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In this work, we use fluorescence and electron microscopy techniques 

to probe the microscopic and nanoscopic functional heterogeneity of the 

plasma membrane in RBL-2H3 cells.  Using patterned poly (acrylic acid) 

(PAA) polymer brush surfaces, we explored the effects of surface chemistry 

and topography on cell-surface interactions.  While PAA is reportedly cell-

repellent, we find that micro-patterned PAA arrays promote cell adhesion and 

initiate robust cellular responses, including protein reorganization and 

cytoskeletal remodeling.  We then demonstrate that these properties can be 

‘tuned’ by increasing the size of brush regions (surface becomes more cell-

repellent) or reducing brush thickness (prevents cytoskeletal remodeling).  By 

modifying the arrayed PAA brushes with ligands that bind specifically to IgE-

bound FcεRI, we were able to stimulate cells with micron-scale spatial 

resolution and monitor specific protein localization at the stimulated cell-

surface interface. 

We also use pair correlation function analysis and high resolution 

scanning electron microscopy (SEM) to investigate nano-scale plasma 

membrane heterogeneity of immuno-gold labeled proteins in intact, resting 



 

  

cells.  Consistent with previous reports, we find that gold particles labeling 

cell surface proteins, as well as proteins randomly immobilized onto silicon 

surfaces, have clustered distributions.  In contrast to previous reports, we 

demonstrate that this apparent clustering can be accounted for by multiple 

gold particles binding to individual target proteins.  We provide further 

evidence of this artifact by measuring cross-correlations between two 

functionally identical, but distinguishable pools, of IgE-FcεRI or GM1.  After 

correcting this artifact, we find that each of the six membrane proteins 

examined are distributed randomly at scales > ~15-20 nm but that IgE-FcεRI 

and Lyn show a slight tendency to co-associate. 

However, in cells stimulated with multivalent antigen, we find that 

IgE-FcεRI, Lyn, Syk, and LAT undergo rapid and dramatic reorganization 

(after accounting for clustering artifacts) and redistribute into large, stable 

clusters that may represent signaling platforms.  At longer stimulation times, 

these clusters reduce in size as protein densities within clusters increases.  In 

contrast to previous studies, our double label experiments show that Lyn 

rapidly associates with crosslinked IgE-FcεRI and remains co-clustered at long 

stimulation times.  Additionally, we demonstrate that the stimulation 

dependent clustering of IgE-FcεRI and Lyn is sensitive to both cholesterol 

depletion and to Src family kinase activity, indicating that both lipid raft-

mediated and protein-protein interactions contribute to early signaling events. 
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CHAPTER ONE 

Introduction 

1.1 A Very Brief History 

Researchers have sought to describe the structure and function of the 

plasma membrane since the name “plasma skin” was first coined in the late 

1800s to describe the protective barrier surrounding the cell.  Early functional 

studies of osmosis revealed that cell membranes passively and actively 

regulate the exchange of solutes between the extracellular medium and 

cytoplasm (potentially through a protein-based mechanism) [1].  Subsequent 

permeability studies revealed that the capacity of a molecule to cross the 

plasma membrane is directly correlated to its oil/water solubility coefficient 

(i.e., its solubility in oil compared to water) [2].  Thus, the plasma membrane 

was compositionally and functionally defined as a ‘lipid impregnated 

boundary’ containing cholesterol and phospholipids that selectively regulate 

membrane permeability under passive and active mechanisms [3]. 

In the first half of the twentieth century it was suggested that the lateral 

organization of proteins and lipids at the plasma membrane had functional 

consequences in regulating selective permeability.  Early models portrayed 

cell surfaces as mosaic-like patterns of water permeable (lipids) and 

impermeable (protein) molecules [4].  Following the discovery that 

membranes were composed of bilayers [5], it was proposed that the 

adsorption of unstructured globular proteins at the exoplasmic and 

cytoplasmic leaflets regulated permeability through electrostatic shielding [6]. 

However, most contemporary conceptual descriptions of general membrane 
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organization stem from the ‘fluid mosaic model,’ which was proposed by 

Singer and Nicholson in 1972 and illustrated in Figure 1.1 [7].  According to 

this model, the plasma membrane behaves as a two dimensional homogenous 

liquid through which lipids and proteins (attached to the membrane, as well 

as embedded) freely diffuse. 

While this model assumes that lipids and proteins freely diffuse due to 

the absence of long range ordering, early model membrane studies revealed 

that lipids with different biophysical properties have varying propensities to 

interact with one another.  Additionally, it was revealed that cell surface 

proteins are not freely diffusing and can undergo different types of diffusion, 

including transient confined diffusion within spatially distinct zones [8-10].  

Several models have been proposed to describe these transient confinement 

zones (TCZs), including work by Kusumi and colleagues [11-14].  According 

to the ‘anchored protein picket fence model’, proteins are bound to the 

underlying actin skeleton and act as boundaries that restrict the diffusion of 

both lipids and proteins [15, 16]. 

 One model that attributes functional consequences to distinctly 

organized lipid domains is the ‘lipid raft hypothesis’ [17] .  According to this 

model, lipids have the propensity to differentially organize into distinct 

domains based on their physical mixing properties.  The preferential 

association of cholesterol, sphingomyelin, and other ordered, saturated 

phospholipids creates metastable microdomains, which are enriched in a 

selected subset of proteins and exclude others.  While lipid rafts defined in 

this manner have been implicated in many cellular processes, such as protein 

trafficking, cell motility, and signal transduction, the physical and functional 

basis for their existence has yet to be fully elucidated. 
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The thorough characterization of lipid rafts has been difficult due to the 

ubiquitous use of the term ‘raft’ to describe many different types of membrane 

heterogeneities.  For example, lipid rafts are often operationally described as 

1) detergent resistant membrane (DRMs), 2) liquid ordered membranes, and 3) 

micro- and nano-sized lipid and protein-containing clusters ‘visualized’ by 

various experimental techniques.  While a general consensus on the nature of 

rafts has not yet been reached, ever emerging studies of microdomains in 

model and biological membranes continue to contribute to our understanding 

of the functional basis for lateral heterogeneity at the plasma membrane of 

living cells. 

 

1.2 Model Membrane Studies 

The plasma membrane of mammalian cells is a complex structure 

containing many different types of lipids, including glycolipids, 

phospholipids, and sterols.  According to the fluid mosaic model [7] described 

above and illustrated in Figure 1.1, the plasma membrane contains many 

embedded proteins which freely diffuse through the lipid bilayer.  This 

fluidity is attributed to the lateral mobility of lipids within the bilayer and can 

be described by lipid phase behavior.  In typical cholesterol-free phospholipid 

bilayers, non-polar acyl chains of adjacent lipids interact with one another 

through van der Waals interactions, and the degree of these interactions 

depends on lipid structure, mainly chain length and degree of saturation.  If 

acyl chains are well ordered, the bilayer exists in the solid or gel phase, so, and 

lipids are relatively immobile.  However, if acyl chains are disordered and van 

der Waals interactions are low, the bilayer assumes the liquid disordered 

phase, ld, in which lipids are freely diffusing. 
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Adapted from: Singer, S.J. et al., The fluid mosaic model of the structure of cell 

membranes, Science, 1972 175 (23):p. 720-731.  

 

Figure 1.1: A cross-sectional and three-dimensional schematic of the plasma 

membrane according to the fluid mosaic model.  Freely diffusing globular, 

integral proteins are embedded within the lipid bilayer. 
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Lipids in a bilayer can exist in either the solid or liquid phase, and the 

temperature at which a lipid ‘melts’ from a solid to a liquid is called its 

melting temperature, Tm.  If lipid mixtures contain components with different 

melting temperatures, solid and liquid phases can co-exist.  While early 

observations of solid-liquid phase separation in phospholipid bilayers 

provided an attractive basis for the origins of plasma membrane 

heterogeneity, it is argued that lipids rarely exist in the solid phase in living 

cells at physiological temperatures. 

One unique feature of biological membranes in mammalian cells is the 

high concentration of cholesterol at the plasma membrane.  Given its unique 

structure and abundance, a significant deal of work has been done to 

understand the role of cholesterol in lipid organization.  As early as the 1920s, 

cholesterol containing model monolayer membranes revealed that 

phospholipids and cholesterol undergo non-ideal mixing due to lipid 

condensation [18].  Due to its small size and rigid structure, cholesterol acts as 

membrane fluidizer by disrupting packing order in the solid phase and 

stabilizing disordered acyl chains in the liquid phase [19].  The exact 

mechanism through which cholesterol stabilizes lipid chain order is not 

definitively known, although several models have been proposed, including 

the condensed complexes model [20], superlattice model, and umbrella model 

[21]. 

In addition to so and ld phases, binary and ternary model membranes 

containing cholesterol have revealed the existence of liquid-liquid 

immiscibility, in which lipids phase separate into co-existing ld, previously 

described, and liquid ordered, lo, phases.  In the lo phase, lipids diffuse 
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laterally as a liquid, yet have highly ordered acyl chains approaching that of a 

solid.  The observation of co-existing liquid phases in synthetic model 

membranes is a significant finding because it provides the first plausible 

physical mechanism for lipid-driven domain formation in living cells [22].  In 

addition to synthetically composed model membranes, cholesterol –

dependent macroscopic liquid-liquid immiscibility has been observed in 

biologically derived model membranes extracted from cell plasma membranes 

rich in cholesterol, sphingomyelin, and glycosphingolipids [23]. 

Interestingly, work by Hammond et al. demonstrated that crosslinking 

of a minor membrane component, GM1, induced liquid-liquid phase 

separation in PC/cholesterol/sphingomyelin containing model membranes 

[24].  Crosslinking GM1 also caused the transmembrane peptide of linker for 

activation of T cells, LAT, an important signaling protein in immune cell 

signaling, to partition into a separate phase as shown in Figure 1.2.  The 

significance of these experiments in suggesting functional roles for phase 

separated lo/ld domains is underscored by in vivo observations that 

crosslinking of cell surface GPI-anchored proteins, which associate with lo 

domains, can induce signaling responses in cells [25]. 



 

 7 

 

 

 

 

Adapted from: Hammond A.T. et al., Crosslinking a lipid raft component triggers 

liquid-ordered disordered phase separation in model plasma membranes. Proc. Natl 

Acad USA, 2005. 102 (18):p. 6320-5. 

 

Figure 1.2:  Binding of CTxB to GM1 changes the phase state of the 

membrane.  Crosslinking of GM1 by CTxB results in the partitioning of the 

transmembrane peptide of LAT into the ld phase.  Bright areas represent 

rhodamine labeled LAT.  GUVs are composed of DOPC:DOPG:Sph:Chol:GM1 

(44.1:4.9:19:30:2 mol%).  Scale bar is 5µm. 
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While microscopic phase separation provides an attractive mechanism 

for the lateral segregation of membrane components into distinct cell surface 

domains, living cell membranes do not typically exhibit microscopic liquid-

liquid immiscibility at physiological temperatures.  However, recent FRET 

studies have demonstrated, in the absence of phase separation, the existence 

of ordered nano-scale (tens of nanometers) domains at physiological 

temperatures in model membranes with lipid compositions similar to that of 

the outer leaflet of mammalian plasma membranes [26].  Using a similar 

technique, these findings were extended by Sengupta et al. to demonstrate 

that lipids in the plasma membrane of living cells exhibit nanoscopic lo/ld 

heterogeneity [27]. 

Given the observation that nano-scale heterogeneity can arise in the 

absence of microscopic phase separation, it has recently been suggested that 

the physical basis for the formation of these domains may be explained by 

critical membrane phase behavior [28].  Using fluorescence microcopy, Veatch 

et al. demonstrated that giant plasma membrane vesicles (GPMVs) exhibited 

robust critical fluctuations near their phase miscibility transition temperature, 

Tc.  Accordingly, predictions from the 2D Ising model suggest that the size of 

these fluctuations is ~ 20 nm at physiological temperatures, which is 

comparable to size predictions for lipid rafts in living cells [29]. 

 

1.3 Plasma Membrane Microdomains 

Over a decade ago, Simons and Ikonen proposed that plasma 

membrane microdomains, called lipid rafts, exist that are rich in cholesterol 

and sphingolipids [28].  In this model, a particular subset of membrane 

components selectively associate with rafts, and these specialized membrane 
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microdomains have important functional roles in many cellular processes, 

such as protein trafficking, cell motility, lipid metabolism, and signal 

transduction.  The conceptual framework that underlies this hypothesis 

originates from the observation that GPI-anchored proteins and 

glycosphingolipids are specifically trafficked to the apical (and not 

basolateral) membrane of polarized epithelial cells.  To explain the polarized 

delivery of proteins lacking intracellular targeting sequences, Simons and van 

Meer proposed that GPI-anchored proteins preferentially associate with 

glycosphingolipids in the Golgi where they are compartmentalized into 

vesicles bound for apical microdomains [30], as depicted in Figure 1.3. 

The original lipid raft definition, as proposed by Simons and Ikonen, 

has since evolved to incorporate the characteristic properties of DRMs, as well 

as liquid ordered membranes.  Evidence for this comes from the observation 

that GPI-anchored proteins, cholesterol, and glycosphingolipids (which are 

spatially compartmentalized in polarized epithelial cells) are enriched in 

DRMs extracted from the same cells.  Further, DRMs prepared from ld/lo 

phase separated model membranes (containing cholesterol, sphingomyelin, 

and phosphatidylcholine) revealed that DRMs are enriched in liquid ordered 

membranes.  While ‘lipid rafts’, ‘DRMs’, and ‘liquid ordered domains’ have 

similar characteristics, mainly high levels of cholesterol and sphingolipids, 

they are not identical structural concepts.  This is further complicated by the 

observation that biochemical criteria (detergent resistance and cholesterol 

modulation) for characterizing these microdomains have the potential to 

introduce artifacts in raft structure and composition. 
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Adapted from: Simons, K. & van Meer, G., CLipid sorting in epithelial cells, 

Biochemistry, 1988. 28 (17):p. 6197-6202 and Lipschutz, J.H., Analysis of 

membrane traffic in polarized epithelial cells, Current Protocols in Cell Biology, 

2001. Chapter 15:Unit 15.5. 

 

Figure 1.3: A subset of GPI-anchored proteins and glycosphinoglipids are 

compartmentalized in the Golgi and specifically trafficked to the apical 

membrane in polarized epithelial cells.  The zoomed in region (right) depicts 

lipid/protein domains containing sphingolipids and apical bound proteins 

required for polarized membrane trafficking. 
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Since the introduction of the lipid raft hypothesis, the composition, size, 

structure, and physiological significance of lipid rafts has been the subject of 

significant debate.  In fact, some have even postulated that lipid rafts do not 

exist [31].  The difficulty in providing definitive evidence for the existence of 

functional lipid rafts lies in the inability to directly visualize these structures at 

high spatial and temporal resolution using optical microscopy.  If lipid rafts 

are larger than the resolution limit of light microscopy, they should be directly 

visualized by fluorescence microscopy (either by immunofluorescence 

labeling of proteins or by visualizing fluorescent lipid analogues or 

fluorescently expressing proteins).  However, most fluorescence microscopy 

studies report relatively uniform plasma membrane labeling and fail to detect 

protein/lipid clusters indicative of lipid rafts.  This failure may be due to the 

low enrichment of the labeled component within raft structures, limited 

spatial resolution to detect very small rafts, or limited temporal resolution to 

detect transient short-lived rafts.  

Despite these inherent challenges, fluorescence microscopy, 

fluorescence resonance energy transfer (FRET), single particle tracking, and 

electron microscopy have revealed interesting information about lipid rafts 

and membrane heterogeneity.  Reports of lipid raft size have varied from 

hundreds of nanometers down to tens of nanometers containing only a few 

molecules [9, 31, 32].  For example, homo-FRET measurements have suggested 

that 20-40% of GPI-anchored proteins are clustered into 4-5 nm clusters in 

living cells [33].  Despite reports that raft-associated GPI-anchored proteins 

have clustered distributions, FRET studies have reported unclustered 

distributions in MDCK, Cos-7, and Jurkat T cells [34, 35].  These observations 

are supported by single particle epifluorescence studies that report random 
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distributions of the Class 2 MHC proteins [36].  Interestingly, immuno-gold 

electron microscopy studies have suggested differential nano-scale 

heterogeneity for two raft-associated proteins, in which Thy-1 is clustered 

while GM1 is random [37]. 

Early fluorescence single particle tracking (SPT) experiments revealed 

that GPI-anchored proteins, glycosphingolipids, and phospholipids can 

undergo non-random hindered diffusion within transient confinement zones 

(TCZs) ranging in size from tens to hundreds of nanometers [8-10, 15].  Akin 

to the previous hallmark of slowed lipid and protein diffusion within lo model 

membranes, cholesterol and glycosphingolipid depletion was shown to 

decrease the abundance of TCZs, suggesting that hindered diffusion occurs 

within raft-like ordered microdomains [9, 15].  Studies investigating the effects 

of cytoskeletal perturbations and cleavage of cytosolic domains of 

transmembrane proteins have suggested that membrane-cytoskeleton 

interactions promote the formation of TCZs [12-14, 38, 39].  Accordingly, the 

‘membrane skeleton fence model,’ suggests that interactions between the 

cytoplasmic domains of transmembrane proteins and the cytoskeleton cause 

transient confinement of nearby or associated proteins [11]. 

Ultra fast SPT experiments (25 microseconds per frame) have proposed 

that the plasma membrane may be organized into many different 

compartments ranging in size from 30-230 nm (depending on the cell type) 

[16].  For example, the transferrin receptor freely diffuses within 260 nm 

compartments at short time-scales (~55 ms), but ‘hops’ between larger 710 nm 

compartments at long time-scales (~1800 ms).  Further, the formation of these 

compartments was insensitive to cholesterol depletion (i.e., not lipid raft 

mediated), and perturbation of the cytoskeleton had significant effects on both 



 

 13 

compartment size and residency time within compartments.  This is consistent 

with observations that lipids diffuse more slowly in plasma membranes (due 

to cytoskeletal compartmentalization) than in GUVs or GPMVs that lack an 

underlying cytoskeleton.  Thus, in contrast to previous interpretations of 

confined diffusion, hindered diffusion may be a result of freely diffusing 

proteins ‘hopping’ between compartments at long time scales, rather than a 

consequence of slowed lipid and protein diffusion [16, 40].  Complementary to 

the membrane skeleton fence model, the ‘anchored-protein picket model’ 

proposes that the transient confinement of lipids results from the anchoring of 

transmembrane proteins to the cytoskeleton at 3-10 nm intervals, like pickets 

on a fence [16]. 

Using similar SPT techniques, Suzuki et al demonstrated that 

crosslinked GPI-anchored proteins are also confined within ~100 nm 

compartments.  However, unlike monomeric GPI-anchored proteins, diffusion 

of crosslinked protein clusters between compartments was reduced in a 

cholesterol and Src family kinase activity dependent manner [41].  

Additionally, these crosslinked clusters were shown to bind actin-associated 

sites, presumably by the association of actin-binding transmembrane proteins 

[41].  

From these and previous observations, a hierarchy of lipid raft 

structures that differ in size, composition, and stability have been proposed.  

