there has not been much investigation on the dynamics of LAT
cluster size upon TCR activation. This is probably because many systems use immobilized
ligands for stimulating TCR, and this imposes artificial constraints on the size of formed
TCR microclusters. In addition, it is difficult to correlate individual LAT cluster formation
with TCR activation by means of traditional homogeneous stimulation to the T cell, because
density of TCR activation sites is too high and multiple signaling clusters on the T cell
membrane readily coalesce in such an experimental setup. Observing LAT dynamics upon
stimulation of TCR by ligands on the SLB in the way that each activation site is separated
from each other will give insights into spatiotemporal dynamics of LAT as a function of
TCR engagement and TCR microcluster formation. We set out to investigate the response of
LAT upon activation of TCR by localized stimulation to the T cell using a spatially patterned
SLB. The spatially patterned SLB was prepared by photolithographic patterning on a glass
coverslip coated with PLL-PEG polymer,148 and the patterned SLB with pMHC and ICAM-
1 was used to locally activate the T cell and observe spatiotemporal dynamics of the LAT in
the live T cell in a real time manner. In addition, as phosphorylatable tyrosines are necessary
for the LAT to associate with other signaling molecules, mapping LAT phosphorylation with
both spatial and temporal resolutions is of great interest. Previous studies did not observe
correlation between stimulation time and phosphorylation in single cells with a statistically
relevant sample size. We also employed time lapse live-cell imaging on the SLB to get
statistics of live-cell LAT dynamics by capturing multiple live cells (Figure 3.4).

3.2 Methods

3.2.1 Patterning bilayers

Caution: piranha solution is highly reactive, and it causes an explosive reaction with organic
solvents including isopropanol. Exceeding 3:1 ratio of H2SO4 and H2O2 can also be dan-
gerous. You should have H2SO4 in a container first, and add H2O2 on top of H2SO4. Unless
otherwise stated, ultrapure water from MilliQ was used as water for rinsing. A glass cover-
slip (40 mm, 0.17 mm thickness; Bioptechs) was cleaned by sonication in isopropanol/water
(1:1 volume) for 30 minutes, rinsed with a stream of ultrapure water, cleaned with piranha
solution (conc. H2SO4/H2O2 (30%), 3:1 volume) for 5 minutes at room temperature, rinsed
with a stream of ultrapure water, and dried with a flow of nitrogen. The cleaned coverslip
was put on a drop of PLL-PEG-biotin solution (0.1 mg/mL in 1x PBS, 20 µL; PLL (20 kDa)
grafted with PEG (2 kDa) and PEG-Biotin (3.4 kDa); SuSoS, Switzerland) on a parafilm for
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Figure 3.3: Three hypothetical mechanisms of LAT activation. (a) LAT forms a cluster upon phos-
phorylation following TCR triggering (b) LAT exists as a nanocluster even before TCR triggering,
and LAT nanocluster and TCR nanocluster concatenate once the TCR is triggered. (c) LAT clusters
are recruited from cytosol after TCR triggering.

Figure 3.4: A schematic of time-lapse fixed cell imaging. Each cell is represented as an ellipse in
color. With the sound assumption that cells do not move out of the field of view, this method captures
cells with individual landing time with uncertainty of frame interval.
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Figure 3.5: Patterning of a SLB by PLL-PEG-biotin polymer. (a) Schematic of polymer pattering
and interaction between the patterned bilayer and T cell. The only limited area of T cell surface is
activated by fluid ligands on the SLB, while the T cell maintains contact with the surface for the entire
area. (b) Design of a photomask for deep UV lithography. The pattern is W 15 mm x H 9 mm, and it
is made of 3 x 3 identical subpatterns of W 5 mm x H 3 mm. Each subpattern consists of 15 sections
(W 1 mm x H 1 mm each) of different shapes.
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Figure 3.6: Fluorescence images of patterned SLBs. The SLB was made of DOPC/DOGS 98:2, and
pMHC and ICAM-1 was incubated on the SLB. The peptide of pMHC (MCC-C) was labeled with
Alexa Fluor 647-maleimide. B3 and C4 did not give a clear pattern (they looked homogeneous).
Images were rotated by arbitrary angles for clarity.
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15 minutes. The resulting polymer coated coverslip was rinsed with 1x PBS (1.5 mL) and
water, and dried with a flow of nitrogen. The dried coverslip was put on a drop of water
(6.8 µL; 5 µm calculated thickness) on a photomask (Figure 3.5 (b)). Deep UV exposure
was carried out for 10 minutes with a UV ozone cleaner (Jelight UVO-Cleaner Model 342)
machine followed by rinsing with water and drying with nitrogen. The patterned coverslip
was used for making the SLB within 30 minutes.

3.2.2 Primary T cells with transduced LAT-EGFP

T cells were harvested from AND transgenic mice as in Chapter 1. The Phoenix cell line was
maintained by splitting with x5 area dilution every 2-4 days in a 75 cm2 cell culture flask,
and 3-4 days before infection, they are seeded into a 175 cm2 cell culture flask with x5 area
dilution. On the day of harvesting mouse organs (Day 1), Phoenix cells were transfected
with pCL-Eco and LAT-EGFP plasmids (87.5 µg each; 0.5 µg/cm2 cell flask area) with Lipo-
fectamine 2000 (1 µL/cm2 flask area), and media of transfected Phoenix cells was changed to
T cell RVC media. On Day 3, T cell media was changed to RVC of the Phoenix cell culture
with 2 M cells/mL and 48 U/mL IL-2 and 4 µg/mL polybrene. The suspended T cells were
put in a 24-well plate with 1.5 mL/well, and spun down with 1.3k x g for 1 hour at room
temperature. The T cell media was changed every other day with 48 U/mL IL-2 afterwards.
The T cells were used before Day 15.

3.2.3 Labeling of protein and peptide

TCR on live T cells was labeled with anti-TCR Fab labeled with Alexa Fluor 568-NHS ester
using an antibody labeling kit (Life Technologies) on ice for 20 minutes right before cell
injection. MCC-C peptide (0.5 mM) was labeled with a fluorescent dye with a maleimide
functional group (Alexa Fluor 568-maleimide (AF568) or Atto 647N-maleimide (AT647N);
2.5 mM) in 1x PBNS buffer at room temperature for 2 hours, and kept at -20 °C in the dark.