Pulse electron spin resonance (ESR) labeled and monomeric SPT experiments 

posit that lipid rafts may represent very transient and short-lived structures in 

which components diffuse in and out of rafts with a time-scale of 100 µs or less 

[42].  These raft structures are small and energetically unstable, and they 

consist of a limited number of outer leaflet-anchored proteins or inner leaflet 
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signaling proteins (such as Src family tyrosine kinases).  After transmembrane 

or GPI-anchored receptor crosslinking, rafts become stabilized through the 

preferential association of cholesterol, sphingomyelin, and glycosphingolipids 

with saturated acyl chains.  Coupling of outer and inner leaflet rafts may 

result in the formation of ‘signaling rafts’.  It is well known that crosslinked 

GPI-anchored proteins, which lack cytosolic signaling domains, are able to 

recruit intracellular signaling proteins and initiate signaling cascades.  For 

example, crosslinking of Thy-1 results in calcium mobilization in murine and 

human T and B cells, as well as LAT in RBL-2H3 mast cells [43, 44]. 

Several studies have investigated whether inner leaflet rafts 

redistribute in concert with crosslinked GPI-anchored proteins.  For example, 

Harder et al. demonstrated that crosslinking of the GPI-anchored protein 

placental alkaline phosphatase (PLAP) resulted in co-redistribution of Fyn, a 

raft associated Src family tyrosine kinase [45].  High-resolution SPT studies 

have also shown that crosslinking of GPI-anchored Thy-1 induces the 

transient recruitment and clustering of inner-leaflet anchored Lyn kinase [46].  

Although the exact mechanism and extent to which outer and inner leaflet 

lipid rafts are coupled is unclear, it has been suggested that crosslinking GPI-

anchored proteins imparts stability to lipid rafts by promoting stable 

association with cholesterol and saturated glycosphingolipids.  The local 

ordering within crosslinked clusters could result in preferential recruitment of 

signaling-capable transmembrane proteins on the basis of either raft affinity or 

protein-protein interactions.  Additionally, clustered GPI-anchored and 

transmembrane protein complexes may be stabilized through cytoskeletal 

binding interactions within cholesterol-dependent microdomains [25, 41].  

Although expected to be a weak interaction energy, it has also been proposed 
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that the interdigitated structure of crosslinked outer leaflet rafts could cause 

transient stabilization of signaling protein rich inner leaflet rafts [42, 47]. 

 

1.4 Role of Rafts in Immune Cell Signaling and Disease 

Further evidence that lipid rafts are involved in signal transduction 

comes from studies of B cell antigen receptor (BCR), T cell antigen receptor 

(TCR), and the high affinity IgE receptor (FcεRI) activation in B and T 

leukocytes and mast cells, respectively.  Each of these multichain immune 

recognition receptors (MIRRs) possess extracellular ligand binding domains, 

as well as cytosolic domains that contain tyrosine residues within 

immunoreceptor tyrosine-based activation motifs (ITAMs).  Because MIRRs 

do not have inherent kinase activity, receptor activation results from the 

crosslinking-dependent phosphorylation of receptor ITAMs by Src family 

kinases.  Schematic representations of these ITAM-containing MIRRs are 

illustrated in Figure 1.4. 

 

T Cell Signaling 

 In T leukocytes, crosslinking of TCR by major histocompatibility 

complexes (MHCs) expressed on the surface of antigen presenting cells 

(APCs) induces the phosphorylation of receptor ITAMs by the kinase Lck.  

Subsequent recruitment of Syk and ZAP-70 to phosphorylated receptor 

tyrosine residues leads to activation of LAT, which serves as a docking site for 

a host of different signaling molecules, including SLP-76, PLCγ, and PI3K.  The 

redistribution of these signaling proteins occurs within spatially regulated 

structures called immunological synapses, which have been shown to be 

enriched in lipid raft components [48]. 
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Adopted from: Kinet J. et al., Signaling through the high-affinity IgE receptor 

FcεRI. Nature, 1999. 402 (6760 Suppl):p. B24-30. 

 

Figure 1.4: Schematic depicting the following ITAM-containing MIRRs: 

high affinity IgE receptor, T cell antigen receptor, and B cell antigen 

receptor.  The blue circles represent immunoglobular domains, and the yellow 

crosses represent ITAM motifs.  Upon receptor activation, phosphotyrosine 

residues within these ITAMs act as docking sites for SH2 domain-containing 

signaling proteins. 
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 It has also been shown that lipid raft association of Lck and LAT occurs 

through palmitoylation of these proteins, and removal of these lipid moieties 

results in impaired TCR signaling [49, 50].  Further evidence for lipid raft 

involvement in TCR signaling comes from reports that 1) TCR crosslinking 

induces the translocation of multiple tyrosine phosphorylated proteins (such 

as PLCγ1, ZAP-70, and TCR itself) into lipid rafts isolated by sucrose density 

gradients (SDGs) and 2) raft-associated Lck is recruited to crosslinked TCRs, 

visualized by fluorescence microscopy [51, 52].  Additionally, cholesterol 

depletion has been shown to cause spontaneous, phosphorylation-induced, 

signaling cascades in the absence of TCR ligation, implicating lipid rafts with 

roles in homeostatic regulation of TCR signaling [53]. 

 

B Cell Signaling 

In B cells, the BCR comprises a multi-chain spanning IgM sequence 

(that binds extracellular ligands) complexed with an Igα/Igβ heterodimer 

(containing cytoplasmic signaling sequences).  Upon BCR crosslinking, 

receptor ITAMs become phosphorylated by Src family kinases, such as Lyn, 

Fyn, and Blk.  Similar to T cells, Syk is recruited to phosphorylated receptor 

ITAM residues via its SH2 domains where its subsequent phosphorylation 

activates B cell linker protein, BLNK, and other downstream signaling 

proteins.  In addition to activating downstream signaling proteins, Lyn also 

plays a significant inhibitory role by phosphorylating immunoreceptor 

tyrosine-based inhibition motifs (ITIMs) on proteins such as CD22, which 

recruits and activates downregulatory phosphatases, such as SHIP-1 and 

SHP1.  Thus, Lyn plays a key regulatory role in BCR signaling.  Consequently, 

Lyn deficient/impaired animal models display a host of aberrant phenotypes, 
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such as unregulated BCR signaling, reduced B cells, B cell hypersensitivity, 

and autoimmunity diseases such as glomerulonephritis [54, 55].  Given the 

many pathological similarities of this disease to human systemic lupus 

erythematosus (SLE), Lyn deficient/impaired model systems can provide 

useful insight the molecular basis for human diseases [56]. 

DRM studies have revealed that crosslinked BCR translocates to Lyn-

containing lipid raft fractions, similar to crosslinked TCR association with 

lipid rafts in T cells.  Consistent with raft-mediated BCR signaling, disruption 

of cholesterol-sensitive microdomains by filipin has been shown to 

significantly reduce BCR-mediated calcium mobilization, as well as inhibit the 

phosphorylation of PLCγ2 by Syk and Btk [57, 58].  Interestingly, work by 

Flores-Borja et al. found a positive correlation between reduced raft-

association with Lyn in human patients suffering from SLE [59].  According to 

this study 1) total Lyn expression was reduced in 52% of SLE patients and 2) 

Lyn levels in lipid raft fractions obtained from those patient’s B cells were 

reduced by 34%.  These patients also exhibited reduced Lyn association with 

rafts, as demonstrated by a 20% reduction in co-localization of Lyn with the 

raft-marker GM1-CTxB [59].  Collectively, these findings implicitly underscore 

a role for lipid rafts in human disease and motivate further studies to 

understand plasma membrane heterogeneities. 

 

IgE-FcεRI Signaling in RBL-2H3 Mast Cells 

RBL-2H3 mast cells have many signaling similarities to B and T 

leukocytes and provide a well-studied model system for investigating the 

molecular mechanisms that drive the redistribution of membrane proteins 

after stimulation with multivalent antigen.  These cells express the high 
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affinity IgE receptor, FcεRI, which binds IgE with a high affinity (Kd~10-10 M).  

Ligand induced receptor crosslinking triggers a complex signaling cascade 

that is initiated by the phosphorylation of tyrosine residues within ITAMs on 

the β and γ subunits of IgE-FcεRI by Lyn.  These phosphorylated tyrosine 

residues then act as docking sites for additional Lyn and Syk [60, 61], (similar 

to ZAP-70 in T cells).  Phosphorylated PLCγ, which binds phosphorylated 

LAT at the plasma membrane via its SH2 domain, then hydrolyzes 

phosphatidylinositol-4,5-bisphoshpate (PIP2) into inositol-1,4,5-triphosphate 

(IP3) and diacylglycerol (DAG).  Activation of protein kinase C (PKC) by 

DAG, as well as IP3-mediated calcium mobilization, promotes the release of 

secretory granules containing allergic mediators and cytokines into the 

extracellular environment. 

While studies continue to reveal the plethora of signaling players 

involved in IgE-FcεRI-mediated signaling, the mechanism that drives their 

reorganization upon cell stimulation, as well as the physiological significance 

of lateral membrane heterogeneity in general, requires further study.  

Fluorescence microscopy studies of receptor organization reveal optically 

uniform labeling of the receptor at the plasma membrane.  After stimulation, 

receptors redistribute into patchy micron-sized cell surface domains [62, 63]. 

Stabilization of these large patches without internalization of the clustered 

receptors requires incubation for several hours at low temperatures (typically 

4°C.  Subsequent studies under these conditions also demonstrated that 

fluorescently labeled Lyn co-redistributes into the same punctate plasma 

membrane microdomains [64-66].  As an alternative to soluble antigen 

stimulation, patterned antigen-containing supported bilayers provide a useful 

strategy for spatially regulating the size of cross-linked receptor complexes.  
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Using this technique, Wu et al. demonstrated that Lyn and actin selectively 

redistribute to micron sized crosslinked receptor clusters at 37˚C [67] shown in 

Figure 1.5.  Further support for this compartmentalization comes from 

fluorescence cross-correlation spectroscopy (FCCS) studies, which 

demonstrated a stimulation dependent enhancement in cross-correlation 

between between IgE-FcεRI and Lyn [68].  Although the physical basis for the 

recruitment of Lyn to crosslinked IgE-FcεRI at early signaling times is unclear, 

two models have emerged that implicate both protein-protein interactions, as 

well as lipid-mediated or ‘lipid raft’ interactions. 

 Studies have also suggested that ordered microdomains or ‘lipid rafts’ 

play an important role in facilitating IgE-FcεRI and Lyn interactions during 

mast cell activation.  Biochemical isolation of DRMs prepared from resting 

RBL-2H3 cells have been shown to be enriched in GPI-anchored proteins, Src 

family tyrosine kinases such as Lyn and Syk [69], and LAT [70-72].  Although 

IgE-FcεRI is largely excluded from DRMs in resting cells, stimulation with 

multivalent antigen causes IgE-FcεRI to associate with tyrosine kinase rich 

DRMs [73, 74].  Thus, it has been proposed that antigen stimulation causes a 

translocation or stabilization of crosslinked receptor clusters to ordered 

microdomains. 
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Adopted from: Wu, M. et al., Visualization of plasma membrane 

compartmentalization with patterned lipid bilayers. PNAS, 2004. 101 (38):p. 13798-

13803. 

 

Figure 1.5: IgE-FcεRI and Lyn are recruited to micro-patterned antigen-

containing lipid bilayers.  Green fluorescence is used to visualize the 

distribution of A488-labeled IgE-FcεRI (top right) and GFP-expressing Lyn 

(bottom right) in separate experiments.  In both overlays, red fluorescence 

visualizes the antigen-containing lipid bilayers underlying the cells. 
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 The formation of ordered microdomains has been shown to depend 

critically on cholesterol, and reduced plasma membrane cholesterol levels 

severely influences IgE-FcεRI and Lyn interactions.  In addition to inhibiting 

receptor phosphorylation, treatment with the cholesterol depleting agent 

methyl-beta-cyclodextrin (MβCD) prevents stimulation dependent association 

of receptors with DRMs as well as  micron scale co-clustering of IgE-FcεRI and 

Lyn visualized by fluorescence microscopy [64].  It has also been 

demonstrated that improper targeting of Lyn to lipid rafts, via mutated 

myristoylated and palmitoylated acyl chains, prevents co-clustering of Lyn 

with crosslinked IgE-FcεRI [66]. 

 Additionally, Young et al. demonstrated that Lyn kinase has a 4-5 fold 

higher activity in lipid raft-associated membranes versus non raft-associated 

membranes, further supporting lipid raft-mediated interactions between IgE-

FcεRI and Lyn [75].   Subsequent demonstration that the active site of Lyn is 

more protected from dephosphorylation by transmembrane protein tyrosine 

phosphatase α (PTPα) within lipid rafts suggests that raft-resident activated 

IgE-FcεRI may also be protected from the same deactivating phosphatases 

[76]. 

 An alternative model proposes that receptor phosphorylation and 

subsequent recruitment of Lyn to crosslinked IgE-FcεRI is mediated by 

protein-protein interactions.  This model arises from early observations by 

Metzger and colleagues [77-79] that a small percentage of active Lyn is 

constitutively associated with IgE-FcεRI in resting cells through weak protein 

binding interactions via the N-terminal unique domain of Lyn.  According to 

the ‘transphosphorylation model’, receptor crosslinking brings Lyn into close 

proximity to adjacent receptors that are subsequently phosphorylated.  A 
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related mechanism for tyrosine phosphorylation-independent activation of 

BCR in B cells has been suggested based on similar observations that the Igα 

subunit of BCR is constitutively associated with the kinase Syk [80], as well as 

certain Src family kinases prior to receptor cross-linking [81, 82]. 

 Additionally, studies using Tac receptor chimeras containing the 

cytoplasmic domain of the β and γ IgE receptor subunits have suggested that 

receptor phosphorylation by Lyn does not require receptor association with 

ordered microdomains [83].  Further evidence for this model comes from the 

observation that Lyn association with lipid rafts is not required for sufficient 

receptor phosphorylation by Lyn [66].  However, in the same study, the SH2 

domain-dependent co-redistribution of Lyn with crosslinked IgE-FcεRI is 

postulated to occur with lipid raft environments.  Thus, the mechanism 

responsible for IgE-FcεRI and Lyn association during early signaling events 

may very well result from both protein-protein and lipid-mediated 

interactions. 

 

1.5 High-Resolution Studies on Membrane Heterogeneity 

One of the major challenges in deciphering different models of 

membrane organization is directly visualizing plasma membrane protein 

organization at high resolution.  Fluorescence microscopy studies carried out 

at low temperatures or with patterned substrates have revealed a stimulation-

dependent micron-scale reorganization of IgE-FcεRI and associated signaling 

proteins into cell surface clusters.  However, high spatial resolution of the size 

and composition of these microdomains under normal conditions is limited by 

the wavelength of light.  Electron microscopy overcomes this barrier because 

the wavelength of an electron beam is much smaller than that of a photon of 
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light.  Plasma membrane protein distributions, labeled with gold particles 

conjugated to specific antibodies, can be directly visualized using high 

resolution microscopy techniques. 

Scanning electron microscopy (SEM) with both secondary electron 

detection (SED) and backscattered detection (BSD) allows direct visualization 

of membrane topography and protein distributions on the top surface of intact 

cells.  The utility of this technique was first demonstrated over two decades 

ago by labeling cell surface proteins with 20 and 45 nm gold particles in 

human peripheral granulocytes [84].  Further studies by Stump et al., which 

monitored gold labeled IgE-FcεRI organization in stimulated RBL-2H3 cells, 

demonstrated that changes in membrane morphology could be correlated 

with receptor distributions [85].  Using the same technique, Johkura et al. 

demonstrated that a specific subset of cell surface proteins were preferentially 

localized to membrane ruffles and microvillii, while others had random 

topological distributions [86]. 

More recently, transmission electron microscopy (TEM) has been used 

to visualize immuno-gold labeled proteins on ‘ripped-off’ membrane sheets 

[87].  In this technique, the top surface of adherent living cells is detached as a 

continuous, cytoplasmic leaflet-exposed plasma membrane sheet and 

transferred directly to an electron microscopy grid.  Proteins are then labeled 

with gold particles and imaged using high resolution TEM.  Several of these 

studies have suggested that a wide variety of plasma membrane proteins have 

self-clustered distributions in resting cells, within spatially distinct cell surface 

microdomains, ranging in size from ~10-100 nm [71, 88-91], as visualized in 

Figure 1.6. 
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Adapted from: Prior, I.A. et al., Direct visualization of Ras proteins in spatially 

distinct cell surface microdomains. J Cell Biol, 2003. 160 (2): p. 165-170. 

 

Figure 1.6: Gold particles labeling the inner-leaflet associated protein K-ras 

have self-clustered distributions in `ripped off’ membrane sheets prepared 

from resting cells.  Gold particles are 5 nm in size, and the scale bar is 50 nm. 
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Several studies have used ‘ripped-off’ sheets prepared from RBL-2H3 

cells to monitor the distribution of IgE-FcεRI and associated signaling proteins 

before and after multivalent antigen stimulation [89, 90, 92].  In resting cells, 

Wilson et al. report that IgE-FcεRI, Lyn, Syk, and LAT have significantly 

clustered distributions, with LAT clusters being the largest (majority of IgE 

and Lyn clusters contain < 10 golds compared to 20 golds for LAT).  While 

LAT clusters are spatially distinct from IgE-FcεRI, 20% of gold-labeled Lyn is 

observed to associate with receptor clusters in resting cells, consistent with 

previous biochemical evidence [79]. 

 Further, Wilson et al. propose that stimulation with multivalent antigen 

induces rapid phosphorylation of IgE-FcεRI by Lyn, followed by a rapid 

segregation of crosslinked IgE-FcεRI away from Lyn into osmiophilic 

membrane patches concentrated in Syk, PLCγ2, PI3K, and Gab2.  In contrast, 

LAT forms large clusters, rich in PLCγ1 and PI3K, which occasionally intersect 

but do not mix with crosslinked IgE-FcεRI domains [89, 90].  From these 

observations, it has been suggested that mast cells form primary signaling 

domains around IgE-FcεRI and Syk, while secondary signaling domains are 

organized around LAT.  The high concentration of LAT within secondary 

signaling domains has been proposed to have functional significance for 

sustaining and amplifying signaling at long stimulation times as IgE-FcεRI is 

internalized [90]. 

 While these studies suggest an intriguing mechanism for the 

redistribution of IgE-FcεRI-associated signaling proteins in activated mast 

cells, there are several important factors that need to be addressed.  In many 

cases, descriptions of ’clustered distributions’ are qualitative observations that 

may unfairly bias and/or misrepresent protein distributions.  While previous 
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statistical analyses of these particle distributions using Ripley’s Functions are 

well suited for determining whether particles are clustered over a random 

distribution, quantitative information about the size and composition of 

particle clusters is often difficult to extract.  Lastly, it remains unclear to what 

degree the action of membrane detachment from the underlying cytoskeleton 

affects protein organization.  It has been long known that a downstream 

consequence of IgE-FcεRI activation is a dramatic reorganization of the 

cytoskeleton into large lamellar ruffles [93].  Further, membrane interactions 

with the cytoskeleton have been implicated in the stabilization of crosslinked 

receptor complexes and with functional roles in receptor activity and 

serotonin secretion [94].  Support for this comes from the recent finding that 

multivalent antigen stimulation induces the recruitment of actin binding 

proteins to sites of receptor crosslinking [95].  Additionally, actin has been 

implicated in limiting IgE-FcεRI diffusion, as well as receptor-antigen 

immobilization and receptor clustering dynamics [96]. 

 

Open Questions 

While these results have suggested unique hypotheses to describe the 

spatial organization of plasma membrane proteins during early signaling 

events, many questions remain unanswered and require further investigation.  

In particular, the physiological basis for self-clustered protein distributions at 

the plasma membrane has yet to be fully determined.  Studies by Sengupta et 

al. [97] and others [88, 89, 98] find that virtually all proteins examined appear 

to be distributed in small ~20-50 nm clusters in resting cells.  Often, these 

nano-cluster sizes are qualitatively compared to SPT ‘hindered diffusion zone’ 

domains as evidence to confirm the physical basis for autocorrelated protein 
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distributions; however, the two experimental methods represent very different 

physical descriptions of protein organization. 

While nano-scale co-clustering of IgE-FcεRI and Syk may be expected 

[60, 99], the basis for receptor segregation away from Lyn [89] has not yet been 

determined, and it is somewhat surprising based on co-redistribution of IgE-

FcεRI and Lyn detected in DRMs in vitro, as well as visualized by fluorescence 

microscopy in vivo [64, 65].  Evidence that the SH2 domain of Lyn binds 

phosphorylated tyrosine residues of the β subunit of IgE-FcεRI [60, 61] 

suggests a co-redistribution of Lyn with IgE-FcεRI, independent of whether 

initial receptor phosphorylation occurs within or outside of ordered 

membrane domains.  In the same vein, the basis for LAT segregation into 

distinct microdomains that exclude Syk is still unclear [89].  Thus far, it has 

not been definitively demonstrated that interactions between IgE-FcεRI and 

Lyn are due either preferentially, or in whole, to protein-protein interactions 

or ordered microdomains.  One possible strategy for uncoupling these two 

models would be a quantitative analysis of Lyn partitioning, as well as other 

signaling proteins, into crosslinked IgE-FcεRI domains when 1) ordered 

microdomains are perturbed with MβCD or 2) Lyn activity is inhibited 

(preventing receptor phosphorylation and subsequent binding of Lyn to 

phosphorylated receptor residues). 

While high resolution studies of lateral protein organization have 

suggested that cell surface proteins are clustered into spatially, and perhaps 

functionally, distinct microdomains, quantitative methods for extracting 

information about the physical properties and characteristics of these 

structures (for example, size and composition) has been lacking.  This is 

partially due to popularized mis-interpretations of (current) statistical analysis 
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tools used to describe immuno-gold labeled protein distributions, as well as 

the inherent difficulty in extracting quantitative stoichiometries from gold 

labeling densities.    

There are still many questions that need to be addressed: For example, 

do crosslinked receptors form stable signaling platforms, and if so, how does 

the size and composition of these domains change as a function of stimulation 

time?  Further elucidation of the mechanism that drives the redistribution of 

signaling proteins at the plasma membrane during mast cell activation may 

provide insight into the physiological significance of nano-scale lateral 

membrane heterogeneity. 

 

1.6 Scope of Thesis 

As described in this dissertation, I used fluorescence and electron 

microscopy techniques to probe the functional heterogeneity of the plasma 

membrane in RBL-2H3 mast cells.  An overarching theme throughout these 

studies is the ability of the plasma membrane to respond to changes in its 

environment at both the micro- and nano-scale.  Chapter Two describes 

collaborative studies where we used patterned poly (acrylic acid) (PAA) 

polymer brushes to explore the effects of surface chemistry and topography 

on cell-surface interactions.  Interestingly, we found that when patterned at 

sub-cellular dimensions, cell-repellent PAA brushes become adhesion-

promoting surfaces that initiate fibronectin-mediated cellular responses.  By 

modifying brush thickness, we found that PAA can be ‘tuned’ to promote cell 

adhesion without triggering non-specific cell-surface interactions.  Further, we 

demonstrated the utility of patterned PAA arrays as a tool to study immune 
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cell signaling by modifying brushes with ligands that specifically engage IgE 

bound to its high affinity cell surface receptor, FcεRI. 

Chapter Three describes a different collaboration where we used pair 

correlation function analysis to investigate the lateral heterogeneity of the 

plasma membrane in resting RBL-2H3 cells.  Using a combination of SED and 

BSD-SEM, we visualized immuno-gold labeled proteins at the top surface of 

intact resting cells.  Consistent with previous reports, we found that gold 

particles labeling cell surface proteins, as well as proteins randomly 

immobilized onto silicon surfaces, have significantly clustered distributions.  

By (1) comparing correlation functions for cell surface proteins of varying 

densities, (2) imaging proteins covalently conjugated to a silicon surface, and 

(3) measuring cross-correlations between two pools of functionally identical 

but distinctively labeled (with differently sized gold particles) proteins, we 

found that this apparent clustering can be accounted for by multiple gold 

particles binding to individual target proteins.  After correcting for this 

artifact, we found that all membrane proteins and lipids examined have 

random distributions.  In double label experiments, we found that IgE-FcεRI 

and Lyn are significantly cross-correlated.  To investigate the physical basis 

for IgE-FcεRI/Lyn interactions we modulated cholesterol levels and find that 

constitutive co-clustering of IgE-FcεRI and Lyn is sensitive to, but not wholly 

dependent on cholesterol. 

In Chapter Four, we monitored the distribution of gold-labeled IgE-

FcεRI, Lyn, Syk, and LAT before and after stimulation with multivalent 

antigen at 37˚C, and we quantified particle distributions with the analytical 

tools developed in Chapter Three.  We found that after stimulation, IgE-FcεRI, 

Lyn, Syk, and LAT rapidly redistribute into large, stable clusters that may 
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represent signaling platforms.  While stimulated protein clusters decrease in 

size at long stimulation times, we found that protein density within clusters 

increases, suggesting that the composition of the membrane underlying the 

clustered proteins changes as a function of stimulation time.  Contrary to 

previous studies, which have suggested a segregation of Lyn away from 

crosslinked IgE-FcεRI, our double label experiments show that Lyn rapidly 

associates with crosslinked IgE-FcεRI and remains co-clustered at long 

stimulation times.  Additionally, we found that stimulation-dependent 

clustering of IgE-FcεRI and Lyn is sensitive to both cholesterol depletion and 

inhibition of Src family kinase activity, indicating that both lipid raft-mediated 

and protein-protein interactions contribute to early IgE-mediated signaling 

events.  In Chapter Five, we provide a summary of our findings and present a 

framework to describe the physical basis for the protein reorganization that 

occurs as a result of IgE-FcεRI mediated signaling. 

In Appendix A, we investigated whether the actin cytoskeleton plays a 

role in the redistribution of IgE-FcεRI and its associated signaling proteins.  

Double label SEM experiments revealed that actin rapidly co-redistributes 

with IgE-FcεRI after stimulation with multivalent antigen at 37˚ C.  Further, 

we provided strong evidence for an actin-dependent redistribution of 

signaling proteins after receptor crosslinking, evidenced by the dramatic 

effects of cytoskeletal perturbations on protein cluster size and composition. 

As described in Appendix B, we used trivalent Y-shaped DNA ligands 

to crosslink IgE-FcεRI in a spatially regulated manner, and immuno-gold 

labeled IgE-FcεRI was visualized by SED and BSD-SEM.  In previous 

fluorescence microscopy studies using these ligands, receptor 

phosphorylation was 5-10 fold reduced after stimulation with the longest 
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ligand  (Y46-DNP3-DNA, 13.5 nm spacer) compared to stimulation with the 

shortest ligand (Y16-DNP3-DNA, 4.5 nm) [100].  In single label SEM 

experiments, we found that crosslinking of IgE-FcεRI with Y46-DNP3-DNA 

results in clusters that are dramatically reduced in size and composition 

(~80%), compared to crosslinking with Y16-DNP3-DNA.  Despite these 

dramatic nano-scale clustering differences, we find that both Y46-DNP3-DNA 

and Y16-DNP3-DNA induce nearly indistinguishable micron-scale clustering 

at the plasma membrane as visualized by fluorescence microscopy. 

Collectively, our experimental findings have demonstrated that 

stimulation-induced redistribution of crosslinked IgE-FcεRI and associated 

signaling proteins results from many different contributions, and they provide 

new insight to describe the mechanism by which receptor organization is 

coupled to the recruitment of important signaling proteins during early cell 

signaling events. 
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CHAPTER TWO 

Investigating Cellular Responses to Patterned Poly (Acrylic Acid) Polymer 

Brush Surfaces * 

Summary 

We use patterned poly (acrylic acid) (PAA) polymer brushes to explore 

the effects of surface chemistry and topography on cell-surface interactions.  

Most past studies of surface topography effects on cell adhesion have relied on 

patterned feature sizes that are larger than the dimensions of a cell.  Here we 

report cell adhesion studies for RBL-2H3 mast cells incubated on PAA brush 

surfaces patterned with a variety of different feature sizes and brush 

thicknesses.  Interestingly, we find that when patterned at sub-cellular 

dimensions, cell-repellent PAA brushes become adhesion-promoting surfaces 

that initiate fibronectin-mediated cellular responses.  Integrin engagement 

over PAA brush regions causes a dramatic reorganization of the plasma 

membrane involving actin polymerization at the cell-surface interface.  By 

modifying brush thickness, we find that PAA can be ‘tuned’ to promote cell 

adhesion without triggering non-specific membrane accumulation over 

patterned brush regions.  We demonstrate the utility of patterned PAA arrays 

as a tool to study mast cell signaling by modifying brushes with ligands that 

specifically engage IgE receptor complexes on cellular surfaces. 

                                                        

* This work was carried out in collaboration with Rong Dong, who 
contributed to the synthesis and fabrication of the patterned PAA and PAA-
DNP arrays. 
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2.1 INTRODUCTION 

At the cell level in living systems, interactions between the cell 

membrane and the extracellular matrix (ECM) are important for cell adhesion, 

motility, structural support, cell growth and regulation, tissue segregation, 

and many other cellular responses.  In the fields of biomedical implantation, 

tissue engineering, and cell-based sensors, the successful incorporation of 

materials and devices into biological systems requires a thorough 

understanding of cellular response to a substrate’s surface chemistry and 

topography.  Thus, systematic assessment of how cells interact and respond to 

their environment at the nano- and micro-scopic level is key to tuning the bio-

compatibility of a material’s surface. 

One technique commonly used to promote favorable cell-surface 

interactions is the immobilization of adhesion-promoting biomolecules, such 

as fibronectin, onto bio-incompatible surfaces via adsorption or covalent 

modification.  Additionally, cell adhesion and behavior can be modified by the 

chemical composition and/or topography of the substrate.  Recently, polymer 

brushes have attracted considerable attention as bio-functional surfaces due to 

their versatile properties.  Compared to self-assembled monolayers (SAMs), 

polymer brushes provide a higher density of functional groups and can be 

used to immobilize multiple layers of proteins.  Due to the thickly branched 

(“brush-like”) structure of polymer brushes in aqueous solution, hydrophilic 

polymer brushes may also prove superior to SAMs for mimicking the in vivo 

extracellular matrix (ECM) environment. 
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Previous studies investigating surface topography effects on cell 

adhesion have typically utilized patterned feature sizes that are larger than the 

dimensions of a cell.  Here we report cell adhesion studies for RBL mast cells 

incubated on poly (acrylic acid) (PAA) polymer brush surfaces patterned with 

a variety of different feature sizes.  Further, we explore the cellular processes 

and biological mechanisms that drive interactions at the cell-surface interface.  

Interestingly, we find that when patterned at sub-cellular dimensions, cell-

repellent PAA brushes become adhesion-promoting surfaces that initiate 

fibronectin-mediated cellular responses.  By adjusting polymer brush 

thickness and patterned feature sizes, we find that PAA brushes can be ‘tuned’ 

to become adhesion-promoting surfaces, which do not accumulate membrane.  

Lastly, we demonstrate that patterned PAA arrays can be covalently modified 

to study mast cell signaling, by synthesizing PAA-DNP arrays that specifically 

crosslink IgE bound to its high affinity cell surface recepter FcεRI.  

2.2 MATERIALS and METHODS 

Materials: 

Allyl 2-bromo-2-methylpropionate, chlorodimethylhydrosilane, Pt on 

activated carbon (10 wt %), triethylamine, CuBr, CuBr2, 2,2′-bipyridine, 

sodium acrylate, diisoproplycarbodiimide (DIPC), bovine fibronectin, 

cytochalasin D, and all solvents used were purchased from Sigma (St. Louis, 

MO).  All chemicals were used without further purification.  Distilled 

deionized water and high-purity nitrogen gas (99.99 %, Airgas) were used 

throughout.  Silicon wafers covered with native silicon oxide layer were 
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purchased from Montco Silicon Technologies, Inc. (Spring City, PA).  Surface 

initiator for silica substrates was synthesized and immobilized on substrates 

as described below.  4-(dimethylamino)pyridinium-4-toluenesulfonate (DPTS) 

was synthesized according to a literature procedure [1].  A488-IgE was 

prepared by modification of purified mouse monoclonal anti-2,4-

dinitrophenyl (DNP) IgE with Alexa Fluor 488 (Invitrogen Corp.) as 

previously described [2].  Alexa Fluor 488 cholera toxin subunit B (A488-

CTxB), 1,1'-dihexadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate 

(DiIC16), Texas red dipalmitoyl-phosphatidylethanolamine (TR-DPPE), and 

Alexa Fluor 555 (A555)-conjugated goat anti-mouse pAb were purchased from 

Invitrogen Corp. (Eugene, OR).  Monoclonal anti-fibronectin was purchased 

from Abcam (Cambridge, MA), and RGD peptides were purchased from 

Calbiochem (Gibbstown, NJ). 

Patterning and Synthesis of PAA Brushes on Silicon Surfaces: 

PAA brushes were patterned on silicon surfaces using a 

photolithography procedure, which is shown in Figure 2.1 and described 

elsewhere [3].  Briefly, a layer of lift-off resist 5A (LOR 5A) was spin-coated 

onto a silicon wafer prior to performing general photolithography.  The 

solubility of LOR 5A in the photolithography developer solution allows good 

pattern transfer from photoresist to LOR 5A.  Additionally, the insolubility of 

LOR 5A in organic solvents protects the underlying silica surface from 

unwanted chemical reactions.  Surface initiator was attached to the exposed 

silicon surface, followed by surface-initiated polymerization of PAA and 
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subsequent removal of LOR 5A.  Patterned PAA brushes were characterized 

using atomic force microscopy (AFM), and brush thicknesses were determined 

using AFM images and ellipsometry. 

Synthesis of PAA-DNP Brushes: 

Patterned PAA brush surfaces were prepared, as described previously 

[4], using slightly shorter polymerization times (~20 min).  PAA brushes were 

prepared with different thicknesses (30 nm to 8 nm) by varying the monomer 

concentrations in the polymerization media (1.88 g sodium acrylate dissolved 

in 4, 5, and 6 mL of DI water).  DNP-PEG was synthesized as previously 

reported [5] and attached to the patterned PAA brushes via hydroxyl moieties, 

as shown in Figure 2.2.  Briefly, patterned PAA substrates were placed in a 25 

mL Schlenk flask containing 75 mg DPTS.  Following evacuation and back-

filling with nitrogen three times, 4 mL anhydrous dichloromethane was added 

to the flask using a cannula.  After the DPTS completely dissolved, 0.05 mL 

DNP-PEG and 0.05 mL DIPC was added to the reaction mixture, and the 

solution was kept overnight at room temperature.  The patterned PAA-DNP 

substrates were then rinsed with water and isoproponal, blown dry, and 

stored in the dark prior to use for cell experiments.  X-ray photoelectron 

spectroscopy (XPS) was used to confirm attachment of DNP to PAA by 

monitoring the appearance of a nitrogen peak in the XPS spectrum.  

 

 



 

 50 

 

 
 

Figure 2.1: Patterning of PAA brushes.  Lift-off resist and photo resist are 
sequentially deposited onto a silicon wafer.  UV photolithography and 
subsequent resist development results in pattern transfer of micron-sized 
squares (or lines) into the lift-off resist.  After attachment of initiator to the 
silicon surface and subsequent surface-initiated polymerization, the lift-off 
resist is removed. 
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Figure 2.2: Modification of patterned PAA brushes with DNP.  For detailed 
description see Materials and Methods. 
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RBL Cells Incubated on Patterned Brush Surfaces: 

RBL-2H3 cells were maintained in tissue culture and harvested as 

previously described [6].  After 1 hr of sensitization with A488-IgE (1 µg/mL), 

cells were incubated on patterned PAA substrates (at a concentration of 

0.5x106 cells/mL) at either 37˚ C or room temperature for ~ 20 min.  The 

substrates were then gently rinsed with buffered-saline solution (BSS:150 mM 

NaCl, 2.5 mM KCl, 12 mM NaHCO3, 2 mM MgCl2, 2 mM CaCl2, 1 mg/mL 

bovine serum albumin, 1 mg/mL dextrose, pH 7.4) to remove unattached 

cells.  The patterned substrates were then placed in MatTek dishes filled with 

BBS and imaged using confocal fluorescence microscopy.  For most 

experiments, cells were visualized using fluorescently labeled A488-IgE.  In 

some cases, cell membrane was labeled with either 2 µg/mL A555-CTxB, 10 

µM TR-DPPE, or 10 µM DiIC16, which typically labeled >80% of all cells.  

Membrane markers were added to suspended cells for 5 min at room 

temperature prior to cell incubation on patterned substrates.  RBL cells 

expressing GFP-actin were produced using standard transfection protocols, as 

previously described [6]. 

Preparing Fibronectin-coated Surfaces: 

 Patterned substrates were incubated with 50 µg/mL bovine fibronectin 

for 1 hr at 37˚ C and then rinsed with BSS to remove unattached fibronectin.  

Fibronectin distributions were visualized using confocal microscopy after 

sequential immunofluorescence antibody labeling (anti-fibronectin mAb and 

A555-labeled goat anti-mouse pAb). 



 

 53 

Treatment with Cytochalasin D and RGD Peptides: 

RBL cells were treated with cytochalasin D before and after incubation 

on patterned PAA substrates.  Prior to incubation, suspended cells were 

treated with 1 µg/mL cytochalasin D for 10 min at 37˚ C and then incubated 

on patterned substrates (in the presence of cytochalasin D) for 20 min at 37˚ C.  

In drug-washout experiments, the cytochalasin D-containing BSS solution was 

replaced with fresh BSS, and cell samples were re-incubated at 37˚ C for ~20 

min.  Identical concentrations and incubation times were used to treat cells 

with cytochalasin D post-incubation on the patterned PAA substrates.  To 

inhibit integrin receptor binding, RBL cells were pre-treated with 1 µg/mL 

RGD peptides for ~30 min at 37˚ C prior to incubation on the patterned PAA 

substrates. 

Confocal Microscopy: 

Images of fluorescently labeled RBL cells on patterned PAA surfaces 

were obtained with a Leica TCS SP2 confocal microscope at room 

temperature.  A 40x 0.8 NA long working distance water immersion lens was 

used for image acquisition.  Reflectance images were acquired using a highly 

attenuated laser to visualize the polymer brush pattern borders.  For 

visualization purposes, grids were generated using these reflectance images 

and superimposed, when necessary, over cellular fluorescence images to more 

clearly identify co-localization of cellular fluorescence with the underlying 

PAA brush patterns. 
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2.3 RESULTS 

Patterned PAA Surfaces Promote Cell Adhesion. 