3.2.4 Flow chamber preparation

A flow chamber with an isothermal heater (FCS2, Bioptechs) was used for all cell imaging
experiment. The glass coverslip with PLL-PEG-biotin patterns was prepared as above. Small
unilamellar vesicles (SUVs) of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; Avanti
Polar Lipids, #85035)/1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic
acid)succinyl] (nickel salt) (DOGS; Avanti Polar Lipids, #79044) (98:2, 0.5 mg/mL) was
made by sonication by a tip sonicator (Sonics and Materials VCX750, 35% amplitude, 2-3
W, 45 seconds x 2 with 10 seconds interval, ∼300 J total.). SUVs were used within a few
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days after they were made. The assembled flow chamber was filled with 1x TBS (2 mL). The
SUV solution (280 µL) was mixed with 10x TBS (70 µL) and injected into the flow chamber
to incubate for 40 minutes to form a laterally fluid lipid bilayer on the coverslip surface. The
flow chamber was rinsed with 1x TBS (2 mL), and NiCl2 solution (100 mM in 1x TBS, 0.4
mL) was flowed in to incubate for 5 minutes. The flow chamber was rinsed with 1x TBS
(2 mL), and imaging buffer (1x HBS + 1% FBS, 2 mL) was flowed in to block the surface
for 15 minutes. A solution of ICAM-His, ICAM-biotin, and pMHC containing excess dye
(0.4 mL) was injected to incubate for 40 minutes in the dark. The chamber was rinsed with
imaging buffer (2 mL).

3.2.5 Live and fixed cell imaging

A flow chamber prepared above started to be warmed to 37 °C with an isothermal heater 20
minutes before T cell injection. T cells were injected into a flow chamber, and time lapse
imaging was started immediately after cell injection. The stage was moved around among
n grid positions (typically n = 8, 16, 64), to obtain time lapse images over multiple fields
of view. This method enabled observation of live cells of the statistically relevant sample
size. The cells were fixed afterwards (time varied) with 1% paraformaldehyde in imaging
buffer (2 mL) for imaging fixed cells. Every cell in the fields of view have known duration
of interaction with the SLB, τ (Figire 3.4)

3.2.6 Image analysis

LAT cluster intensity dynamics was measured by a line scan of fluorescence intensities on
a series of time-lapse images on Jython scripts on Fiji software, and plotted by a Python
script with Numpy and Matplotlib (Appendix B). Parameters for line scan and plotting (co-
ordinates of lines and plotting color range) were manually set and recorded in tab-separated
values (TSV) files, and those parameters were fed to the script (Figure 3.7). Common utility
functions for image analysis were extracted into a separate Jython script (Listing B.3). This
setup makes data analysis completely reproducible, and all parameters are recorded in a clear
and concise manner.
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Figure 3.7: A schematic of image processing. Original images are immutable (i.e. not modified
in place), and all operations including cropping, thresholding, etc. are done on memory by default.
Intermediate image files can be saved if necessary, but even in that case, all the parameters of the
operations are recorded and the analysis results are dependent only on the original images and param-
eters, not intermediate images. This “Single Source Of Truth” approach keeps image analysis simple
and traceable.

3.3 Results

3.3.1 Adhesion of T cells on a patterned bilayer

The SLB was patterned with a photomask with various sizes of circles and stripes (Figure
3.5, 3.6). In the presence of ICAM-biotin, T cells formed a round and flat adhesion onto the
surface of substrate with many kinds of patterns (Figure 3.8). For patterns with a wide gap
between SLB patches (patterns A10, B10, etc.), some cells preferentially adhered to the re-
gion with the SLB, avoiding adhesion onto the PLL-PEG-biotin area. Although there is some
fluorescent background signal on the PLL-PEG-biotin region, this is probably non-specific
binding of excess AF568 dye, not labeled pMHC, because there is almost no background
signal when the AF647 was used. Although there might be some residual amount of pMHC
that bound to the PLL-PEG-biotin surroundings in a nonspecific manner, this is unlikely to
affect signaling, as most of them are not properly oriented to interact with TCR.
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Figure 3.8: Adhesion of T cells to polymer patterned bilayers. T cells adhered to a SLB that was
patterned with PLL-PEG-biotin. Very few cells adhered onto Pattern A10, and their contact areas
were small (data not shown), presumably due to the low number of ICAM-1 that can interact with a
T cell

3.3.2 Live cell imaging of LAT cluster formation on the SLB

LAT-EGFP cluster formation was observed by time-lapse imaging. Many cells on patterns
A4, A5, and A6 showed the formation of large clusters that occupy each circular SLB patch.
They appeared to grow bigger than TCR microclusters (Figure 3.9). Those LAT clusters
typically appear within 2 minutes after the T cell starts spreading onto the SLB (Figure
3.10). Interestingly, the LAT clusters appeared only once for the majority of SLB patches,
and they did not show bright clusters again at later time points. In stark contrast to LAT,
TCR microclusters were persistent for more than 10 minutes of imaging (Figure 3.12, 3.13).
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Figure 3.9: Time-lapse imaging of LAT clusters on the T cell membrane. Frame interval: 17 sec.

Figure 3.10: Temporal intensity change of LAT of T cells on a polymer patterned SLB. Three repre-
sentative cells (a), (b), and (c) are shown. X axis: time, Y axis: coordinate along a scan line.
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Figure 3.11: LAT-EGFP observed by epifluorescence and confocal microscopy. (a) Epifluorescene
images and RICM image. (b) Confocal images (a different cell than (a)), and (c) a vertical slice by
confocal microscopy images in (b). Cells were fixed at 4 min after cell injection.
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3.3.3 Confocal microscopy and epifluorescence microscopy of fixed cells

We used epifluorescence microscopy and confocal microscopy to confirm that the LAT clus-
ters observed by TIRF microscopy above are indeed clusters of higher density of LAT, not
the artifact by the difference of distance from the glass surface. The T cells were fixed at
varied time points, and imaged in an unbiased manner using a square lattice grid of stage
positions with 0.5 mm lattice interval (the number of positions: typically 60-144). Repre-
sentative images are shown in Figure 3.11. Confocal microscopy images clearly showed
that bright clusters of LAT are localized the cell membrane that interfaces with the SLB.
Although the contrast of LAT clusters in epifluorescence images is lower than TIRF images
because the there is background LAT from the cytosol and upper side of the cell membrane,
there are still visible puncta of LAT at the SLB patches. We also confirmed that fixing cells
does not cause artifact (false positive cluster) or break a cluster in TIRF images by real-time
imaging of fixing process, though it causes significant decrease in overall intensity of LAT.
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3.4 Discussion