As described above, we used photolithography to pattern 30 nm thick 

PAA brush surfaces with the following features: 100 µm wide lines, 20 µm 

wide lines, 10 µm squares, and 2 µm squares.  The unpatterned surface 

between patterned PAA brush regions is bare silicon.  RBL mast cells were 

labeled with A488-IgE that binds with high affinity (low dissociation constant) 

to cell surface FcεRI.  Cells were incubated on each patterned surface for ~20 

min at 37˚ C and visualized using confocal fluorescence microscopy, as shown 

by representative images in Figure 2.3. 

Surfaces with 100% PAA brush coverage are extremely cell-repellent, 

and cell incubation on these surfaces results in nearly ~0% cell attachment 

(images not shown).  Similarly, when cells are incubated on PAA surfaces 

patterned with 100 µm or 20 µm wide alternating lines of PAA and silicon, 

cells completely avoid PAA regions and preferentially adhere to bare silicon, 

as shown in Figure 2.3A-B (patterned PAA regions are shown in red).  In both 

of these cases, patterned PAA feature dimensions are larger than the size of a 

cell (~20 µm) and most settling cells come into contact with only one surface 

(PAA) or the other (silicon). 
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Figure 2.3: Cells attach and spread over small PAA brush features (<10 µm) 
while avoiding large feature sizes.  RBL cells were labeled with A488-IgE and 
incubated for 20 min at 37˚ C on a variety of different PAA (~30 nm thick) 
surfaces.  PAA regions are false-colored red.  Cells completely avoid 100 µm 
wide (A) and 20 µm wide (B) lines of PAA.  Cells mostly avoid 10 µm PAA 
squares (C), but partially adhere over PAA regions.  Cells adhere and spread 
over surfaces patterned with 2 µm square PAA features (D).  Scale bar is 100 
µm. 
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However, when patterned surface features are smaller than the 

dimensions of a cell, settling cells come into contact with surfaces that posses 

mixed chemical and structural compositions (i.e. surface attachment requires 

interactions with both PAA and silicon).  When cells are incubated on PAA 

surfaces patterned with 10 µm squares, the majority (~75%) of cells adhere to 

bare silicon.  The remaining cells adhere mostly to silicon with partial 

membrane spreading over PAA brushes as illustrated in Figure 2.3C.  

However, cells incubated on PAA surfaces patterned with 2 µm squares 

necessarily come into contact with both silicon and PAA brushes and spread 

equally over patterned and unpatterned features, shown in Figure 2.3D. 

Given this result, we quantified adhesion in Figure 2.4 by determining 

average cell densities on unpatterned silicon surfaces, unpatterned PAA (~30 

nm thick) surfaces, and PAA (~30 nm thick) surfaces patterned with 2µm 

squares.  More than 10 randomly selected regions on each substrate surface 

were collected for analysis.  Compared to surfaces comprised of only silicon 

(~25 cells/100 µm2), average cell densities on unpatterned PAA surfaces are 

dramatically reduced (~1 cells/100 µm2).  Interestingly, cell adhesion is 

significantly improved when cells are incubated on PAA surfaces patterned 

with 2 µm squares (~18 cells/100 µm2), and the average cell density is very 

similar to the bare silicon surfaces. 
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Figure 2.4: Patterning PAA brushes at small dimensions enhances cell 
adhesion.  RBL cells were incubated for ~20 min at 37˚ C on unpatterned 
silicon surfaces, unpatterned PAA (~30 nm thick) surfaces, and PAA (~30 nm 
thick) surfaces patterned with 2 µm squares.  While surfaces with 100% PAA 
brush coverage are extremely cell-repellent, cell adhesion on PAA brush 
surfaces patterned with 2 µm squares is comparable to adhesion on 
unpatterned silicon surfaces.  Average cell densities on each surface were 
determined by quantifying attached cells in many images (n>10) over 
different experiments. 
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Membrane Accumulates over Patterned PAA Regions at 37˚ C. 

 Given the cell-repellent properties of PAA brushes, we unexpectedly 

found that the plasma membrane dramatically accumulated over 2 µm square 

PAA regions.  In these experiments, cells were incubated on PAA (~30 nm 

thick) surfaces patterned with 2 µm squares for 20 min at 37˚ C, and 

membrane accumulation was visualized by concentration of different 

fluorescent membrane markers (A488-IgE, TR-DPPE and A488-CTxB) over 

PAA regions, shown in representative confocal fluorescence microscopy 

images (Figure 2.5A-C).  The same membrane accumulation is observed when 

cells are incubated on PAA surfaces patterned with 2 µm and 5 µm wide lines 

(data not shown).  However, cell densities on these surfaces were significantly 

lower after incubation on these “line-patterned” surfaces (>50% reduction) 

than those obtained on PAA surfaces patterned with 2 µm squares.  One 

possible explanation is that patterned square features allow cell membrane 

contact with silicon surfaces around the periphery of PAA brush patterns, 

thereby compensating for unfavorable PAA brush-membrane interactions. 
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Figure 2.5: Cell membrane accumulates over PAA surfaces patterned with 
small (2 µm square) feature sizes. Confocal fluorescence micrographs show 
cells incubated on PAA surfaces (~30 nm thick) patterned with 2 µm square 
features.  After 20 min of  incubation at 37˚ C, membrane markers, including: 
A488-IgE (A), TR-DPPE (B), and A488-CTxB (C), accumulate over PAA 
regions.  Scale bar is 20 µm. 
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 We also investigated the effects of cell incubation temperature on 

membrane recruitment and accumulation over 2 µm square PAA (~30 nm 

thick) regions.  Cells were labeled with A488-IgE and incubated at room 

temperature for 20 min, followed by an upward temperature shift to 37˚ C.  

When cells are incubated at room temperature, very few cells adhere to the 

patterned PAA surface (<10%).  Of the cells that do adhere, membrane does 

not accumulate over patterned PAA regions, shown in Figure 2.6A.  However, 

when the same sample of adherent cells is incubated at 37˚ C for 20 additional 

min, membrane accumulates over PAA patterns, as shown in Figure 2.6B.  If, 

instead, cells are initially incubated at 37˚ C (allowing membrane to 

accumulate over PAA patterns) and then incubated at room temperature for 

20 additional min, we observe sustained membrane accumulation over PAA 

patterns (data not shown). 

Membrane Accumulation Requires Fibronectin-Integrin Binding. 

Given the localized accumulation of plasma membrane over PAA 

brush regions, we investigated the mechanisms driving interactions at the 

membrane-brush interface.  To identify whether PAA adsorbs, and thereby 

selectively concentrates, the ECM protein fibronectin, PAA surfaces (~30 nm 

thick) patterned with 2 µm square features were incubated with 50 µg/mL 

soluble fibronectin for 1 hr at 37˚ C.  Fibronectin distributions were labeled by 

immunofluorescence and visualized by confocal fluorescence microscopy.  As 

illustrated in Figure 2.7, fibronectin concentrates over patterned PAA regions, 

potentially due to the high surface area presented by the thick PAA brushes.
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Figure 2.6: Membrane accumulates over PAA brushes at 37˚ C, but not at 
room temperature. Confocal fluorescence micrographs of cells labeled with 
A488-IgE and incubated on PAA (~30 nm thick) surfaces patterned with 2 µm 
square features.  A) At room temperature, the cell membrane is 
homogeneously distributed over the patterned surface.  B) When the same 
cells are re-incubated at 37˚ C for 20 min, membrane redistributes and 
accumulates over the brushes.  White squares are superimposed over the 
fluorescence images to identify co-localization of accumulated plasma 
membrane with the underlying patterned PAA surface.  Scale bar is 10 µm. 
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Figure 2.7: Fibronectin adsorbs to PAA brushes. Confocal fluorescence 
micrographs show PAA surfaces (~30 nm thick) patterned with 2 µm square 
features, which were incubated in the (A) presence (50 µg/mL) or (B) absence 
of soluble fibronectin. Fibronectin distributions were visualized by 
immunofluorescence labeling (anti-fibronectin mAb and A555-labeled goat 
anti-mouse pAb) and imaged under identical conditions.  Scale bar is 10 µm. 
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 This localized accumulation of fibronectin suggested that integrin 

receptors may be undergoing selective and localized ligation via fibronectin-

enriched PAA brushes.  To uncouple fibronectin-integrin interactions, cells 

were treated in the presence or absence of Arginine-Glycine-Aspartate (RGD)-

containing peptides for 30 min at 37˚ C prior to incubation with PAA (~30 nm 

thick) surfaces patterned with 2 µm squares.  Cells were labeled with A488-IgE 

and visualized using confocal fluorescence microscopy.  In the absence of 

RGD peptides, membrane accumulated over PAA regions, as shown in Figure 

2.8A.  While pre-treatment with RGD peptides prevents the accumulation of 

membrane over PAA patterns, cells are able to attach, albeit less robustly, to 

PAA surfaces (Figure 2.8B). 

 The previous observation that fibronectin-integrin binding is required 

for membrane accumulation over PAA regions but not for cell attachment to 

the patterned surface (over both PAA and silicon regions) suggested that 

fibronectin adsorption to large 100 µm wide lines of PAA (previously 

demonstrated to be cell-repellent in Figure 2.3A) could facilitate cell adhesion.  

After confirming that fibronectin accumulates over 100 µm PAA regions by 

immunofluorescence (using the same fibronectin concentration as in Figure 

2.7; data not shown), cells were incubated on the fibronectin-adsorbed 

surfaces for ~20 min at 37˚ C.  Interestingly, cells still preferentially adhered to 

bare silicon, indicating that the presence of fibronectin alone is not sufficient to 

mitigate the cell-repellent nature of the PAA brushes (data not shown) and cell 

adherence requires some attachment to silicon.  This is also consistent with the 
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observation that surfaces with 100% PAA brush coverage are extremely cell-

repellent. 

Collectively, these results suggest that localized membrane 

accumulation over PAA regions occurs through a two-step process where (1) 

cell adhesion only occurs if the cell-repellent patterned PAA features are small 

enough so that cells are exposed to sufficient silicon surface area and (2) 

attached cells secrete soluble fibronectin, which adsorbs to PAA regions and 

initiates fibronectin-integrin receptor engagement over PAA regions. 

Cytoskeletal Contributions to Membrane Accumulation 

 As actin polymerization and cytoskeletal remodeling are hallmarks of 

integrin activation, we explored the role of actin in the recruitment of plasma 

membrane to PAA regions.  GFP-actin constructs were introduced into cells 

by transient transfection, and cells expressing fluorescently labeled actin were 

incubated on patterned PAA surfaces (2 µm squares) at room temperature for 

20 min followed by an upward temperature shift to 37˚ C for an additional 20 

min.  Actin distributions were visualized at both temperatures using confocal 

fluorescence microscopy.  At room temperature, GFP-actin is uniformly 

distributed at the plasma membrane over both silicon and PAA regions 

(Figure 2.9A).  However, there is a dramatic redistribution of GFP-actin to 

PAA regions when the incubation temperature is increased to 37˚ C (Figure 

2.9B).  This temperature-dependent reorganization of actin to PAA regions 

parallels that of the fluorescent membrane markers visualized in Figure 2.6. 
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Figure 2.8: Inhibition of integrin receptor binding prevents membrane 
accumulation over PAA brushes. Confocal fluorescence micrographs show 
A488-IgE labeled cells incubated on PAA (~30 nm thick) surfaces patterned 
with 2 µm square features.  A) Cell membrane accumulates over brush 
patterns in the absence of RGD peptides.  B) When cells are pre-treated with 1 
µg/mL RGD peptides for 30 min at 37˚ C, prior to incubation with the 
patterned surface, membrane does not accumulate over the PAA brushes.  
Scale bar is 20 µm. 
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Figure 2.9: GFP-actin accumulates over patterned PAA brush regions at 37˚ 
C, but not at room temperature. Confocal fluorescence micrographs show 
cells expressing GFP-actin incubated on PAA (~30 nm thick) surfaces 
patterned with 2 µm square features for 20 min at room temperature.  A) GFP-
actin does not accumulate over PAA regions at room temperature.  B) GFP-
actin redistributes to PAA regions at 37˚ C.  Scale bar is 10 µm. 
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 To further implicate actin in this process, we investigated the effects of 

cytochalasin D, a drug that inhibits actin polymerization, on plasma 

membrane accumulation over patterned PAA (~30 nm thick) regions (2 µm 

squares).  When A488-IgE sensitized cells are pre-treated with cytochalasin D 

for 10 min at 37˚ C and then incubated for 20 min at 37˚ C, membrane does not 

accumulate over PAA regions (Figure 2.10A).  After the subsequent removal 

of cytochalasin D and re-incubation at 37˚ C for 20 min, membrane 

accumulates over PAA regions (Figure 2.10B).  However, if cells are first 

incubated on patterned PAA surfaces for 20 min at 37˚ C (Figure 2.10C) and 

then treated with cytochalasin D (Figure 2.10D), we observe a sustained 

accumulation of membrane over PAA regions.  These results indicate that 

while localized actin polymerization initiates the recruitment of membrane to 

PAA regions, sustained membrane accumulation over PAA does not require 

continuing actin polymerization.  
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Figure 2.10: Cytochalasin D prevents membrane accumulation over 
patterned PAA regions. Confocal fluorescence micrographs show A488-IgE 
labeled cells incubated on PAA (~30 nm thick) surfaces patterned with 2 µm 
features.  A) Pre-treatment with cytochalasin D for 10 min at 37˚ C prevents 
membrane accumulation over PAA regions.  B) Subsequent removal of 
cytochalasin D and re-incubation at 37˚ C causes membrane to accumulate 
over PAA regions.  C) Membrane accumulates over PAA at 37˚ C.  D) 
Membrane, which had previously accumulated over PAA regions (as 
observed in (C)), does not redistribute away from PAA regions after similar 
treatment with cytochalasin D.  Scale bar is 20 µm. 
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Tuning Membrane Accumulation by Varying PAA Brush Thickness. 

 As described above, cells incubated on 30 nm thick patterned PAA 

surfaces undergo an orchestrated membrane reorganization that is driven by 

the chemical and topographical properties of the patterned PAA arrays.  

Motivated by previous studies, which suggest that topographical depth of 

patterned features influences cell adhesion, we explored the role of PAA brush 

thickness (i.e., the height from the silicon surface to the tip of the extended 

brush structures) in regulating the recruitment of membrane to PAA regions.  

Therefore, in addition to the 30 nm thick PAA brushes used in all experiments 

discussed thus far, we also synthesized PAA brushes with reduced 

thicknesses (15 nm and 8 nm).  A488-IgE labeled cells were incubated for 20 

min at 37˚ C on patterned PAA surfaces (with 2 µm square features) with 

varying brush thicknesses and imaged using confocal fluorescence 

microscopy.  We found that the plasma membrane strongly accumulates over 

30 nm (as expected from all previous experiments) and 15 nm thick PAA 

brushes, as illustrated in Figure 2.11A-B.  However, when PAA brush 

thickness is reduced to 8 nm, membrane no longer accumulates over PAA 

regions, and cell adhesion (cell density) is equivalent to that observed for 30 

nm thick PAA surfaces with 2 µm features (Figure 2.3D) and on bare silicon 

(Figure 2.4). 
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Figure 2.11: Membrane accumulates over patterned PAA brushes as a 
function of increased brush thickness. Confocal fluorescence images of A488-
IgE labeled cells incubated for 20 min at 37˚C on PAA (~30 nm thick) surfaces 
patterned with 2 µm square features.  Dry brush thickness is 30 nm (A), 15 nm 
(B), and 8 nm (C).  Scale bar is 20 µm.  
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Patterned PAA-DNP Arrays for Spatially Restricting IgE-FcεRI Signaling. 

 The ability to reduce membrane accumulation (integrin-mediated) at 

the plasma membrane-PAA brush interface using thin (~8 nm) PAA brushes 

provided the impetus to investigate the utility of these surfaces as versatile 

arrays for studying specific cell-surface interactions.  As such, we investigated 

whether patterned PAA surfaces could be conjugated with ligands that 

selectively engage specific cell surface immune receptors.  Previously, 

patterned lipid bilayers [6] and SAMs [7] containing 2,4-dinitrophenyl (DNP) 

ligands were utilized to specifically crosslink anti-DNP IgE bound to cell 

surface FcεRI in RBL cells.  We prepared patterned PAA-DNP ligand arrays 

by chemically functionalizing thin (~8 nm) patterned PAA brushes (2 µm 

square feature sizes) with DNP-PEG, as described in Materials and Methods.  

Incorporation of a PEG linker reduces non-specific interactions between the 

substrate and other proteins and provides flexibility to the DNP-brushes in 

cell media.  This provides DNP groups better accessibility to IgE antibodies, 

which is necessary for robust clustering of cell surface IgE-FcεRI [8]. 

Cells were labeled with A488-IgE and visualized using confocal 

fluorescence microscopy.  After cell incubation on patterned PAA-DNP 

surfaces (2 µm squares) for 20 min at 37˚ C, A488-IgE accumulated over PAA-

DNP regions (Figure 2.12A).  The specificity of IgE-FcεRI redistribution to 

PAA-DNP was confirmed by double labeling cells with A488-IgE, as well as 

the fluorescent lipid analogue, DiI-C16.  As expected, A488-IgE-FcεRI 

accumulated over PAA-DNP regions (Figure 2.12B), while DiI-C16 remained 
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uniformly distributed over both silicon and PAA-DNP regions (Figure 2.12C).  

The lack of visual correlation between IgE-FcεRI and DiIC16 (Figure 2.12D) 

indicates selective redistribution of IgE-FcεRI to PAA-DNP arrays. 

2.4 DISCUSSION 

The incorporation of materials and devices into biological systems 

triggers surrounding cells and tissues to initiate cellular responses that either 

favor device assimilation or promote rejection.  The importance of 

guaranteeing a material’s biocompatibility is underscored by the increasing 

utilization of non-biological materials in clinical research and medicine (for 

example, over 800,000 hip replacement surgeries are performed annually 

worldwide [9]).  For this reason, the ability to control interactions at the 

interface between non-biological materials and cells within host tissues is 

being ardently pursued in the field of biomedical engineering. 

In vivo, cell membranes are surrounded by a highly porous meshwork 

of glycosaminoglycans and fibrous proteins, such as fibronectin and collagen, 

forming the ECM.  Several techniques are commonly used to impart bio-

mimetic properties to a material’s surface, including: adsorption and covalent 

attachment of adhesion-promoting biomolecules [10], modulating surface 

topology [11], and modified surface chemistries [12].  Polymer brushes have 

gained increasing popularity over the last decade as a means of incorporating 

versatile functionality to a material’s surface.
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Figure 2:12. Patterned DNP-PAA brushes specifically crosslink IgE-FcεRI.  
Cells were labeled with A488-IgE (green) and DiIC16 (red) and incubated on 
thin (~8 nm) patterned (2 µm squares) PAA-DNP surfaces at 37˚ C for 20 min.  
A) IgE-FcεRI selectively accumulates over patterned DNP-PAA regions.  B) 
Higher magnification of (A).  C) The fluorescent membrane marker DiIC16 is 
uniformly distributed over the same cell shown in (B).  D) Membrane 
fluorescence (red) is uncorrelated to the patterned arrays of fluorescently 
labeled IgE-FcεRI (green), indicating that only IgE-FcεRI selectively binds and 
accumulates over DNP-PAA brushes.  Scale bar is 10 µm. 
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Of particular interest to this study is PAA’s ability to act as a scaffold 

for immobilizing different biomolecules with specific cellular functions.  Due 

to a high concentration of carboxylic acid groups (-COOH), unmodified PAA 

brushes have a strong capacity to adsorb proteins [13] and have thus been 

exploited as scaffolds for immobilizing collagen to enhance cell adhesion [14].  

Additionally, PAA has been covalently modified with various proteins, 

demonstrating their utility as patterned protein arrays [3].  In this study, we  

used patterned PAA brushes to explore the effects of both surface chemistry 

and topography (pattern dimensions and thickness) on cell-surface 

interactions. 

 When RBL mast cells are incubated on surfaces composed of 100% 

PAA, very few cells attach to the PAA brush surface.  This is consistent with 

previous reports that demonstrate PAA surface modification adversely affects 

cell adhesion [15].  Consequently, it is not surprising that cells incubated on 

PAA surfaces patterned at large dimensions (larger than the size of a cell) 

preferentially adhere to bare silicon regions (Figure 2.3A-C).  Interestingly, 

when PAA brushes are patterned at dimensions smaller than that of a cell (2 

µm squares) we found that 1) cells attach and spread over both PAA and 

silicon regions (Figure 2.3D) and 2) cell membrane selectively accumulates 

over (previously cell-repellent) PAA regions (Figure 2.5) at 37˚ C, and much 

less at room temperature (Figure 2.6).  We also found that the accumulation of 

membrane over PAA regions is PAA brush thickness-dependent (i.e., 

reducing brush thickness from 30 nm to 8 nm prevents membrane 

accumulation), as shown in Figure 2.11.  Additionally, we showed that soluble 
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fibronectin selectively accumulates over patterned PAA regions (Figure 2.7) 

and hypothesized that membrane accumulation is mediated by fibronectin-

rich PAA regions.  This may be due to the large surface area of the PAA 

brushes, and it is consistent with PAA brush thickness-dependent membrane 

accumulation over PAA regions.   

 Given the high concentration of fibronectin over patterned PAA 

regions, we hypothesized that integrin receptors were being selectively 

crosslinked over PAA regions.  To test this, we prevented binding between 

cell surface integrin receptors and fibronectin-rich PAA brushes using RGD-

containing peptides.  Under these conditions, cell membrane does not 

accumulate over PAA regions (Figure 2.8), suggesting that membrane 

accumulation requires integrin activation via fibronectin binding.  

One important consequence of multiple integrin engagement with 

fibronectin is rapid actin polymerization that accompanies localized 

cytoskeleton remodeling [16].  To test whether membrane redistribution to 

PAA regions is driven by integrin-dependent actin reorganization, we first 

confirmed that GFP-actin accumulates over PAA regions (Figure 2.9).  We 

then demonstrated that inhibiting actin polymerization prevents membrane 

accumulation over PAA regions (Figure 2.10A).  Interestingly, while actin 

polymerization drives the formation of accumulated membrane structures 

over PAA regions, persistent actin polymerization is not required for 

sustained membrane association with PAA brushes (Figure 2.10D). 
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Many actin-rich membrane structures have been identified in RBL cells 

such as membrane ruffles, protrusions, and podosomes, and these have been 

shown to play important roles in cell adhesion and motility, membrane 

trafficking, and signaling.  Despite varied diversity in protein composition and 

morphology, these structures serve a common purpose for sensing, 

responding, and interacting with the surrounding ECM. 

One type of membrane extension that has several hallmarks consistent 

with the structures we observe at the cell membrane-PAA brush interface is 

invadopodia.  These membrane structures are highly enriched in actin and 

adhesion receptor molecules, and they have been implicated in tissue 

invasiveness and proteolytic ECM degradation [17-20].  Given the high local 

concentration of fibronectin at the PAA brush-membrane interface, we 

hypothesize that actin polymerization drives the formation of interdigitating 

membrane structures that are structurally and functionally related to 

invadopodia.  Both the high concentration of fibronectin, as well as the porous 

nature of the PAA brushes, may cause the cell plasma membrane to actively 

investigate the patterned regions.  In fact, Moran-Mirabal et al. showed that 

the plasma membrane structures actively investigate nanofabricated holes (40 

nm -150 nm), most likely through an actin-dependent mechanism [21].  The 

large-scale accumulation of membrane over PAA regions may represent 

micron-sized membrane structures that concentrate the lipids and proteins 

necessary for initiating and sustaining invadopodia-like interactions. 



 

 77 

Previous studies have suggested that cell adhesion to artificial 

substrates can induce rapid actin polymerization, cell spreading, and 

frustrated phagocytosis [22].  Previous observations of phagocytic degradation 

of collagen and fibronectin in fibroblasts and epithelial cells provide several 

parallels to our own findings [23].  It has been suggested that collagen 

phagocytosis involves the extension of membrane protrusions that surround 

and enclose collagen fibrils, followed by the activation and release of 

proteolytic enzymes such as matrix metalloproteases (MMPs) [24].  In a 

similar fashion, RBL-2H3 cells may actively explore the porous fibronectin-

rich PAA patterns, and subsequent fibronectin-integrin engagement initiates 

actin remodeling and triggers an integrin-mediated phagocytic response [23].  

If cells are unable to internalize the densely adsorbed fibronectin-PAA 

network, frustrated phagocytosis may occur, resulting in the concomitant 

release of MMPs and reactive oxygen species capable of breaking down the 

ECM [25] .  Further, it has been shown that ECM fragments exhibit 

chemotactic activity [26]; thus, ECM degradation over PAA patterns may 

sustain membrane accumulation over PAA brushes and further drive the 

formation of invadopodia-like structures at the cell-surface interface. 

This study was, in part, motivated by the observation that much work 

in the field of biomaterials uses cell adhesion statistics as a readout of 

successful biocompatibility.  While this represents one useful metric for 

assessing a material’s biocompatibility, our findings clearly demonstrate that, 

independent of favorable adhesion statistics, engineered surfaces can induce 

multiple non-linear effects on cellular responses dependent on surface 
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composition and patterning morphology.  Such responses may or may not be 

desirable for a given application.  The capacity to generate cell-adhesive 

surfaces from cell-repellent materials using patterned surface morphologies 

may provide useful strategies for enhancing the biocompatibility of similarly 

incompatible materials.  Additionally, the capacity to ‘tune-down’ cellular 

responses elicited by patterned PAA surfaces, as well as immobilize 

biomolecules and ligands that specifically target cell surface proteins, 

demonstrates that PAA arrays are versatile substrates for engineering 

biological-materials interfaces for a wide variety of applications. 
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CHAPTER THREE 

Correlation Analysis of SEM Images Corrects for Artifactual Self-Clustering 

and Quantifies Co-localization of FcεRI and Lyn in Unstimulated RBL Mast 

Cells* 

Summary 

We use pair auto- and cross-correlation functions to quantify lateral 

heterogeneity within the plasma membranes of unstimulated RBL-2H3 mast 

cells.  Immuno-gold labeled proteins and lipids in plasma membranes of intact 

cells are visualized using scanning electron microscopy (SEM).  Consistent 

with previous reports, a variety of gold-labeled plasma membrane proteins 

appear clustered, but we find that this clustering can be accounted for by 

multiple gold particles binding to individual target proteins.  We demonstrate 

this artifactual clustering:  by imaging proteins conjugated to a silicon surface, 

by comparing correlation functions for a wide range of cell surface labels with 

varying surface densities, and by measuring cross-correlations between 

functionally identical but distinguishably labeled pools of either IgE-FcεRI or 

CTxB-GM1.  We determined that none of the several membrane proteins we 

examined are significantly self-clustered after correcting for multiple labels.  

In contrast, we find significant cross-correlation between IgE-FcεRI and its 

inner leaflet signaling partner Lyn kinase. 
                                                             
* This work was done in collaboration with Sarah Veatch, who developed the 
analytical methods to robustly quantify gold-labeled protein distributions and 
correct for artifactual gold labeling, and Prabbuddha Sengupta, who provided 
SEM images of 5 nm gold labeled Thy-1, YFP-GT46, and YFP-GPI. 
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3.1 INTRODUCTION 

Numerous biochemical and biophysical studies support the hypothesis 

that cell plasma membranes are heterogeneous on the nano-scale, and that this 

plays regulatory and targeting roles in cell function [1-3].  However, direct 

imaging studies of plasma membrane heterogeneity have been limited 

because domains and other predicted structures, if present, are smaller than 

can be visualized using traditional optical imaging techniques [4-6].  For this 

reason, electron microscopy has been widely used to examine the nano-scale 

lateral heterogeneity in cell plasma membranes [7-17].  For visualization of 

specific components, membrane proteins and lipids are typically labeled with 

primary antibodies and secondary gold-antibody conjugates.  Electron 

microscopy is used to image gold particles on intact cells [13, 14] or on 

“ripped-off” membrane sheets [7-12, 15-18].  In most cases, gold-labeled 

membrane proteins have been reported to self-associate into small and distinct 

cell surface clusters, and these findings of self-clustering have contributed to 

our current view of membrane heterogeneity and its participation in cell 

function [19-21]. 

We developed experimental and analytical methods to investigate the 

structural manifestation of plasma membrane heterogeneity in resting cells 

that may be relevant for changes that occur with cell activation.  We used 

scanning electron microscopy (SEM) with both secondary electron detection 

(SED) and backscattered electron detection (BSD) to examine immuno-gold 

labeling of IgE-FcεRI and a variety of plasma membrane proteins in 
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unstimulated RBL mast cells.  We quantify images of gold particle centers 

using pair auto- or cross-correlation functions.  Correlation functions provide 

advantages over commonly used Ripley’s methods because they are intuitive, 

straightforward to calculate, and can be used to explore the physical 

interactions that give rise to spatial organization.  We utilize these properties 

to investigate why immuno-gold particles labeling plasma membrane proteins 

appear self-clustered in unstimulated cells, as has been reported in related 

studies [8, 15-17]. 

RBL-2H3 mast cells provide a useful model system for investigating 

plasma membrane lateral heterogeneity because membrane organization has 

been linked to functional responses [2].  Multivalent crosslinking of IgE bound 

with high affinity to its receptor FcεRI initiates a signaling cascade that leads 

to the release of secretory granules containing histamine and other mediators 

of inflammatory responses.  It is well documented that early steps in this 

stimulated response take place at the plasma membrane and are modulated by 

alterations in membrane structure [2, 22-24].  In this study, we monitor lateral 

distributions of two proteins involved in early steps of this pathway: IgE 

bound to transmembrane FcεRI and Lyn, a Src family kinase, that is anchored 

to the inner leaflet of the plasma membrane by saturated acyl chains.  We also 

monitor the resting cell distributions of plasma membrane components 

typically associated either with ordered lipid “raft” domains (cholera toxin B 

subunit bound to the ganglioside GM1, glycosyl phosphatidyl inositol (GPI)-

linked Thy-1, and YFP-GPI) or with disordered, “non-raft” environments 

(YFP-GT46).  Our results show that apparent self-clustering of plasma 



  85 

membrane proteins commonly arises from binding of multiple gold-

conjugated antibodies to the same target protein.  Our results further provide 

new evidence for some co-localization of FcεRI and Lyn kinase in 

unstimulated cells. 

3.2 MATERIALS and METHODS 

Chemicals and Reagents: 

Rabbit anti-Alexa Fluor 488 (A488), A488-cholera toxin subunit B 

(A488-CTxB), and FITC-cholera toxin subunit B (FITC-CTxB) were purchased 

from Invitrogen Corp. (Eugene, OR).  Mouse anti-Lyn (H-6) was purchased 

from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).  Mouse mAb OX-7 

(anti-Thy-1) was purchased from BDPharmingen (San Diego, CA).  

Glutaraldehyde (25% stock) was purchased from Ted Pella Inc. (Redding, CA).  

Paraformaldehyde was purchased from Electron Microscopy Services 

(Hatfield, PA).  Mouse anti-FITC, mouse anti-GFP (and YFP), 3-

aminopropyltriethoxysilane (APTES), 10 nm gold-conjugated anti-rabbit IgG 

(whole molecule), 10 nm gold-conjugated anti-mouse IgG (whole molecule), 

methyl-β-cyclodextrin (MβCD), and cholesterol-loaded MβCD were 

purchased from Sigma (St. Louis, MO).  5 nm gold-conjugated anti-rabbit IgG 

(whole molecule) was purchased from GE Healthcare (Piscataway, NJ).  

Rabbit anti-actin was purchased from Abcam (Cambridge, MA).  A488-IgE 

and FITC-IgE were prepared by modification of purified mouse monoclonal 

anti-2,4-dinitrophenyl (DNP) IgE with FITC or A488 (Invitrogen Corp.) as 

previously described [25, 26].  Vectors containing cDNA for YFP-GT46 and 
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YFP-GL-GPI were provided by J. Lippincott-Schwartz (NIH, Bethesda) and A. 

Kenworthy (Vanderbilt University School of Medicine, Nashville, TN), 

respectively, and the plasmids encoding monomeric YFP-GL-GPI and 

monomeric YFP-GT46 were constructed from YFP-GL-GPI and YFP-GT46 by 

introducing the A206K mutation [27] as previously described [28]. 

Cell Culture and SEM Sample Preparation: 

RBL-2H3 mast cells were grown overnight to ~50% confluency on 2 

mm x 2 mm silicon chips at 37˚ C under standard cell culture conditions [29], 

and high affinity IgE receptors (FcεRI) were labeled with A488-IgE (1 µg/mL) 

for 2-3 hours and washed before preparing samples for SEM.  In double label 

IgE or CTxB experiments cells were sensitized with a 1:1 mixture of A488-IgE 

and FITC-IgE (total of 1 µg/mL) or incubated for 1 hr with a 1:1 mixture of 

A488-CTxB and FITC-CTxB (total 1.5 µg/mL).  For some experiments, cells 

were incubated for 5 min at 37˚ C with either 10 mM MβCD or 10 mM 

cholesterol-loaded MβCD.  Cells were quickly washed in phosphate buffered 

saline (PBS) and immediately fixed in 4% (w/v) paraformaldehyde and 0.1% 

(w/v) gluteraldehyde for 10 min at room temperature in PBS.  Fixed cell 

samples were washed in blocking solution (2mg/mL BSA and 2% (v/v) fish 

gelatin in PBS) and labeled sequentially with primary antibodies and 

secondary antibody-gold conjugates (5 or 10 nm diameter) in the presence 

(usual) or absence (control) of 0.1% Triton X-100 (TX-100) in blocking solution.  

Each antibody labeling incubation was 1 hr at room temperature with wash 

steps in between.  For labeling with differently sized gold particles, samples 
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were first labeled with 10 nm and then 5 nm gold antibody conjugates.  The 

immuno-gold labeled cell samples were further fixed in 4% paraformaldehyde 

and 1% gluteraldehyde for 5 min at room temperature, and then thoroughly 

washed in distilled water.  Following dehydration through a series of graded 

ethanol washing steps, samples were critical point dried, mounted on round 

aluminum SEM stubs, and sputtered with carbon to prevent charging. 

Preparation of Immobilized Gold on Surfaces: 

Following plasma-treatment, silicon chips were immersed in a 2% (v/v) 

APTES solution in acetone for 10 min and thoroughly washed with acetone 

and then PBS.  These amino-functionalized surfaces were then treated with 

0.1% glutaraldehyde (in PBS) for 30 min at room temperature, followed by a 1 

hr incubation at room temperature with either 10 µg/mL or 50 µg/mL A488-

IgE.  A488-IgE immobilized surfaces were labeled with primary and gold-

conjugated secondary antibodies and prepared for SEM imaging as described 

above for cell samples. 

Electron Microscopy and Imaging Statistics: 

Mounted samples were imaged with a Schottky field emission scanning 

electron microscope (LEO 1550) at 20KeV.  The dorsal (top) surfaces of intact, 

adherent cells were imaged using secondary electron detection (SED) and 

backscattered detection (BSD) at high magnification.  Flat membrane regions 

were selected for imaging.  For imaging with 10 nm gold particles, individual 

micrographs were obtained at 35K magnification, and typical images cover 2.4 
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µm2 of the cell surface.  For imaging 5 nm gold particles and in double label 

experiments with 10 nm and 5 nm gold particles, micrographs were obtained 

at 75K-100K magnification.  Immuno-gold labeled protein distributions for 

many different cells and many experiments were obtained for all experimental 

conditions presented.  The total number of gold particles, total area imaged, 

and gold-labeled densities for samples analyzed in this study are summarized 

in Table 3.1. 

Labeling Controls: 

Gold labeling of A488-IgE-FcεRI and Lyn is observed in the presence of 

specific primary antibodies and species-specific gold-conjugated secondary 

antibodies.  As illustrated by representative BSD-SEM images shown in Figure 

3A.1 (Appendix), non-specific background binding of gold-conjugated 

secondary antibodies is not significant in the absence of specific primary 

antibodies (Figure 3A.1A and 3A.1B) or in the presence of irrelevant primary 

(Figure 3A.1C) or non species-specific secondary antibodies (Figure 3A.1D).  

In the absence of 0.1% TX-100 we do not detect gold labeling of inner leaflet 

proteins (Figure 3A.1E), and we determined that IgE-FcεRI distributions are 

independent of the presence or absence of TX-100 during the labeling step (not 

shown).  We also confirmed that gold labeling of Lyn is independent of 

whether or not cells are sensitized with IgE (Figure 3A.1F).  We compared the 

distribution of A488-IgE-FcεRI and FITC-IgE-FcεRI, labeled with anti-A488 

pAb and anti-FITC mAb, respectively, and we determined that gold particle 

distributions are similarly obtained regardless of which specific primary 
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antibody or gold particle size was used (data not shown).  Similarly, labeling 

of Lyn with either monoclonal or polyclonal anti-Lyn antibodies followed by 

species-specific gold-conjugated secondary antibodies were compared and 

found to be similar (data not shown). 

Tabulation of Correlation Functions: 

Pair auto- and cross- correlation functions were tabulated in Matlab 

(Mathworks, Natick, MA) using Fast Fourier Transforms (FFTs) as follows: 

  

€ 

g( r ) =
FFT−1(FFT(1)2 )

ρgold
2N( r )

 

where FFT-1  is an inverse Fast Fourier Transform, I is a binary image where 

pixels have a value of 1 at gold particle centers and all other pixels have a 

value of 0, and   

€ 

N( r )  is a normalization that accounts for the finite size of the 

acquired image.  The image I is padded with zeros in both directions out to a 

distance larger than the range of the desired correlation function (maximally 

the size of the original image) to avoid artifactual correlations due to the 

periodic nature of FFT functions.  The normalization factor N is the 

autocorrelation of a window function W that has the value of 1 inside the 

measurement area, and is also padded by an equal number of zeros. 

  

€ 

N( r ) = FFT−1(FFT(W ) 2) 

This Normalization corrects for the fact that there are fewer possible pairs 

separated by large distances due to the finite image size.  
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Cross-correlation functions between images of 5 nm and 10 nm particle 

centers (I5nm and I10nm respectively) are tabulated in a similar manner: 

  

€ 

c( r ) = Re FFT−1(FFT(I5nm ))× conj(FFT(I10nm ))
ρ5nmρ10nmN( r )

 
 
 

 
 
 

 

Here conj() indicates a complex conjugate, ρ5nm and ρ10nm are the average 

surface densities of 5 nm and 10 nm particles respectively, and Re{} indicates 

the real part.  This computation method of tabulating pair auto- and cross-

correlations is mathematically identical to brute force averaging methods.    