Live-cell TIRF imaging revealed the distinct dynamics of LAT in the T cell. Bright LAT clus-
ters appeared selectively on the SLB patches at the early time point (within 2 minutes) of cell
landing, and they disappeared within 60 sec in most cases (Figure 3.9). The distribution of
LAT sustaining duration in the same sample is small, although in some conditions LAT clus-
ters were persistent and did not disappear over 10 minutes (data not shown ). Nonetheless,
majority of SLB patches produced a big, bright LAT cluster only once per patch, and once
the LAT cluster dissipates, it does not appear again at the same patch. A similar one-time
clustering phenomenon and dissipation of LAT was observed on a cover glass with immobi-
lized ligands to TCR within 150 sec.132

Our results indicate the LAT clustering happens only one time from each TCR activation
site more clearly than the previous studies, because TCR activation sites (the SLB patches)
are well separated from each other, while the SLB maintains the ability of TCR to form a
physiologically relevant cluster. Each TCR microcluster is capable of forming a LAT cluster
only once after they are formed, and this implies there is a specific mechanism to turn off
or regulate LAT clustering after initial triggering of LAT, beyond just a simple signaling
pathway that is only dependent on TCR phosphorylation. If the LAT clustering was just a
function of TCR phosphorylation and TCR microcluster formation, it would be possible to
continuously generate LAT clusters from one TCR activation site. However, this is not the
case in our observation.

It is noteworthy that time-lapse, multi-position imaging was combined with cell fixation to
measure cell activation duration, τ , for many cells in the fields of view (Figure 3.4) in a sin-
gle flow chamber. TIRF, epifluorescence, and confocal microscopy images were taken at the
same fixed cell with known τ with the uncertainty of frame interval. This technique is useful
for obtaining unbiased population statistics for cells with different τ . The immunostaining
protocol employed in this study, however, has to be optimized for quantifying phosphoryla-
tion of LAT, as Alexa647-rabbit IgG secondary antibody had significant non-specific binding
to proteins.
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Chapter 4

In vitro reconstitution of dynamic
ESCRT protein assemblies by a SLB with
nano-curvature

This is a collaboration with Dr. Il-Hyung Lee in Professor James Hurley’s group.

4.1 Introduction

The endosomal sorting complexes required for transport (ESCRTs) play an essential role in
membrane scission by coordinated sequential reactions by ESCRT-I, ESCRT-II, and ESCRT-
III.149 ESCRT-I and ESCRT-II are involved in membrane budding (forming a local curvature
on the cell membrane), and ESCRT-III plays a role in membrane scission at that curved
surface of the membrane.

In vivo study of ESCRT machinery by deletion of a part of ESCRT pathway to elucidate
the mechanism of ESCRT machinery was unsuccessful, because the formation internal vesi-
cles was inhibited in those conditions.150–152 In vitro studies helped understanding of ES-
CRT machinery. Electron microscopy studies revealed structures formed by ESCRT-III sub-
units.153–156 Recently, there have been studies on the ESCRT system using an artificial mem-
brane with curvature that ESCRT proteins assemble onto. Hurley and colleagues reconsti-
tuted the ESCRT-III function on giant unilamellar vesicles (GUVs), and observed membrane
budding of GUVs by ESCRT-III with fluorescence microscopy.35 GUVs provide a physi-
ologically relevant environment for ESCRTs that is suitable for them to form a membrane
budding. In another study, liposomes deposited on a solid surface were used as a scaffold to
nucleate ESCRT-III filaments, and observed ESCRT-III nucleates selectively at the edge of
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Figure 4.1: A schematic of a SLB with nano-curvature

the liposome with higher curvature.157

It is important to investigate the mechanism of ESCRTs in vitro in a physiologically relevant
environment with the controlled curvature, as the curvature is thought to be an essential pa-
rameter for ESCRT machinery functions. We developed an experimental platform to impose
pre-fixed nano-curvature on a membrane environment for ESCRTs. A glass coverslip with
nano-hollows of ∼100 nm in depth and ∼200 nm in diameter (Figure 4.1) was fabricated,
and a fluid supported lipid bilayer was deposited on top of that. This membrane with pre-
fixed nano-curvature for ESCRTs was used to study the dynamics of ESCRTs assemblies.
Geometry-selective assembly of ESCRTs was observed on this experimental system, which
opens up possibilities for precise kinetics study on ESCRTs.
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4.2 Methods

4.2.1 Fabrication of nano-curvature on a glass surface

Caution: piranha solution is highly reactive, and it causes an explosive reaction with or-
ganic solvents including isopropanol. Exceeding 3:1 ratio of H2SO4 and H2O2 can also be
dangerous. You should have H2SO4 in a container first, and add H2O2 on top of H2SO4.
A glass coverslip (25 mm diameter, 0.17 mm thickness, No. 1.5; Harvard Apparatus) was
cleaned by sonication in isopropanol/water (1:1 volume) for 30 minutes, rinsed with a stream
of ultrapure water, cleaned with piranha solution (conc. H2SO4/H2O2 (30%), 3:1 volume) for
5 minutes at room temperature, rinsed with a stream of ultrapure water, and dried with a flow
of nitrogen. A thin film of chromium (6 nm thickness) as a conductive layer was deposited on
the cleaned coverslip by an e-beam metal evaporator (Edwards EB3) with 0.1-0.5 nm/sec de-
position rate. Nano-curvature on a glass coverslip was fabricated on the glass coverslip with
a chromium film by a focused ion beam (FIB; FEI Quanta) operated at 30 kV and 1 nA using
a cylindrical milling shape of 100 nm in diameter and 100 nm in depth. The thin chromium
film was removed by immersing the coverslip in conc. HCl aq. and touching the surface
with an aluminum wire (http://nanolab.berkeley.edu/labmanual/chap1/1.10miscetch.pdf; ob-
tained on Feb 28, 2015), which peeled the chromium film within a few seconds as seen by
eyes. The coverslip was rinsed with deionized water, and dried with a flow of nitrogen.
The resulting geometry of representative samples was measured by atomic force microscopy
(AFM; Asylum Research MFP-3D) at a tapping mode with 335 kHz frequency.

Acknowledgement: We thank Professor Peidong Yang and Dr. Chong Liu for AFM mea-
surement.

4.2.2 Protein expression and purification

Protein expression and purification was done by Dr. Il-Hyung Lee according to the method
previously reported.

4.2.3 Real-time imaging of ESCRT proteins on a SLB

ESCRT proteins were labeled with Atto 647N, Atto 488, or Alexa fluor 488, according to
the standard methods. A glass coverslip with nano-curvature prepared above was cleaned by
piranha solution, assembled into an open chamber (Attofluor Cell Chamber), and the SLB
was formed on the glass surface according to the standard method with the composition
of 81.995% POPC, 15% POPS, 3% PI3P, 0.005% DiD, and the proteins of interest were
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Figure 4.2: Topography of nano-hollows measured by AFM. (a) A height map. (b) A Line scan of
height. Note that y axis is scaled larger to make the hollow shape visible more clearly.

injected into the chamber.

4.3 Results

4.3.1 Fabricated nano-curvature and formation of a SLB

Glass surface was successfully milled by FIB to have a massive array of nano-hollows with
various sizes, typically ∼200 nm in diameter and ∼100 nm in depth. AFM images show the
round edge of the hollow shape. The beam shape of FIB process was set to make a cylindrical
shape with 50-500 nm in diameter and 50-500 nm in depth, and there is a considerable
amount of broadening of the shape compared to the shape in the machine setting. The edge
of cylindrical shape was smoothed because of this broadening, which turned out optimal for
creating a continuous supported lipid bilayer on top of that. The laterally fluid SLB was
formed on majority of the fabricated nano-hollows continuously, as demonstrated as FRAP
(Figure 4.3).

4.3.2 Dynamic accumulation of CHMP4B into the nano-curvature

CHMP4B, a subunit of ESCRT-III proteins, showed strongly selective accumulation into the
nano-hollows on the SLB (Figure 4.4), while the underlying SLB itself is still laterally fluid
(Figure 4.3) and almost no accumulation into the nano-hollows (Figure 4.4(c)). CHMP4B
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Figure 4.3: Fluorescence recovery after photobleaching (FRAP) on the nano-hollows. (a) Time lapse
images, 15 sec interval. (b) Line scans of intensities of time-lapse images in (a).
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fluorescence intensity was traced over time, and it showed intensity change that saturates
over time (Figure 4.5). In addition, this result suggests the existence of a lagged phase
or cooperativity for this accumulation process, because some traces showed a sigmoidal
curve, although this has to be further confirmed. Interestingly, CHMP4B also accumulated
into the nano-hollows in the absence of any other proteins (Figure 4.5, blue trace). ALIX,
a membrane-associated accessory protein in ESCRT machinery, did not accumulate into
the nano-hollows, which excludes the possibility of non-specific aggregation of membrane
proteins into the nano-hollows.

4.4 Discussion

We developed an experimental platform to study curvature sensing proteins with a pre-
defined nano-curvature geometry, and applied it to ESCRT-III protein assembly. CHMP4B,
a subunit of ESCRT-III, is recruited selectively into the SLB on the nano-hollows. The
similar selective recruitment into nano-hollows was observed for other ESCRT-III subunits
(data not shown). ESCRT-III is involved to membrane scission after the membrane bud-
ding by ESCRT-I and ESCRT-II occurs, and this selective accumulation of CHMP4B into
nano-hollows we observed indicates that CHMP4B senses the curvature to form a functional
assembly. This platform is expected to be applied for further kinetic studies of ESCRT ma-
chinery to elucidate biological functions of this curvature-triggered assembly of ESCRT-III
proteins.

It is noteworthy that we were able to make a continuous SLB on this nano-hollow with
∼200 nm in diameter. If the edge of a nano-hollow is too sharp, the SLB cannot form as
a continuous surface. The edges of nano-hollows were round enough, as demonstrated by
AFM topographic imaging (Figure 4.2).

Stamou and colleagues have developed an experimental platform using single vesicles to
study curvature dependent functions of membrane proteins.85, 86 This system with single
vesicle measurement enabled the precise measurement of membrane curvature/protein func-
tion relationship. As a general interest in nano-hollows we made for future applications, it is
interesting to compare our system (nano-hollows) with Stamou’s platform (liposomes). Ad-
vantages of our system are (1) Nano-hollows can be combined with TIRF microscopy to do
precise measurement such as single molecule tracking. (2) Nano-hollows have a continuous
SLB connected to a surrounding flat glass surface. This is a unique property of our system,
which enables the study on the recruitment of membrane proteins into nano-hollows. Dis-
advantages of our system are that (1) the fabrication of nano-hollows is a time-consuming
process. (2) There is always some intrinsic variation in nano-hollow shapes even with the
same fabrication condition, and direct characterization of individual nano-hollow shape is
not easy. In situ aqueous phase AFM will work for characterizing individual nano-hollow
geometry during ESCRT assembly experiment.
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Figure 4.4: Accumulation of CHMP4B into the nano-hollows. The SLB is made of 81.995% POPC,
15% POPS, 3% PI3P, 0.005% DiD. (a) CHMP4B labeled with Atto 488 (CHMP4B-AT488), 8 min-
utes after adding ESCRT-II (100 nM), CHMP6 (200 nM), and CHMP4B (400 nM) (b) DiD in the
SLB. (c) ALIX (a membrane-associated accessory protein in ESCRT machinery) labeled with Atto
594. (d) Line scan of fluorescence intensities of CHMP4B-AF488 (green) and DiD (blue) 8 minutes
after the injection of CHMP4B. The intensities of the two channels are scaled arbitrarily so that the
accumulation of CHMP4B and DiD can be compared.
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Figure 4.5: Fluorescence intensity change of CHMP4B at different concentrations over time.
ESCRT-II (100 nM), CHMP6 (200 nM), varied concentrations of CHMP4B (green, red, purple).
CHMP4B concentration: 4 nM (green), 40 nM (red), 400 nM (purple). CHMP4B 40 nM, without
ESCRT-II and CHMP6 (blue)
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Chapter 5

Future directions

In this Chapter, I will discuss possible interesting future directions that are based on the
works presented in this dissertation.