Correlation functions were angularly averaged by first converting to polar 

coordinates using the Matlab command cart2pol, and then binning by radius.  

g(r) values are obtained by averaging   

€ 

g( r ) values that correspond to the 

assigned bins in radius.  Errors in g(r) are standard errors of the mean. 

3.3 RESULTS 

SEM Images are Analyzed using Correlation Functions. 

We used standard procedures to prepare samples for SEM: cells are 

fixed with 4% paraformaldehyde and 0.1% gluteraldehyde, and target 

proteins are labeled with primary and gold-conjugated secondary antibodies, 

followed by second fixation with 4% paraformaldehyde and 1% 

gluteraldehyde (details provided in Materials and Methods).  In the SEM 

micrographs, flat regions of the intact cell are determined with SED, and gold 

labels in flat regions are imaged with BSD.  As represented in Figure 3.1 we 

implemented automated image processing algorithms to identify the locations 
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of gold particle centers with high fidelity, enabling the processing of large 

data-sets with high particle densities to quantify experimental results with low 

error bounds.  Total cell surface areas and total numbers of gold particles are 

reported in Table 3.1.  Raw images (Figure 3.1A) undergo background 

subtraction and median filtering, and potential particles are identified by 

locating local maxima in the processed image (Figure 3.1B).  Histograms of 

particle centroid intensity and total (integrated) intensity are assembled for all 

potential particles within a set of images of the same condition (typically 10 

images) and are used to create objective criteria for further culling the entire 

data-set (Figure 3.1C).  Very low intensity points of centroid intensity 

histograms (identified as noise) are fit to a Gaussian shape (blue line in Figure 

3.1C, left panel) to define a low intensity cutoff.  In single label experiments, 

all objects with centroid intensities larger than this cut-off value are returned. 

In double label experiments, the remaining objects are further culled into two 

categories that meet criteria for both centroid intensity and total intensity 

(Figure 3.1C).  By this method, some ambiguous particles will be missed, but 

very few will be miscategorized. 
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Figure 3.1: In SEM images of immuno-gold labeled membrane proteins, 
locations of the gold particles are identified using automated image 
processing algorithms.  A) Raw SEM (BSD) image showing 5 nm and 10 nm 
gold particles from a double label experiment (10 nm Lyn and 5 nm IgE-
FcεRI).  B) Raw images are filtered, thresholded, and possible objects (gold 
particles) are identified by detecting local maxima (red crosses).  C) Statistics 
are recorded on object intensities (centroid and total) for high fidelity 
identification.  Objects with low centroid intensities are culled to remove 
contributions from noise (blue line, left panel), and small (green) and large 
(red) particles are distinguished through cutoffs in both centroid and total 
intensity.  D) Computationally identified objects (red, large; green, small) are 
superimposed on the raw image for visual comparison.  Scale bar is 200 nm. 
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Table 3.1: Measurement statistics and extracted fit parameters from single 
label experiments.  Ngold is the total number of gold particles analyzed, Area is 
the total cell surface area imaged, LE (labeling efficiency) and σ (half-width of 
the Gaussian-shaped clusters, ρgold is the average surface density of gold 
particles, and ρprotein is the average protein density. 

 Ngold Area (µm2) LE σ (nm) ρgold (µm-2) ρprotein (µm-2) 

Surface 16621 149.1 0.91±0.05 9.5±0.5 110±14 120±23 

GT46 (5 nm) 14597 44.5 2.1±0.09 7.6±0.1 330±35 156±23 

GPI (5 nm) 12041 44.5 1.8±0.06 7.8±0.1 270±41 150±28 

FcεRI (10 nm) 185054 710.6 1.6±0.03 9.1±0.2 260±11 166±10 

Lyn (10 nm) 10558 386.0 1.1±0.05 8.5±0.4 27±2 24±2.5 

CTxB (10 nm) 76312 105.3 1.59±0.15 10.3±0.6 720±9 460±49 

Thy-1 (5nm) 7095 386.0 1.8±0.08 6.5±0.1 120±3 64±5 
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Following image processing to identify the location of the gold labels 

(Figure 3.1D), pair auto- or cross-correlation functions are evaluated for each 

acquired image to quantify their spatial distribution.  Pair correlation 

functions measure the increased probability of finding a second gold particle a 

distance r away from a given gold particle, and are conventionally defined as: 

  

€ 

g( r ) =
< ρ( r )ρ( r +

 
R ) >

< ρ(
 
R ) >2

 

  

€ 

c( r ) =
< ρbig (

 r )ρsmall (
 r +
 
R ) >

< ρbig (
 
R ) >< ρsmall (

 
R ) >

 

where  

€ 

g( r )  is the pair auto-correlation function,   

€ 

c( r )  is the pair cross-

correlation function for distinctive (big and small) particles,   

€ 

ρ( r )  is the density 

of gold particles at position   

€ 

 r , and the angle brackets denote an ensemble 

average over all positions in the image   

€ 

(
 
R ).  There is no preferred direction in 

these measurements, and   

€ 

g( r )  or   

€ 

c( r )  are further averaged over all angles to 

produce g(r) or c(r) with improved signal to noise ratio. Values of g(r) or c(r) = 

1 correspond to a random distribution.  In practice, we evaluate correlation 

functions using Fourier Transforms, and a detailed procedure is provided in 

Materials and Materials.  The local density a distance r away from a given 

particle is given by 

€ 

ρgold g(r), where 

€ 

ρgold  is the average surface density of gold 

particles as measured over a large total areas (>40 µm2). 

The statistical significance of clustering can also be determined using 

the Ripley’s K function, which measures the increased density of particles 

within a circle of radius r and is related to the pair correlation function  
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through integration, where 

€ 

K(r) = g(r')2πr'dr'
0

r

∫  

Frequently, Ripley’s K function is restated when plotting the results from 

electron microscopy studies: 

€ 

L(r) − r = K(r) /π − r = 2 g(r')r'dr'
0

r

∫ − r           (1) 

Furthermore, L(r) – r curves reported in the literature are typically normalized 

to a confidence interval, so that the amplitudes of normalized L(r) –r traces 

indicate the statistical significance of clustering within a radius r.  Confidence 

intervals of L(r) –r are calculated by propagating the statistical errors of g(r) 

through Eqn 1.  Errors in g(r) are dominated by counting statistics that vary 

inversely with the square root of the number of particles found at a given 

distance. 

Gold Particles Labeling a Variety of Plasma Membrane Proteins are Clustered. 

We imaged gold particles labeling a wide variety of plasma membrane 

proteins in unstimulated RBL mast cells: IgE bound to endogenous FcεRI, 

cholera toxin subunit B (CTxB) bound to endogenous GM1, endogenous GPI-

linked Thy-1, endogenous inner leaflet anchored Lyn, and transiently 

expressed YFP-GPI and transmembrane protein YFP-GT46.  SEM images of all 

of these immuno-gold labeled membrane proteins show clustered 

distributions in intact cells, and IgE immobilized on bare silicon has a similar 

appearance (Figure 3.2). 
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Figure 3.2: Gold particles that label target proteins on cell and silicon 
surfaces are clustered.  All target proteins are labeled using the standard 
immuno-gold procedure: primary antibodies specific for protein, followed by 
gold-conjugated secondary antibodies.  A) Clustering is evident in 
representative reconstructed BSD-SEM images of gold particles that label 
plasma membrane proteins (A488-IgE-FcεRI, YFP-GT46, CTxB bound to 
ganglioside GM1), as well as A488-IgE covalently conjugated to a silicon 
surface.  B) Pair correlation analysis of gold particle distributions from many 
images quantify immuno-gold labeled IgE-FcεRI in the plasma membrane.  C) 
Data sets over many images of specified target proteins (Table 3.1) are 
evaluated with correlation functions, g(r) vs. r (left) and Ripley’s functions 
L(r)-r vs r (right).  The correlation curves in the left panel are fit for r >10 nm 
by Gaussian functions centered at r=0 (Eqn 3, solid lines), and the amplitude 
of correlations for Lyn (blue diamonds) are larger than for other proteins 
investigated.  The Ripleys’ functions in the right panel are generated from 
correlation functions using Eqn 1. 
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The pair auto-correlation curve derived from many (80) images of gold 

particles labeling cell surface IgE-FcεRI is typical of all membrane proteins 

studied, and is shown in Figure 3.2B.  We found the shape of this curve to be 

typical of all membrane components we examined: G(r) values trend towards 

1 at long radii (r>40 nm) indicating that these gold labels are not correlated at 

these distances.  At very short radii (r<10 nm), g(r) values fall below 1 because 

gold particles cannot pack more tightly than their hard sphere radius and are 

excluded.  The g(r) values are greater than 1 for radii between ~10 and ~40 

nm, indicating that there is an increased probability of finding pairs of 

particles separated by these distance than would be expected in a random 

distribution (g(r)-1, dashed line in Figure 3.2B).  For example, g(20 nm) ≈ 4 

means that it is roughly four times more likely to find two gold particles 

separated by 20 nm than is expected from a random distribution.  This also 

means that the average density of gold particles 20 nm away from any given 

particles if four times greater than the overall average surface density. 

Correlation functions for gold particles labeling IgE-FcεRI and other 

other plasma membrane proteins (Table 3.1) all show significant clustering 

over short distances (~10 nm <r<~40 nm) as summarized in Figure 3.2C, left 

panel.  In general, we find that the descending curves of the measured 

correlation functions are well fit by Gaussian line-shapes centered at r=0, with 

varying amplitude but with relatively constant half-width (10-15 nm).  The 

correlation function for each species deviates from this Gaussian shape at 

short radii due to the finite size of the gold particles used (either 5 nm or 10 
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nm).  Significant clustering is also evident for all plasma membrane proteins 

we examined through calculation of L(r)-r functions (Eqn 1).  For the example 

of IgE-FcεRI, the curve has a maximum at r~20 nm and L(r)-r>1 at r exceeding 

100 nm (Figure 3.2C, right panel). 

Correlation Functions Provide Advantages over Ripley’s Functions. 

Several advantages of using correlation functions to quantify SEM data 

are revealed by comparing the correlation functions and L(r)-r functions in 

Figure 3.2C.  Because correlation functions measure increased densities as a 

function of distance away from an average particle, they provide direct 

measures of cluster size and particle number.  The size of clusters is given by 

the decay of the curve (i.e., how rapidly g(r) decreases with r), and the 

composition of the average cluster is given by

€ 

N = (g(r) −1)ρgold 2
0

∞

∫ πrdr .  In 

contrast, it is more difficult to extract reliable physical properties of domains 

from Ripley’s functions [30].  This is because Ripley’s functions are generated 

by integrating correlation functions (Eqn 1), and therefore short-radius effects 

are propagated to long radii (e.g., steric limitations of finite sized gold 

particles). 

For an example of some potential problems extracting cluster 

properties with Ripley’s functions, the radius at the maximum of the Ripley’s 

curve is frequently interpreted to be the cluster size [11].  The Ripley’s curves 

peak at radii between 17 and 22 nm for the different proteins we examined, 

and these values are significantly larger than the radii of clusters obtained by 
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fitting correlation functions to Gaussian lineshapes (half-width at half-

maximum = 8-12 nm; Figure 3.2C, left panel).  This is not surprising because 

the maximum of the Ripley’s curve is related to both the size of the gold 

particle and the size of clusters.  This is explicitly demonstrated for the case of 

Thy-1 where we have obtained images from proteins labeled with both 5 nm 

and 10 nm gold particles (Figure 3.2C).  In this case, the radius of maximum 

L(r)-r value shifts from 15 nm to 20 nm when Thy-1 is labeled with 5 nm and 

10 nm particles, respectively.  Furthermore, the maximum value of L(r)-r vs. r 

curves is often taken as the relative number of particles per cluster.  

Comparing the peak values of correlation functions and Ripley’s functions for 

the several proteins we examined (Figure 3.2C) shows that these values do not 

always trend together (e.g., compare CTxB and Thy-1).  Because Ripley’s 

curves are normalized to produce units of statistical confidence intervals, even 

low levels of clustering in systems with good counting statistics (large average 

surface densities – see Table 3.1) will produce Ripley’s curves with high 

values, as is the case for CTxB.  In contrast, highly clustered objects with poor 

statistics (low average surface densities) will not appear as clustered.  In sum, 

Ripley’s functions provide a useful means to determine the statistical 

significance of clustering from particle distributions, but it is difficult to 

extract measures of cluster size and particle number per cluster from this type 

of analysis. 

To assess the significance of clusters of gold particles specifically bound 

to plasma membrane proteins, we also imaged IgE proteins covalently 

conjugated to a silicon surface that were labeled with the same primary and 
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gold-conjugated secondary antibodies.  We found that these gold particle 

distributions are also significantly clustered when their average density is 

similar to that observed in the cell surface measurements.  Just as for cell 

surface labeled IgE-FcεRI, reconstructed images of gold particles labeling IgE 

bound to a silicon surface are visually clustered (Figure 3.2A), and both 

correlation functions and Ripley’s functions indicate that clustering is 

statistically significant (Figure 3.2C).  This result raised our concern because it 

is generally assumed that surface conjugated proteins are randomly 

distributed, and led us to investigate if the observed clustering is due to 

multivalent binding of gold particles to single target proteins. 

Clustering of Gold is Dominated by Multivalent Labeling. 

We surmised that clustering of gold particles is due to either clustering 

of target proteins on the cell surface (Figure 3.3A), or to multiple gold particles 

binding to single target proteins through multivalent interactions (Figure 

3.3B).  To distinguish these two possibilities, we conducted double label 

experiments and measured cross-correlations between two distinguishable but 

functionally identical pools of the same protein on the cell surface.  In one 

experiment, two separate pools of FcεRI were created by pre-incubating the 

cells with a mixture of IgE labeled with either the fluorophore Alexa488 or the 

fluorophore FITC prior to fixation in our standard procedure.  These were 

distinctively  labeled with fluorophore-specific primary antibodies of different 

species followed by species-specific secondary antibodies conjugated to gold 

particles of different sizes (Figure 3.3C). 
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By this scheme, small and large gold particles cannot bind to the same 

FcεRI protein because only a single IgE antibody binds to each FcεRI protein 

[31].  If the clustered gold observed for IgE-FcεRI in single label experiments 

arises from the clustering of multiple FcεRI on the cell surface, then cross-

correlation functions in the double label experiment will be similar to the auto-

correlation functions obtained in single label experiments (red points in Figure 

3.3D).  In contrast, we find that cross-correlation functions (black points in 

Figure 3.3D) indicate random distributions within experimental error bounds 

(c(r)=1).  This comparison shows that the appearance of clustering in single 

label experiments is due to multiple gold particles binding to single target 

proteins.  A similar result is obtained with a mixture of CTxB proteins that are 

labeled with either Alexa488 or FITC and bind to separate GM1 gangliosides, 

prior to cell fixation and gold labeling with distinctive primary and secondary 

antibodies (Figure 3.3E,F). 

Our consistent findings from double label experiments with these two 

different plasma membrane components (IgE-FcεRI and CTxB-GM1) suggest 

the result is general: Clustering observed in single label experiments is 

dominated by an artifact caused by multiple labels on individual target 

proteins using the standard immuno-gold labeling procedure.  It is usually not 

practical to perform experiments using this double label scheme, therefore we 

devised a model to correct single label experiments for artifactual clustering 

due to multiple binding to single target proteins. 
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Figure 3.3: Double label experiments verify that apparent IgE-FcεRI and 
CTxB-GM1 clustering is due to multiple gold particles labeling single target 
proteins.  Possible models for observed images of clustered gold are that the 
target proteins are clustered (A), or that multiple gold particles bind to single 
target proteins through multivalent interactions of labeling antibodies (B).  C) 
Images of A488- or FITC-conjugated IgE-FcεRI that are distinctively immuno-
labeled with 5 nm (red) and 10 nm (blue) gold particles, respectively.  D)  
Auto-correlation function of pooled particles (5 nm and 10 nm; red points) 
indicate clustering of gold particles, and Eqn 3 provides a good fit (red line). 
The cross-correlation function for the 5 nm vs. 10 nm particles is ~1 at all r 
(black points), showing no evidence for significant clustering of the target 
proteins.  E, F) The same results are obtained from a similar experiment with 
A488- and FITC-conjugated CTxB bound to GM1.  Images with distinctive 5 
nm (red) and 10 nm (black) immuno-gold labels (E) are evaluated with auto-
correlation (red points and line) and cross-correlation (black points) (F). 
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A Simple Model of Multiple Binding in Single Label Experiments 

  Our experiments represented by Figure 3.2 show that the gold particles 

are bound in clusters with descending (g(r)>15 nm) curves that can be 

approximated with Gaussian shaped probability distributions centered at r=0. 

This means that a gold particle has the highest probability of being located at 

the center of a target protein, and decreasing probability of being located at 

positions away from the protein center.  Our model assumes that proteins 

have Gaussian shaped binding surfaces for convenience because the auto-

correlation of a Gaussian shape is also a Gaussian with an increased half 

width 

€ 

2σ .  If target proteins are represented as delta functions 

€ 

δ(r − r c ) 

located at their centers 

€ 

r c  then the correlation function of protein centers will 

be 

€ 

1
ρavg

δ(r) + g'(r > 0) , where ρavg is the average surface density of the protein 

and g’(r>0) describes how the protein is distributed on a surface.  In this case 

the pair auto-correlation function g(r) for the multiply labeling gold particles 

will take the form: 

€ 

g(r) =
LE

4πσ 2ρgold
exp −r

2

4σ 2{ } +
1

4πσ 2 exp −r
2

4σ 2{ }* g'(r)   (2) 

where ρgold is the average surface density of gold particles as defined above, LE 

is the labeling efficiency (average number of gold particles per target protein), 

σ is the half-width of the Gaussian-shaped cluster (roughly the radius of the 

target protein and bound labeling antibodies), and * is a convolution.  The first 

term describes correlations that arise from the individual clusters of multiply 
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bound gold particles and is inversely proportional to the average surface 

density of target proteins (ρavg=ρgold/LE).  The second term is independent of 

ρgold and is the correlation function of the target proteins (g’(r>0)) convoluted 

(filtered) by the correlation function of the average target protein with its 

labeling antibodies.  This second term is analogous to the correlation function 

of a fluorescently labeled protein being blurred by the point spread function of 

an optical microscope.  In the special case where the target proteins are 

randomly distributed, g’(r>0)=1 and the second term of Eqn 2 becomes unity: 

€ 

g(r) =
LE

4πσ 2ρgold
exp −r

2

4σ 2[ ] +1            (3) 

Below we first demonstrate that all of our experimental results are consistent 

with this simple model by assuming a random distribution of target proteins 

(Eqn 3) and obtaining reasonable and consistent values for the parameters LE 

and σ over a wide range of gold surface densities.  Furthermore, we check the 

assumption of a random distribution of target proteins for experimental cases 

by evaluating deviations from 1 in the second term of Eqn 2. 