5.1 Curvature-dependent regulation of T cell signaling

While we have investigated T cell signaling (Chapter 2 and 3) and ESCRT machinery (Chap-
ter 4) in separate projects, there seems to be a connection between these two areas. Dustin
and colleagues found that TSG-101, a component of the ESCRT-I complex that binds to
ubiquitin, is required for cSMAC formation and dephosphorylation of proteins in the micro-
cluster, which indicates the involvement of membrane budding and scission in the downreg-
ulation of T cell signaling at cSMAC.158 Recently, Dustin, Stokes, and colleagues showed
that TSG-101 dependent release of TCR-containing vesicles from the T cell occurs at the
cSMAC, and this is a mechanism of downregulation of the T cell as well as signaling to the
B cell, a counterpart of the T cell.159 This idea of signaling extracellular vesicles is very new
and exciting to the field of T cell signaling.

By forming a bump on the SLB, we could possibly “pre-form” curvature on the T cell mem-
brane for the T cell to cause TCR vesicle fission in a controlled manner, which would be
useful for understanding this newly found ESCRT-dependent T cell signaling at the cSMAC.
Hollows of ∼100 nm can be made by FIB as in Chapter 4. Bumps of the size in the order
of 100 nm could be made by lithography and reactive ion etching160 (Figure 5.1(c)) or gold
nanoparticles (Figure 5.1(d)). Gold nanodots originally prepared by block copolymer mi-
celles is ∼ 10 nm in diameter, but the size of gold nanodots can grow bigger by applying
GoldEnhance reagent (Figure 5.2).
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Figure 5.1: Schematic of nano-curvatures for the T cell. (a) T cell-substrate contact. Hollows can
be made by (b) FIB as in Chapter 4. Bumps can be made on the glass surface by (c) a lithographic
process or (d) gold nanoparticles coated with a self-assembled monolayer of alkanes. (b), (c), and (d)
are a magnified view of a small rectangle in (a).

Figure 5.2: Growth of gold nanodots by GoldEnhance reagent. (a) Gold nanodots increased the size
by the factor of 2.5 in area. (b) In some cases, gold nanodots are removed.
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Figure 5.3: Schematic of “vertical spatial mutation”. (a) TCR microclusters and CD45 on the ordi-
nary, flat SLB. (b) CD45 can better colocalize with TCR microclusters without membrane distortion

5.2 SLB with holes for observation of steric effects of CD45

The kinetic segregation model states that steric exclusion of CD45, a phosphatase for TCR,
from the dense cluster containing TCRs leads to stable phosphorylation and activation of
the TCR.161 Previous studies indicated that CD45 is excluded from TCR microclusters, and
CD45 mutant with a truncated extracellular domain abolishes TCR phosphorylation and ac-
tivation, and the TCR activation was rescued by using a CD45 mutant that has CD43 (an
unrelated protein) extracellular region.162 Another observation that supports the kinetic seg-
regation model is that MHC that is extended on the side of the SLB activates TCR only
weakly.163

As we have successfully made the array of nano-hollows on the glass surface as in Chapter
4, we can apply similar nano-hollows to studying kinetic segregation models. The CD45
can escape from the TCR microcluster yet stay in proximity of the TCR without disrupting
the TCR microcluster by fitting into a FIB-fabricated “pocket” on the glass surface (Figure
5.3). Challenge would be to fabricate dense array of even smaller nano-hollows than made
in Chapter 4. 7 nm resolution in FIB process is possible according to the specification of FEI
Quanta FIB machine, and fabrication of desired dimensions (∼50 nm) would be realistic.
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Chapter 6

Concluding remarks

Combining quantitative fluorescence imaging with materials patterning technology, we in-
vestigated dynamic phenomena in T cells and ESCRT proteins.

In Chapter 2, we investigated the lateral transport of TCR microclusters on the T cell mem-
brane under mechanical perturbation using gold nanodot arrays. The major finding that TCR
microclusters can become very small such as the order of 30 nm and they are still active
in signaling requires reconsideration of the nature and role of TCR microclusters, because
microclusters with that small size cannot really make a microenvironment to exclude phos-
phatase. This nanodot array on the SLB can be used as a platform to manipulate microcluster
transport, and it offers possibility for further investigation of TCR microclusters and other
proximal signaling molecules such as CD80, CD45, etc.

In Chapter 3, we investigated the clustering dynamics of LAT with spatially localized stimu-
lation to T cells. Interestingly, the T cells clearly showed LAT dynamics that was previously
not clearly resolved, and this stimulated interesting questions about a mechanism of regula-
tion of LAT signaling.

In Chapter 4, we investigated the dynamics of ESCRT assemblies on the SLB with nano-
hollows. Geometry-sensitive accumulation of CHMP4B, a subunit of ESCRT-III, into the
nano-hollows was observed, which indicates the curvature sensing function of CHMP4B and
geometry-triggered polymerization of CHMP4B. This platform can be used further detailed
kinetics study of ESCRTs in unprecedented precision in a massively parallel way taking
advantage of the dense array of nano-hollows.

Throughout Chapter 2 and 3, we employed systematic image analysis approach that sepa-
rates algorithm (scripts written in Python/Scipy, Fiji, etc.), data (fluorescence images), and
parameters (cell image ROIs, intensity threshold, etc.) in order to deal with a large collec-
tion of image data in a consistent manner. Data sets and parameters are the only “source of
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the truth”, and the analysis results are always reproducible from these two. This approach
enabled reusable data analysis: exploring huge datasets with various aspects was easy, man-
ageable, and reproducible. Although the written algorithm in this dissertation was special-
ized for our specific aims, this concept of “reusable data analysis” should be useful for any
project that explores big and complicated datasets.
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Chemin, Armelle Bohineust, Lydia Danglot, Katharina Gaus, Thierry Galli, and
Claire Hivroz. VAMP7 controls t cell activation by regulating the recruitment
and phosphorylation of vesicular lat at TCR-activation sites. Nature Immunology,
14(7):723–731, July 2013.

[12] Susan Swift, James Lorens, Philip Achacoso, and Garry P. Nolan. Rapid production
of retroviruses for efficient gene delivery to mammalian cells using 293t cell–based
systems. In Current Protocols in Immunology. John Wiley & Sons, Inc., 2001.