We evaluated correlation functions from individual BSD images for 

each of the labeled membrane proteins, and the descending portion of each of 

these curves is well fit by Eqn 3 by adjusting the two free parameters of LE 

and σ.  The best fit values for both LE and σ are summarized in Figures 3.4A 

and 3.4B for each target protein as a function of ρgold.  We find that both 

parameters are largely independent of ρgold, and they lie within a close range 

for different target proteins.  Figure 3.4A shows that LE ranges between 0.5 
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and 2.5 gold particles per cluster (i.e., per target protein) and remains largely 

constant even when the same target protein is examined over roughly two 

decades in ρgold, as is the case for transiently expressed proteins (YFP-GT46, 

YFP-GPI) where a broad range of surface densities can be examined.  

Generally, we find larger values for LE when smaller gold particles are used 

(e.g., compare GPI-YFP to IgE).  Also, LE decreases slightly with increasing 

ρgold for the same protein (most evident for YFP-GPI).  Both observations are 

likely due to constraints in the packing of gold particles and the accessibility 

of binding sites.  Figure 3.4B shows that the size of gold particle clusters is 

remarkably constant over a wide range of expression levels.  For most proteins 

investigated, σ is close to 8 nm.  This roughly corresponds to the expected 

radius of the target protein plus labeling antibodies.  Not surprisingly, the σ 

value obtained depends on the specific labeling scheme: We find smaller 

clusters in the case of Thy-1, which is labeled with a monoclonal primary 

antibody, and larger cluster sizes for FcεRI and CTxB where fluorescently 

modified proteins (IgE or CTxB) present numerous potential binding sites for 

primary anti-fluorophore antibodies. 

 In our simple model, deviations of experimental correlation functions 

from Eqn 3 would indicate clustering of target proteins on the cell surface.  

Figure 3.4C shows correlation functions that are “corrected” by subtracting the 

multiple gold binding (first) term of Eqn 3 from experimental correlation 

functions using the average parameter values from Figure 3.4A-B.  We find 

that these “corrected” correlation functions do not deviate significantly from 

g’(r>0)=1, indicating that the proteins investigated are not significantly 



  107 

clustered in resting cells within the error bounds of our experiments.  Error 

bounds at large radii are dominated by counting statistics, while errors at 

short radii are dominated by uncertainty in the size and labeling efficiency of 

the labeled protein-antibody complexes.  A similar conclusion can be drawn 

by examining Ripley’s functions evaluated from correlation functions 

“corrected” as above and using Eqn 1 (Figure 3.4D).  Normalized L(r)-r curves 

do not reach values greater than 1 that would indicate statistically significant 

clustering. 

IgE-FcεRI and Lyn are Significantly Co-clustered. 

Even though we find that neither IgE-FcεRI nor Lyn kinase is 

significantly self-clustered in unstimulated RBL mast cells (Figure 3.4C), we 

do find significant cross-correlation between transmembrane IgE-FcεRI and 

Lyn that is anchored to the inner leaflet of the plasma membrane (Figure 3.5).  

With double label experiments we measured cross-correlation functions 

between different protein pairs (Figure 3.5A).  We find that IgE-FcεRI and the 

GPI-linked protein Thy-1 are uncorrelated.  In contrast, IgE-FcεRI and actin 

are mildly correlated, and IgE-FcεRI is significantly correlated with its 

signaling partner Lyn.  This observation that IgE-FcεRI and Lyn co-localize 

more strongly than IgE-FcεRI with itself or with GPI-linked Thy-1 suggests 

that their interaction is not simply driven predominately by co-association 

with ordered lipid regions in the plasma membrane, as GPI-linked proteins 

are known to strongly partition into ordered domains using a variety of 

different assays.  
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Figure 3.4: Measured single-label correlation functions are well described 
by a simple model of multiple binding.  A, B) Correlation functions 
evaluated from many images of specified membrane proteins are fit to Eqn 3 
to extract parameters: the average number of gold particles per target protein 
(labeling efficiency, LE) (A); half-with (σ) of the target protein as represented 
by the clustered gold particles (B).  These parameters are plotted as a function 
of the average surface density of gold particles (ρgold) to test the simplification 
of Eqn 2 to Eqn 3.  Results obtained from images of the same protein with 
similar gold surface densities are pooled to simplify the presentation, and 
error bars are extracted from the fitting procedure.  C) The residual correlation 
functions after fitting the points for specified target proteins to Eqn 3 would 
represent correlations in the target protein distributions given by the second 
term of Eqn 2 (g’(r)). Error bounds denote standard deviations of the 
measurement and do not include systematic errors that could arise from 
deviations of the gold binding surface from a Gaussian shape which are likely 
significant.  D) Ripley’s L(r)-r functions are tabulated from residual correlation 
functions. L(r)-r values are normalized to 95% confidence intervals.  Imaging 
statistics, fit parameters, and average target protein surface densities are 
reported in Table 3.1. 
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Measured cross-correlation functions between distinctively labeled 

FcεRI and Lyn proteins are expected to be the actual cross-correlation function 

between these two proteins, convoluted (filtered) by the shape of the average 

gold binding surface, just as in the case of the single label experiments.  If we 

assume that FcεRI-Lyn co-clustering arises from direct binding, then we 

would expect the true protein-protein cross-correlation function to 

approximate c’(r)=1+Aδ(r-ro), where ro is the distance between protein centers 

in a bound co-cluster.  As long as the distance ro is smaller than the size of the 

proteins plus labeling antibodies (σ), then we expect the measured cross-

correlation function between 5 nm and 10 nm gold particles labeling FcεRI and 

Lyn proteins respectively will be as follows: 

€ 

c(r) =1+
A

rπσ 2 exp −r
2

4σ 2[ ]               (4) 

Fitting Eqn 4 to the descending points of the measured FcεRI-Lyn cross-

correlation function (c(r) > 25 nm) yields σ = 10 ± 1 nm (Figure 3.5A).  This 

value for σ is consistent with the combined sizes of FcεRI and Lyn binding 

surfaces reported in Figure 3.4.  Thus, the observed range of cross-correlation 

of FcεRI and Lyn can be accounted for by the finite size of the antibodies 

labeling these two proteins that have some tendency to associate, without 

implying long-range interactions between them.  

The integrated intensity of the cross-correlation function is not affected 

by the finite size of labeling antibodies because the convolution preserves total 

intensity, and therefore provides information about the stoichiometry of Lyn-
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FcεRI co-localization.  The average number of FcεRI proteins per cluster is 

given by

€ 

NFcεRI = ρFcεRI (c(r) −1)2πΔr
0

rmax

∑ , where c(r) is represented by the points 

measured for FcεRI-Lyn in Figure 3.5A, Δr is the short distance interval 

between adjacent points, and ρFcεRI is the average surface density of FcεRI 

proteins reported in Table 3.1.  To minimize errors at large r, we have 

included c(r)-1 points measured over the range of significant correlations 

(from r=0 through rmax=40 nm).  This summation yields an average number of 

FcεRI receptors per cluster, NFcεRI = 0.44 ± 0.13.  Because both FcεRI and Lyn 

are not self-clustered, we deduce that when associated, FcεRI and Lyn bind in 

a 1:1 complex.  This means that there are on average 0.44 of FcεRI receptors 

per Lyn, or 44% of Lyn proteins are co-clustered with the receptor.  If we 

instead evaluate the number of Lyn proteins per cluster, 

€ 

NLyn = ρLyn (c(r) −1)2πΔr
0

rmax

∑ = 0.06 ± 0.02 , then we deduce that 6% of FcεRI 

proteins are co-clustered with Lyn.  These values are reported in Table 3.2 

We further investigated the physical basis of IgE-FcεRI and Lyn co-

localization by modulating membrane cholesterol concentration using MβCD 

(Figure 3.5B).  We find that co-clustering is moderately decreased when 

membrane cholesterol is lowered by incubating cells with 10 mM MβCD for 5 

min at 37° C prior to fixation and immuno-gold labeling.  In contrast, IgE-

FcεRI and Lyn co-clustering remains largely unchanged when plasma 

membrane cholesterol levels are increased by the same treatment with MβCD-

cholesterol complexes.  The reduction in cross-correlation intensity upon 
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cholesterol depletion indicates that the effective binding energy between IgE-

FcεRI and Lyn proteins is sensitive to membrane cholesterol concentration.  

The lower binding energy between IgE-FcεRI and Lyn in cholesterol depleted 

cells results in a reduction in the percentage of FcεRI receptors co-clustered 

with Lyn (5±2%) and the percentage of Lyn proteins associated with FcεRI 

receptors (34±14%) (Table 3.2). 

3.4 DISCUSSION 

Our report describes pair correlation analysis of SEM images and 

presents two significant findings regarding the lateral organization of plasma 

membrane proteins in unstimulated RBL mast cells.  First, we provide several 

lines of evidence supporting the conclusion that the self-clustering of gold 

particles commonly observed in single label electron microscopy experiments 

is dominated by a labeling artifact of multiple gold particles bound via 

antibodies to single target proteins.  Second, we find significant co-localization 

of IgE-FcεRI and Lyn kinase in resting cells, which decreases with reduction of 

plasma membrane cholesterol.  The implications of both these findings are 

discussed below. 
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Figure 3.5: IgE-FcεRI and Lyn are significantly co-clustered in resting cells 
with some dependence on cholesterol. A) Cross-correlation functions 
between IgE-FcεRI and other specified proteins are evaluated from double 
label experiments where species were distinguished by differently sized 
immuno-gold particles.  B) Cross-correlation functions evaluated for 
distinctively labeled FcεRI and Lyn in samples treated with MβCD (or not) as 
specified to modulate levels of cholesterol.  The integral under the cross-
correlation curve is related to the number of proteins in co-clusters as reported 
in Table 3.2.  Total areas and particle numbers are also reported in Table 3.2. 
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Table 3.2: Measurement statistics and FcεRI-Lyn binding ratios from double 
label experiments.  N10nm is the total number of 10 nm gold particles (labeling 
Lyn) analyzed and N5nm is the total number of 5 nm gold particles (labeling 
FcεRI) analyzed in double label experiments described in Figure 3.5.  The % of 
Lyn bound to FcεRI and vice versa is determined by measuring cross-
correlations between the two proteins and calculating the average number of 
Lyn and FcεRI in co-clusters. 

 N10nm 
 

N5nm 
 

Area (µm2) 
 

 % of Lyn bound 
to FcεRI 

% of FcεRI 
bound to Lyn 

Lyn-FcεRI -Chol 422 5163 24.7 34±14 5±2 

Lyn-FcεRI 1053 11632 38.0 44±13 6±2 

Lyn-FcεRI +Chol 379 4250 24.7 44±19 6±3 
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Plasma Membrane Proteins are Not Substantially Self-Clustered in Resting Cells. 

We directly demonstrate that immuno-gold particles labeling two 

distinct membrane proteins (IgE-FcεRI and CTxB-GM1) are clustered in single 

label experiments simply because multiple gold particles can bind to single 

target proteins using the standard labeling strategy of primary and secondary 

antibodies.  Furthermore, we demonstrate that the observed clustering of gold 

particles labeling a variety of plasma membrane proteins is well described by 

a minimal model of multiple binding.  This same model explains the observed 

clustering of immuno-gold particles that label proteins covalently conjugated 

to a silicon surface at a density similar to that of target membrane proteins.  

Based on this evidence, we conclude that these membrane proteins themselves 

are not self-clustered within the error bounds and resolution limits inherent in 

these measurements. 

We expect that multiple gold particles binding to single target proteins 

is a general artifact of standard immuno-gold labeling procedures.  In 

particular, one or both of the primary and secondary antibodies can bind to 

their target at multiple locations.  In this case, we expect gold pair correlation 

functions to take a form similar to the expression given in Eqns 2 and 3 even 

when average gold labeling efficiencies are ≤ 1 gold particles per protein.  The 

range of correlations we observe (Figure 3.4B) corresponds to the approximate 

size of the target proteins plus labeling antibodies (6-12 nm).  The magnitude 

of correlations (Figure 3.2C) is inversely proportional to the surface density of 

target proteins (25 - 460 proteins/µm2) (Table 3.1).  By including these 
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expected values for protein density and size into Eqns 2 and 3, it is apparent 

that multiple gold particles binding to single target proteins can easily 

dominate measurements of clustering.  This is particularly true in resting cells, 

where correlations between proteins are expected to be subtle and short-

ranged.  In our current experiments, we cannot rule out that the proteins 

examined in single label experiments are self-clustered at length-scales below 

the resolution limit dictated by the size of the target protein plus labeling 

antibodies (6-12 nm).  In our double label experiments, we cannot rule out co-

localization with a magnitude less than the sensitivity dictated by our limited 

counting statistics (c(r)<~1.25). 

Numerous previous studies have suggested that proteins labeled with 

immuno-gold particles are organized into discrete nano-clusters in resting 

cells [7, 9-12, 15-17, 32], and several of the same plasma membrane proteins 

have been examined in this work.  We expect that these previous findings may 

have overestimated the degree of self-clustering of resting protein 

distributions, because there was no explicit correction for multivalent gold 

binding to single target proteins.  There are some reported cases where the 

clustering of gold particles labeling some membrane proteins is altered after 

cells are exposed to biochemical treatments such as cholesterol depletion or 

actin destabilization.  Based on our proposed model of multivalent gold 

binding, we would expect that artifactual clustering would be affected by 

membrane perturbations if they led to changes in the density of target proteins 

at the cell surface, since the first term of Eqn 2 varies inversely with the 

average surface density of target proteins.  There are some examples where 
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membrane perturbations have led to altered expression levels of plasma 

membrane proteins [24].  This same multivalent binding artifact is expected to 

be present in other super-resolution methods that utilize immuno-labeling 

(such as STORM and STED).  Fortunately, this artifact is easily accounted for 

when the distance range of protein-protein clustering exceeds this resolution 

limit imposed by multiple immuno-gold binding.  In Chapter Four, we use 

this method to characterize the large-scale clustering of signaling components 

in RBL cells after stimulation with multivalent antigen.   

IgE-FcεRI-Lyn Interactions Depend on Cholesterol Levels. 

We took advantage of the increased sensitivity of cross-correlations to 

investigate co-clustering between several plasma membrane associated 

proteins.  We find significant cross-correlation between IgE-FcεRI and its 

signaling partner Lyn, even though IgE-FcεRI and Lyn do not appear to be 

significantly self-clustered in resting cells.  This strongly suggests that FcεRI 

and Lyn interact primarily through specific protein-protein interactions that 

are stronger than typical protein-lipid or lipid-lipid interaction energies. 

Individual Lyn kinase proteins exist in either active or inactive states in 

the plasma membrane, and these are dynamically regulated by segregation 

and recruitment of phosphatases and kinases [2].  When Lyn is in an active 

state, it is capable of phosphorylating the FcεRI at tyrosine residues in 

cytoplasmic ITAM sequences [33].  Active Lyn can then bind to a 

phosphorylated ITAM in the β subunit, accounting for the amplifying function 

of this subunit [34].  There is also evidence that Lyn binds weakly to the 
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unphosphorylated β subunit of FcεRI via Lyn’s N-terminal unique domain 

[33, 35-37].  In this transphosphorylation hypothesis, pre-association of FcεRI 

with Lyn facilitates receptor phosphorylation after clustering by antigen [33]. 

We find that roughly 40% of Lyn proteins co-localize with FcεRI in 

resting cells, and that this ratio decreases when cholesterol levels are lowered 

in the plasma membrane.  If co-clustering is due to binding between inactive 

Lyn and the β subunit of FcεRI, then this implies that the interaction is not 

weak but strong enough that roughly half of labeled Lyn are associated with 

receptors over many images.  Our results also imply that that the effective 

binding energy between FcεRI-β and Lyn is somehow modulated by 

cholesterol levels, either through direct binding of cholesterol to one or both 

proteins, or through indirect interactions.  

Another possibility is that co-clustering is driven by activated Lyn 

bound to a phosphorylated FcεRI.  This would imply that the ~5% of total 

plasma membrane FcεRI population is phosphorylated in unstimulated cells 

at a given time, although this state could be short-lived.  It is difficult to rule 

out this small amount of phosphorylation, but we note that the FcεRI-β 

phosphorylation difference in stimulated compared to unstimulated cells is 

~100 fold (see, for example, [24]).  This possibility also implies that the 

magnitude of FcεRI -Lyn co-clustering will be controlled at least in part 

through the dynamic equilibrium between the active and inactive states of 

Lyn.  It is conceivable that this equilibrium could be shifted by changing 

membrane cholesterol content through changes in membrane organization.  
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There is evidence that Lyn proteins localized in ordered lipid regions of the 

membrane have substantially higher specific activity, and that this arises 

because Lyn in these regions are sequestered from deactivating phosphatases 

[38].  If ordered lipid regions are destabilized with cholesterol depletion, then 

it is possible that the total fraction of active Lyn would decrease and 

consequently the fraction of total Lyn associated with the receptor would also 

decrease in a manner consistent with our experimental observations.  

 Several factors could influence our quantification of FcεRI -Lyn co-

clustering.  First, it is possible that our labeling scheme preferentially samples 

a subset of the total target protein being investigated.  For example, if our 

labeling antibodies bind more efficiently to activated Lyn, then we would be 

overestimating the fraction of total Lyn co-clustered with FcεRI.  We also 

would be overstating co-clustering if we occasionally mistake a Lyn protein 

for a receptor or vice versa.  This could happen either if labeling antibodies do 

not bind specifically to their target proteins, or if 5 nm and 10 nm are not 

properly distinguished in our image processing algorithms.  Both effects 

would necessarily lead to overestimates of clustering due to the multiple 

immuno-gold binding artifact described above.  Our significant efforts to 

minimize possible errors in labeling and particle identification are reflected in 

the quality of our labeling controls (Figure 3A.1 in Appendix) and the fact that 

we do not observe artifactual co-clustering in double label experiments of the 

same target protein, even when individual single labels are significantly 

clustered (Figure 3.3). 
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In conclusion, we have demonstrated that quantitative correlation 

functions are useful for extracting substantial information from electron 

microscopy studies.  Using this analytical method, we clearly demonstrate 

that self-clustering of gold particles in single label experiments commonly 

arises from multiple gold-antibody conjugates binding to single target 

proteins.  Furthermore, we show that this method yields reliable values for 

average surface densities for a variety of plasma membrane proteins, and 

provides strong evidence that Lyn and FcεRI co-cluster to a quantifiable 

degree in unstimulated cells.  Our analytical approach can be applied to a 

range of scientific problems that involve quantifying high resolution images 

obtained by electron microscopy and emerging super-resolution fluorescence 

microscopy imaging techniques (e.g. STED, PALM, and STORM).   Our 

results, together with work ongoing in other laboratories, make us optimistic 

that high resolution measurements along with careful quantification will 

allow the physical basis of heterogeneity in cell plasma membranes to be 

deciphered. 
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APPENDIX 

 

Evaluation of Correlation Functions: 

Automatic image processing algorithms are employed to identify the 

location of particle centers as described in the main text, and centers are used 

to evaluate pair correlation functions.  The pair auto-correlation function (g(r)) 

and pair cross-correlation function (c(r)) are defined as follows: 

  

€ 

g( r ) =
< ρ( r )ρ( r +

 
R ) >

< ρ(
 
R ) >2

 and 
  

€ 

c( r ) =
< ρ1(

 r )ρ2(
 r +
 
R ) >

< ρ1(
 
R ) >< ρ2(

 
R ) >

 

where the angle brackets denote an average is over all positions in the image, 

and over multiple images.  In this study, correlation functions are evaluated 

using Fast Fourier Transforms (FFTs) to decrease computation times.  First, an 

image I is constructed to have a values of 1 at the location of particle centers 

and zeros elsewhere. NG is the number of gold particles in a given image, and 

A is the area of the image. 