[13] Plat-e: an efficient and stable system for transient packaging of retroviruses. , Pub-
lished online: 13 June 2000; — doi:10.1038/sj.gt.3301206, 7(12), June 2000.

[14] Ben N. G. Giepmans, Stephen R. Adams, Mark H. Ellisman, and Roger Y. Tsien.
The fluorescent toolbox for assessing protein location and function. Science,
312(5771):217–224, April 2006.

[15] Bo Huang, Hazen Babcock, and Xiaowei Zhuang. Breaking the diffraction bar-
rier: Super-resolution imaging of cells. Cell, 143(7):1047–1058, December 2010.
WOS:000285625400004.

[16] Lothar Schermelleh, Rainer Heintzmann, and Heinrich Leonhardt. A guide to super-
resolution fluorescence microscopy. Journal of Cell Biology, 190(2):165–175, July
2010. WOS:000280593300003.

[17] Qing Han, Elizabeth M. Bradshaw, Björn Nilsson, David A. Hafler, and J. Christopher
Love. Multidimensional analysis of the frequencies and rates of cytokine secretion
from single cells by quantitative microengraving. Lab on a chip, 10(11):1391–1400,
June 2010.

[18] Alexis J. Torres, Rita Lucia Contento, Susana Gordo, Kai W. Wucherpfennig, and
J. Christopher Love. Functional single-cell analysis of t-cell activation by supported
lipid bilayer-tethered ligands on arrays of nanowells. Lab on a chip, 13(1):90–99,
January 2013.

[19] Michael J. Berridge, Peter Lipp, and Martin D. Bootman. The versatility and uni-
versality of calcium signalling. Nature Reviews Molecular Cell Biology, 1(1):11–21,
October 2000.

[20] David E Clapham. Calcium signaling. Cell, 80(2):259–268, January 1995.

[21] Boryana N. Manz, Bryan L. Jackson, Rebecca S. Petit, Michael L. Dustin, and Jay
Groves. T-cell triggering thresholds are modulated by the number of antigen within

66



individual t-cell receptor clusters. Proceedings of the National Academy of Sciences,
108(22):9089–9094, May 2011.

[22] Masakatsu Yamashita, Motoko Kimura, Masato Kubo, Chiori Shimizu, Tomio Tada,
Roger M. Perlmutter, and Toshinori Nakayama. T cell antigen receptor-mediated
activation of the ras/mitogen-activated protein kinase pathway controls interleukin 4
receptor function and type-2 helper t cell differentiation. Proceedings of the National
Academy of Sciences, 96(3):1024–1029, February 1999.

[23] Keishi Adachi and Mark M. Davis. T-cell receptor ligation induces distinct signal-
ing pathways in naı̈ve vs. antigen-experienced t cells. Proceedings of the National
Academy of Sciences, 108(4):1549–1554, January 2011.

[24] Taichiro Tomida, Kenzo Hirose, Azusa Takizawa, Futoshi Shibasaki, and Masamitsu
Iino. NFAT functions as a working memory of ca2+ signals in decoding ca2+ oscilla-
tion. The EMBO Journal, 22(15):3825–3832, August 2003.

[25] Maria-Cristina Seminario and Ronald L. Wange. Signaling pathways of d3-
phosphoinositide-binding kinases in t cells and their regulation by PTEN. Seminars
in Immunology, 14(1):27–36, February 2002.

[26] X. Wang, A. Gjörloff-Wingren, M. Saxena, N. Pathan, J. C. Reed, and T. Mustelin.
The tumor suppressor PTEN regulates t cell survival and antigen receptor signaling by
acting as a phosphatidylinositol 3-phosphatase. Journal of Immunology (Baltimore,
Md.: 1950), 164(4):1934–1939, February 2000.

[27] X. Shan, M. J. Czar, S. C. Bunnell, P. Liu, Y. Liu, P. L. Schwartzberg, and R. L.
Wange. Deficiency of PTEN in jurkat t cells causes constitutive localization of itk to
the plasma membrane and hyperresponsiveness to CD3 stimulation. Molecular and
Cellular Biology, 20(18):6945–6957, September 2000.

[28] E. Astoul, C. Edmunds, D. A. Cantrell, and S. G. Ward. PI 3-k and t-cell activa-
tion: limitations of t-leukemic cell lines as signaling models. Trends in Immunology,
22(9):490–496, September 2001.

[29] Tak W. Mak, Josef M. Penninger, and Pamela S. Ohashi. Knockout mice: a paradigm
shift in modern immunology. Nature Reviews Immunology, 1(1):11–19, 2001.
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[159] Kaushik Choudhuri, Jaime Llodrá, Eric W. Roth, Jones Tsai, Susana Gordo, Kai W.
Wucherpfennig, Lance C. Kam, David L. Stokes, and Michael L. Dustin. Polarized re-
lease of t-cell-receptor-enriched microvesicles at the immunological synapse. Nature,
advance online publication, February 2014.

[160] Chong Xie, Lindsey Hanson, Yi Cui, and Bianxiao Cui. Vertical nanopillars for highly
localized fluorescence imaging. Proceedings of the National Academy of Sciences,
108(10):3894–3899, March 2011.

[161] Simon J. Davis and P. Anton van der Merwe. The kinetic-segregation model: TCR
triggering and beyond. Nature Immunology, 7(8):803–809, 2006.

[162] Claudine Irles, Antony Symons, Frédérique Michel, Talitha R. Bakker, P. Anton
van der Merwe, and Oreste Acuto. CD45 ectodomain controls interaction with GEMs

79



and lck activity for optimal TCR signaling. Nature Immunology, 4(2):189–197, Febru-
ary 2003.

[163] Kaushik Choudhuri, David Wiseman, Marion H. Brown, Keith Gould, and P. Anton
van der Merwe. T-cell receptor triggering is critically dependent on the dimensions of
its peptide-MHC ligand. Nature, 436(7050):578–582, July 2005.

[164] Jeff Bezanson, Alan Edelman, Stefan Karpinski, and Viral B. Shah. Julia: A fresh
approach to numerical computing. arXiv:1411.1607 [cs], November 2014.

[165] Jeff Bezanson, Stefan Karpinski, Viral B. Shah, and Alan Edelman. Julia: A fast
dynamic language for technical computing. arXiv:1209.5145 [cs], September 2012.

[166] Jeff Bezanson, Jiahao Chen, Stefan Karpinski, Viral Shah, and Alan Edelman. Array
operators using multiple dispatch: A design methodology for array implementations
in dynamic languages. In Proceedings of ACM SIGPLAN International Workshop
on Libraries, Languages, and Compilers for Array Programming, ARRAY’14, pages
56:56–56:61, New York, NY, USA, 2014. ACM.

80



Appendix A

Consideration on image processing
platforms

There are various platforms that are convenient quantitative analysis of fluorescence images
of cells and visualization of the analysis results. Among those, I discuss Fiji/ImageJ, Matlab.
Numpy/Scipy, and Julia below.

Fiji/ImageJ
This free, cross-platform software is arguably the most comprehensive platform for
image processing with a large collection of built-in and third party image processing
functions available. Scripting allows you to use virtually all functions of Fiji. Jython (a
variant of Python running on Java environment), JRuby, JavaScript, etc. are supported
for scripting.

The disadvantage is that there are not many resources you can find online. You will
also have to translate the API JavaDoc to each language when you use Fiji APIs in
the script. In addition, Fiji lacks a graph drawing capability. Full-scale numerical
computation is tricky.

Matlab
Matlab is a language and execution environment with a powerful set of matrix calcula-
tion capabilities. As digital images are represented as matrix, Matlab has a long history
of use in biological imaging study. It has been used by many papers on biological im-
age processing algorithms, including u-track software114 we used in Chapter 2. Matlab
has a convenient GUI of a variable inspector and debugger, which are completely miss-
ing in all the other platforms described here. A few disadvantages of Matlab are: (1)
Matlab functions are very poor for common tasks other than numerical data process-
ing, e.g. file I/O, string operations, etc. (2) Language syntax and design are outdated,
and I believe ergonomics of the language (i.e. programmer productivity) is lower than
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modern languages such as Python and Ruby.

Matlab has DipImage (http://www.diplib.org/), a package for biological image pro-
cessing. DipImage appears to be powerful, although I was not able to install it on my
Mac.

Numpy/Scipy (Python)
Numpy is a numerical computation library in Python to offer a matrix computation
capability. Numpy’s matrix API resembles Matlab. The original version of Numpy,
named Numeric, was first released in 1995. Scipy is a scientific computation library
that works on top of Numpy. The core of these libraries is written in C and fast. There
are many online resources of Numpy/Scipy, which suggests it has a large user base.
The biggest advantage of using Python is that there is a huge amount of resources
online to solve common issues. Matplotlib on Python is a graph drawing library that
can be used seamlessly with Numpy.

Julia
Julia is an emerging scientific computing language (open-sourced in 2012).164–166 It
runs very fast, and the language design is clean, easy-to-use, and modern. Julia has a
big momentum in library development driven by an open-source community, as there
are >500 libraries available at the central repository. The disadvantages are: (1) There
is still a very limited set of libraries for image processing. (2) The language and
libraries are still changing very rapidly, which causes problems in maintainability of
old code.
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Appendix B

Scripts for image analysis

The following scripts are also available at:
https://github.com/hirokai/Dissertation/tree/master/tex/code.

Listing B.1: Line scan of LAT intensity (Fiji Jython macro)
# Fiji Jython macro

# Dependencies should be copied to $FIJI_ROOT/scripts folder.
# (1) Microjson: https://github.com/phensley/microjson
# Copy is here: https://gist.github.com/hirokai/2fc4353cf6b28e5d2aac
# (2) hiroutil.py: https://gist.github.com/hirokai/77779cdade6d33d0702b

from ij import IJ
from ij.gui import Line, ProfilePlot
import csv
import os

# http://fiji.sc/Jython_Scripting#Importing_other_.py_scripts_.28modules
.29

from sys import path
from java.lang.System import getProperty

# extend the search path by $FIJI_ROOT/scripts
path.append(getProperty(’fiji.dir’) + ’/scripts’)

import microjson
from hiroutil import *

# base = ’/Volumes/Groves/Scope 7/’
base = ’/Volumes/MacintoshHD/Google Drive/Groves/Scope 7/’
tsv_path = base + ’20150214 LAT-EGFP T cells on PLL-PEG-biotin pattern

TCR labeled/process/20150214 LAT-EGFP T cells on PLL-PEG-biotin - Line
scan of images.tsv’
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out_path_base = base + ’20150214 LAT-EGFP T cells on PLL-PEG-biotin
pattern TCR labeled/process/linescan/20150214 linescan’

def parse_row(row):
vs = row[0:2]+map(mayint,row[2:13])
if len(row) > 13:

xys = filter(lambda v: v is not None, map(mayint,row[13:]))
vs = vs + ([xys] if len(xys) > 0 else [None])

else:
vs = vs + [None]

return vs

def process(name, folder, ch, frm, to, interval, w, h, x, y, xs, ys):
frames = to - frm + 1 # Or custom number of frames.
in_path = ’%s20150214 LAT-EGFP T cells on PLL-PEG-biotin pattern TCR

labeled/%s’%(base,folder)
imp = read_sequence(in_path)
take_slices(imp,range(3-ch,1000,2)[frm-1:to])
remove_scale(imp)
crop(imp,w,h,x,y)

IJ.run(imp,"Green" if ch == 1 else "Red","");
imp.setTitle(folder + ’_’ + ("Green" if ch == 1 else "Red"))
vs = transpose(map_slices(linescan_poly(xs,ys),imp))

out_path = out_path_base + ’_’ + name + ’_’ + ("Green" if ch == 1
else "Red") + ’.tsv’

out_path_condition = out_path_base + ’_’ + name + ’_’ + ("Green" if
ch == 1 else "Red") + ’_condition.tsv’

write_tsv(out_path, vs)

metadata_path = os.path.join(in_path,’metadata.txt’)
f = open(metadata_path,’r’)
json_data = f.read()
f.close()
obj = microjson.from_json(json_data)
uuid = obj[’Summary’][’UUID’]
write_tsv(out_path_condition,

[[’Image folder’, ’UUID’, ’Name’, ’Subfolder’,
’ch’, ’Frame start’, ’Frame end’, ’Crop X’, ’Crop Y’, ’Crop W’, ’

Crop H’,
’Line xs’, ’Line ys’],
[in_path, uuid, name, folder, ch, frm, to, x, y, w, h,

’;’.join(map(str,xs)),’;’.join(map(str,ys))]])

def do_set(count,prev_args,fc, folder, x, y, w, h, frm,to,interval,x1,y1,
x2,y2,xys):
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print(x)
if x is None:

fc, folder, x, y, w, h = prev_args
else:

prev_args = fc, folder, x, y, w, h
name = folder.replace(’/’,’_’) + str(count)
count += 1
xs = [x1,x2]+ (xys[0::2] if xys else [])
ys = [y1,y2]+ (xys[1::2] if xys else [])
process(name, folder, 1,frm,to,interval,w,h,x,y,xs,ys)
process(name, folder, 2,frm,to,interval,w,h,x,y,xs,ys)
return count,prev_args

def main():
datasets = map(parse_row, load_tsv(tsv_path))
count = 1
prev_args = None
for ds in datasets:

print(ds)
count,prev_args = do_set(count,prev_args,*ds)

main()
print(’Done.’)

Listing B.2: Time-lapse line scan of LAT intensity (Python with Matplotlib)
# plot_linescan.py: Standalone (not Fiji) script

import matplotlib.pyplot as plt
from pylab import axes
import numpy as np
import csv
import os

base = ’/Volumes/Groves/Scope 7’
folder_of_date = ’20150214 LAT-EGFP T cells on PLL-PEG-biotin pattern TCR

labeled’

# Line scan results were generated by linescan.fiji.py
datasets = [

# file name, output name, interval, [vmin,vmax] (optional)
[’20150214 linescan_03 FC3_01 cells_1_Pos81_Green’,’FC3 Pos8_1_LAT’

,46,None]
, [’20150214 linescan_03 FC3_01 cells_1_Pos81_Red’,’FC3 Pos8_1_TCR’

,46,None]
]

for ds in datasets:
name = ds[0]
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csv_path = os.path.join(base, folder_of_date, ’process/linescan/’,
name+’.tsv’)

vs = []

with open(csv_path,’rU’) as f:
reader = csv.reader(f,delimiter=’\t’)

# times = map(float,reader.next())
for row in reader:

vs.append(map(float,row))

vs = np.array(vs)
interval = ds[2]
duration = interval*(len(vs[0])-1)
times = np.arange(0,duration+interval,interval)
linelength = 0.143 * len(vs) # Checked on 2/23/2015. See "20150223

Scope 7 pixel calibration" spreadsheet.
aspect = 7

plt.xlabel(’Time [sec]’)
plt.ylabel(’Coordinate [um]’)
if ds[3]:

plt.imshow(vs, aspect=aspect, interpolation=’bilinear’, extent
=[0,17*(len(vs[0])-1),0,linelength],vmin=ds[3][0],vmax=ds
[3][1])

else:
plt.imshow(vs, aspect=aspect, interpolation=’bilinear’, extent

=[0,17*(len(vs[0])-1),0,linelength])
out_path = os.path.join(base, folder_of_date, ’process/linescan/’, ds

[1]+’.png’)
plt.savefig(out_path)

# plt.show()

Listing B.3: Utility functions for common image processing tasks (Fiji Jython macro). This also
exemplifies how to use Fiji APIs from Jython. The latest version of the source code is hosted at
https://github.com/hirokai/FijiScriptingTools
# hiroutil.py

from ij import ImageStack, IJ

def load_stack(w,h,paths):
stk = ImageStack(w,h)
for path in paths:

ip = IJ.openImage(path).getProcessor()
stk.addSlice(ip)

return stk

# Loading a tab-separate file (TSV) with n skipping rows.
# n (>= 1) must be put in the first column in the first row.
def load_tsv(path):

86



import csv
f = open(path,’rU’)
rows = []
reader = csv.reader(f,delimiter=’\t’)
skipping = int(reader.next()[0])
for _ in range(skipping-1):

reader.next()
for row in reader:

rows.append(row)
f.close()
return rows

def write_tsv(path,rows):
import csv
f = open(path,’wb’)
print(’Writing: %s’%path)
writer = csv.writer(f,delimiter=’\t’)
for row in rows:

writer.writerow(row)
f.close()

def read_sequence(path):
from ij.plugin import FolderOpener
return FolderOpener().openFolder(path)

# imp: ImagePlus
# slices: a list of slice indices (1-based)
def remove_slices(imp,slices):

stk = imp.getStack()
slices = sorted(slices, reverse=True)
num_slices = stk.getSize()
for s in slices:

if s <= num_slices:
stk.deleteSlice(s)

return imp

# imp: ImagePlus
# slices: a list of slice indices (1-based)
def take_slices(imp,slices):

stk = imp.getStack()
num_slices = stk.getSize()
slices = diff(range(1,num_slices+1), slices)
slices = sorted(slices, reverse=True)
remove_slices(imp,slices)
return imp
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def map_slices(func,imp,slices=None):
stk = imp.getStack()
num_slices = stk.getSize()
if slices is None:

slices = range(1,num_slices+1)
res = []
for s in slices:

imp.setSlice(s)
res.append(func(imp))

return res

def linescan(x1,y1,x2,y2):
from ij.gui import Line,ProfilePlot
def f(imp):

line = Line(x1,y1,x2,y2)
imp.setRoi(line)
vs = ProfilePlot(imp).getProfile()
imp.killRoi()
return vs

return f

def linescan_poly(xs,ys):
def f(imp):

from ij.gui import Line, Roi, ProfilePlot, PolygonRoi
if len(xs) > 1:

print(xs,ys)
line = PolygonRoi(xs,ys,len(xs),Roi.POLYLINE)
imp.setRoi(line)

else:
line = Line(xs[0],ys[0],xs[1],ys[1])
imp.setRoi(line)

vs = ProfilePlot(imp).getProfile()
imp.killRoi()
return vs

return f

def remove_scale(imp):
IJ.run(imp,"Set Scale...", "distance=0 known=0 pixel=1 unit=pixel");

def crop(imp,w,h,x,y):
IJ.run(imp,"Specify...", "width=%d height=%d x=%d y=%d"%(w,h,x,y))
IJ.run(imp,"Crop","")
return imp

#
# List functions

88



#

def transpose(xss):
return [list(i) for i in zip(*xss)]

def diff(a, b):
b = set(b)
return [aa for aa in a if aa not in b]

#
# Utility
#

def mayint(s):
try:

r = int(s)
except:

r = None
return r
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