  

€ 

g( r ) =
A

NG

 

 
 

 

 
 

2

FFT
−1

(FFT(I)
2
) /Norm  

The image is padded with zeros to remove correlations due to the periodicity 

of FFT functions, and the Normalization Norm needed to account for the finite 

size of the image.  The Window function W is the same size as I but has the 

value 1 everywhere, and the FFT is also padded with the same number of 

zeros as the image I. 
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€ 

Norm = FFT
−1

(FFT(W )
2
)  

Cross-correlation functions are computed from images constructed for each 

type of gold particle (I1 and I2) in a similar manner: 

  

€ 

c( r ) =
A2

NG1NG2

 

 
 

 

 
 FFT

−1

(FFT(I1)xFFT(I2)*) /Norm  

Where NG1 and NG2 are the number of gold particles of each type, * is a 

complex conjugate and the Normalization is the same as above for g(r). 

Derivations of Correlation Function for an Assembly of Point Particles: 

As stated above, the correlation function is defined as: 

  

€ 

g( r ) =
< ρ(R)ρ( r + R) >

< ρ(
 
R ) >2

 

If the density is for an assembly of point particles, 
  

€ 

ρ( r ) = δ
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N

∑ ( r −  r i) , the 

correlation function becomes: 
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€ 

g( r ) =
A
N
δ( r ) + g( r ≠ 0)  

For the case of a random distribution (white noise) then   

€ 

g( r ≠ 0) =1, meaning 

that the correlation function is one everywhere away from the origin.  

Typically, the correlation value at r=0 is ignored and not plotted. 

Correlation Function for a Distribution of Uniformly Shaped Objects: 

Replacing our distribution of point particles with the same distribution of 

finite sized objects is equivalent to convoluting (or filtering) the original 

distribution of delta functions with the average shape of the objects  

€ 

( f ( r )) : 

  

€ 

ρ'( r ) = ρ( r ) * f ( r ) = FT−1(FT(ρ( r ))xFT( f ( r )), or 

  

€ 

FT(ρ'( r )) = FT(ρ( r )xFT( f ( r ))  

g’(r) can be computed from   

€ 

ρ'( r ) using Fourier Transforms (FTs): 

  

€ 

g'( r ) = FT−1(FTρ'( r ) 2)  
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g'( r ) = FT−1(FT(ρ( r ))× FT( f ( r )) 2) 
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g'( r ) = FT−1(FT(ρ( r )) 2 × FT( f ( r )) 2) 
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g'( r ) = g( r ) *F( r ) 
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Here, 
  

€ 

F(r) = FT−1(FT( f ( r )) 2)  is the autocorrelation of the object shape.  

Plugging in g(r) for a distribution of point particles: 

  

€ 

g'( r ) =
A
N
δ( r ) *F( r ) + g( r ≠ 0)*F( r ) 

  

€ 

g'( r ) =
A
N

F( r ) + g( r ≠ 0)*F( r ) 

Correlation Function for a Distribution of Gaussian Shaped Objects: 

When objects have Gaussian shapes, then: 
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1
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Plugging this into the above equation for g’: 
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For the case where where   

€ 

g( r ≠ 0) =1, this is the relation recorded in Equation 

2 of the main text. 

  

€ 

g'( r ) =
1

4πσ 2ρ
e
−r 2

4σ 2 +1 

In the more general case where   

€ 

g( r ≠ 0) ≠1 , then  

€ 

g( r ≠ 0)  or the object-object 

correlation function is convolved or filtered by the Gaussian shape. 
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Figure 3A.1: Gold labeling of proteins is specific. In the absence of specific 
primary antibodies (A-B), in the absence of A488 on IgE (C), or in the presence 
of gold-conjugated secondary antibodies with incorrect species specificity (D), 
there is little to no background gold particle binding.  In the absence of 0.1% 
TX-100, we do not detect gold labeling of inner leaflet proteins (E), and IgE-
FcεRI distributions are independent of the presence or absence of TX-100 (not 
shown).  Gold labeling of Lyn is independent of sensitization with IgE (F).  
Scale bar is 200 nm.  Raw BSD images are band pass filtered and inverted for 
display purposes.
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CHAPTER FOUR 

Quantitative Nano-scale Analysis of IgE-FcεRI Clustering and Coupling to 

Intracellular Signaling Proteins* 

Summary 

We use high resolution scanning electron microscopy (SEM) to 

visualize inner and outer leaflet gold-labeled IgE-FcεRI, Lyn, Syk, and LAT on 

the top surface of intact RBL-2H3 cells before and after stimulation with 

multivalent antigen at 37˚C.  Previous studies using ripped-off plasma 

membrane sheets have reported that each of these signaling proteins are self-

clustered prior to stimulation and redistribute into large domains (~100 nm in 

size) after 1-2 min stimulation with multivalent antigen at 37˚C.  However, 

interpretation of these results has been challenging due to 1) recent findings 

that suggest protein self-clustering is an artifact of gold labeling, 2) new 

sample preparations that do not require detachment of the plasma membrane 

from its underlying cytoskeleton, 3) conflicting reports on the physical basis 

for interactions between IgE-FcεRI and its associated signaling partners, and 

4) new analytical tools that better describe cluster properties.  Here we 

demonstrate the ability to detect inner and outer leaflet gold-labeled proteins, 

as well as membrane structure, in intact cells using a combination of 

secondary electron detection (SED) and backscattered detection (BSD) SEM.  

                                                        
* This work was done in collaboration with Sarah Veatch, who developed the 
computational and statistical tools necessary to accurately and robustly quantify 
gold‐labeled protein distributions. 
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We use measured pair auto- and cross-correlation functions to report useful 

protein cluster properties such as the average number of proteins per cluster 

and cluster size.  We find that IgE-FcεRI, Lyn, Syk, and LAT are unclustered in 

unstimulated cells and redistribute into large clusters (after 1 min stimulation) 

that decrease in size over a stimulation time-course (5, 10, and 20 min).  We 

also find that IgE-FcεRI and Lyn co-redistribute within the same clusters after 

1 min of stimulation with sustained co-clustering at long stimulation times.  

Lastly, we demonstrate that both plasma membrane cholesterol levels and Src 

tyrosine kinase-dependent protein-protein interactions contribute to IgE-FcεRI 

and Lyn interactions, and we conclude that these interactions contribute to 

early IgE-mediated signaling events.  These experimental and analytical 

methods provide new tools to map the nano-scale lateral organization of 

plasma membrane proteins, as well as probe the physical and functional basis 

of protein nano- and microdomains involved in immune cell signaling. 

4.1 INTRODUCTION 

Crosslinking of IgE bound to its high affinity IgE receptor, FcεRI, by 

multivalent antigen initiates a tyrosine kinase signaling cascade in mast cells 

that activates more downstream signaling processes, including Ca2+ 

mobilization and exocytosis of secretory granules containing histamine and 

other mediators of the allergic response [1].  In response to IgE-FcεRI 

crosslinking, the Src family kinase Lyn rapidly phosphorylates 

immunoreceptor tyrosine-based activation motifs (ITAMs) on the β and γ 

subunits of FcεRI.  These provide docking sites for the recruitment of Lyn and 
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Syk, respectfully, which facilitate Syk kinase activation and consequent signal 

propagation [2, 3].  Although receptor phosphorylation by Lyn is well 

established as the first detectable biochemical event following receptor 

aggregation [4, 5], the structural basis for interactions that facilitate this 

process at the plasma membrane are only partly understood [6, 7]. 

Interactions between FcεRI and Lyn have been detected biochemically 

in several different studies, and a two-hybrid study provided evidence that 

the unique domain of Lyn kinase can bind weakly to the cytoplasmic segment 

of FcεRIβ in the absence of receptor phosphorylation [8-10].  Previous studies 

have also established that the SH2 domain of Lyn can bind to the 

phosphorylated ITAM of FcεRIβ to amplify FcεRI signaling [11-13].  In 

addition, crosslink-dependent association of IgE-FcεRI with detergent-

resistant membranes (DRMs) has been shown to mediate the initiation of the 

tyrosine phosphorylation cascade by active Lyn in these cholesterol-

dependent membrane domains that are characterized by lipids with ordered 

acyl chains [14-16].  

Despite this biochemical evidence for antigen-dependent interactions 

between Lyn and FcεRI, it has been difficult to detect co-redistribution of Lyn 

with clustered IgE-FcεRI using confocal fluorescence microscopy under 

standard conditions for cell activation [17, 18].  Fluorescence cross-correlation 

spectroscopy, as well as IgE-FcεRI engagement with patterned ligands, reveal 

stimulated interaction between Lyn and IgE-FcεRI that are dependent on F-

actin polymerization, but this occurs on a time-scale that is slower than the 
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initiation of the tyrosine phosphorylation cascade [18, 19].  Similarly, 

interactions between IgE-FcεRI and Syk or the key adaptor protein, LAT [20], 

have been difficult to detect by fluorescence imaging methods under 

physiologically relevant conditions of antigen stimulation [21].  

Nanometer-scale resolution is needed to further elucidate these 

interactions.  Until recently, optical resolution of sub-micron protein 

heterogeneity has been limited by the wavelength of light; higher resolution 

imaging has depended primarily on the use of electron microscopy to 

visualize gold-labeled protein distributions.  Early studies from the Oliver 

laboratory used scanning electron microscopy (SEM) with backscatter 

detection (BSD) of immuno-gold labeled particles to characterize the time 

dependent clustering of IgE-FcεRI in response to IgE-specific crosslinking on 

intact, RBL mast cells [22, 23].  More recently, Wilson, Oliver, and colleagues 

have used transmission electron microscopic analysis of ripped-off plasma 

membrane sheets from these same cells to characterize changes in the 

distributions of outer and inner leaflet proteins in response to IgE-FcεRI 

crosslinking [24, 25].  Based on Ripley’s K Function analysis, they report that 

IgE-FcεRI, Lyn, Syk, and LAT are self-clustered in these membrane sheets 

(derived from unstimulated cells) and redistribute into larger clusters that 

only partly overlap in response to IgE-FcεRI crosslinking by antigen. 

Here, we visualize gold-labeled antibodies bound to IgE-FcεRI and 

other proteins at both the outer and inner leaflets of the plasma membrane of 

the dorsal surface of intact RBL mast cells with nanometer resolution using 
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secondary electron detection (SED) to image cell surface topology, together 

with BSD to image gold particle distributions.  By quantifying measured gold 

particle distributions with pair auto- and cross-correlation functions, we 

extract useful physical properties to describe protein clusters in the 

membrane, including average number of proteins per cluster and cluster size.  

Using this approach, we find that IgE-FcεRI, Lyn, Syk, and LAT are 

unclustered in unstimulated cells but redistribute into large domains within 1 

min of stimulation by multivalent antigen at 37˚C.  Cluster size is maximal 

after 1 min of stimulation, and gradually decreases by 20 min of stimulation 

due to receptor internalization.  We further demonstrate that IgE-FcεRI and 

Lyn co-redistribute within the same clusters after 1 min of stimulation and 

remain co-clustered at long stimulation times.  Importantly, we show that 

clustering of Lyn with IgE-FcεRI depends on cholesterol and tyrosine kinase 

activity, indicating roles for both membrane lipid composition and kinase-

dependent protein-protein interactions during early cell signaling events.  

These new experimental and analytical approaches provide new insights into 

the interactions of important signaling proteins and the role of plasma 

membrane structure during the earliest steps of immune cell signaling. 

4.2 MATERIALS and METHODS 

Chemicals and Reagents: 

Rabbit anti-Alexa Fluor 488 (A488) was purchased from Invitrogen (Eugene, 

OR). Rabbit anti-LAT was purchased from Upstate Biotechnology (Lake 

Placid, NY). Mouse anti-Lyn (H-6), rabbit anti-Lyn (44), and rabbit anti-Syk 
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(N-19) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). 

Mouse mAb OX-7 (anti-Thy-1) was purchased from BDPharmingen (San 

Diego, CA).  Glutaraldehyde (25% stock) was purchased from Ted Pella 

(Redding, CA).  Paraformaldeyde was purchased from Electron Microscopy 

Services (Hatfield, PA).  Mouse anti-FITC, 3-Aminopropyltriethoxysilane 

(APTES), 10 nm gold-conjugated anti-rabbit IgG (whole molecule), 10 nm 

gold-conjugated anti-mouse IgG (whole molecule), and methyl-β-cyclodextran 

(MβCD) were purchased from Sigma (St. Louis, MO).  10 nm gold-conjugated 

anti-mouse IgG (whole molecule) was purchased from GE Healthcare 

(Piscataway, NJ). Protein Phosphatase 1 (PP1) was purchased from Biomol 

(Plymouth Meeting, PA).  A488-IgE was prepared by modification of purified 

mouse monoclonal anti-2,4-dinitrophenyl (DNP) IgE with Alexafluor 488 

(Invitrogen) as previously described [14, 18]. 

Cell Culture and SEM Sample Preparation: 

RBL-2H3 mast cells were grown overnight to ~50% confluency on 2 

mm x 2 mm silicon chips at 37˚C under standard cell culture conditions [19] 

and high affinity IgE receptors (FcεRI) were labeled with A488-IgE (1µg/mL) 

for 2-3 hrs prior to the experiment.  To stimulate cells, IgE-FcεRI was 

crosslinked with multivalent antigen (DNP-BSA, 1µg/mL) at 37 ˚C in culture 

medium for specified times, washed quickly in phosphate buffered saline 

(PBS), and immediately fixed in 4% (w/v) paraformaldehyde and 0.1% (w/v) 

gluteraldehyde for 10 min at room temperature in PBS.  For some 

experiments, cells were pre-incubated for 5 min at 37˚ C with either 10 mM 
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MβCD or 4 µM PP1 prior to addition of antigen.  Fixed cell samples were 

washed in blocking solution (2 mg/mL BSA and 2% (v/v) fish gelatin in PBS) 

and labeled sequentially with primary antibody and secondary antibody-gold 

conjugates (5 or 10 nm diameter) in the presence (usual) or absence (control) of 

0.1% Triton X-100 (TX-100) in blocking solution for 1 hr at room temperature.  

Cell samples were washed in blocking solution after incubation with the 

primary antibody, as well as after incubation with the secondary antibody-

gold conjugates.  For labeling with two differently sized gold particles, 

samples were labeled first with 10 nm and then 5 nm gold antibody 

conjugates. The immuno-gold labeled cell samples were further fixed in 4% 

paraformaldehyde and 1% glutaraldehyde for 5 min at room temperature, and 

then thoroughly washed in distilled water.  Following dehydration through a 

series of graded ethanol washing steps, samples were critical point dried, 

mounted on round aluminum SEM stubs, and sputtered with carbon to 

prevent charging. 

Electron Microscopy and Imaging Statistics: 

Mounted samples were imaged with a Schottky field emission scanning 

electron microscope (LEO 1550) at 20KeV.  The dorsal (top) surfaces of intact, 

adherent cells were imaged using secondary electron detection (SED) and 

backscattered detection (BSD) at high magnification.  Flat membrane regions 

were selected for imaging.  For single label experiments, 10 nm gold particles 

were used, and individual micrographs were obtained at 35K magnification, 

typically imaging 2.4 µm2 of the cell surface.  For double label experiments, 10 
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and 5 nm gold particles were used, and micrographs were obtained at 75K-

100K magnification.  Gold-labeled protein distributions for many different 

cells and many experiments were obtained for all experimental conditions 

presented.  The total number of gold particles and gold-labeled densities for 

samples analyzed in this study are summarized in Table 4.1. 

Automated Image Processing and Pair Correlation Function Analysis: 

The locations of gold particle centers are identified from raw BSD-SEM 

images using automated image processing algorithms that are described in 

Chapter Three.  In single label experiments, pair auto-correlation functions, 

  

€ 

g( r ) , are evaluated according to the relation: 

  

€ 

g( r ) =
ρ( r )ρ( r +

 
R )

ρ(
 
R )

2 , 

where   

€ 

ρ( r )  is the density at position   

€ 

 r , and the ensemble average is over all 

positions in the image (all  

€ 

 
R ) as well as over multiple images.  In double label 

experiments, two differently sized particles are resolved, and the pair cross-

correlation function,   

€ 

c( r ) , is evaluated: 

 
  

€ 

c( r ) =
ρ1(
 r )ρ2(

 r +
 
R )

ρ1(
 
R ) ρ2(

 
R )

 

where   

€ 

ρ1(
 r )  and  

€ 

ρ2(
 r )  are the densities of the two distinguishable labels.  Since 

there is no preferred direction, we further average over all angles to obtain g(r) 

and c(r).  By this definition, correlation functions quantify the probability of 

finding a second particle a distance r away from a given particle and a value 

of 1 indicates that particles are randomly distributed at that distance.  This 
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probability, g(r), can be converted to an average density of gold particles 

within a ring of radius r and width dr from a given particle by multiplying by 

the gold particle density averaged over all images, such that: 

  

€ 

 
ρ gold = ρ(

 
R ) ρgold = ρ(

 
R )  

We recently documented that clustered gold particle distributions in 

unstimulated cells using our labeling protocols arise primarily from multiple 

binding sites for gold-antibody conjugates on a single target protein (Chapter 

Three).  In stimulated cells, we correct for this multiple binding artifact by 

subtracting expected contributions from multiple binding.  One benefit of 

properly characterizing this artifact is that we determine the labeling 

efficiency (LE = the average number of gold particles per accessible protein) 

and the approximate size and shape of the binding surface (well fit by a 

Gaussian function).  The size of the binding surface is greater than the image 

pixel resolution and depends on the size of target proteins and the valency of 

labeling antibodies (typically half-widths are 5-9 nm).  The finite size of the 

binding surface limits our true lateral resolution because the center of a gold 

particle is not necessarily the center of the target protein.  As a consequence 

we fit correlation curves to single filtered exponentials with 

€ 

g(r) =1+ Aexp −rξ{ } for 20 nm. 

The amplitude of that value for r is related to the increased density of 

proteins within clusters and the correlation length (ξ) characterizes the size 

(radius) of protein-rich clusters.  The average number of proteins per cluster is 

given by: 

€ 

N = ρavg (
0

∞

∫ g(r) −1) × 2πrdr ≈ 2πAξ 2ρavg
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where 

€ 

ρavg  is the average protein density 
  

€ 

 
ρ gold

LE
 

 
 

 

 
 .  We define the increased 

protein density in clusters to be: 

€ 

ρcl
ρavg

= N
πξ 2ρgold

≈ 2A . 

Labeling Controls: 

We previously demonstrated the specificity of our primary and gold 

conjugated secondary antibody reagents and procedures with labeling 

controls in Chapter Three.  Briefly, gold labeling of A488-IgE-FcεRI, Lyn, Syk, 

and LAT are observed only in the presence of specific primary antibodies and 

species-specific gold-secondary antibody conjugates.  In the absence of 0.1% 

TX-100 we do not detect gold labeling of inner leaflet proteins, and we 

determined that IgE-FcεRI distributions are independent of the presence or 

absence of TX-100 during the labeling step.  We also confirmed that gold 

labeling of Lyn is independent of whether or not cells are sensitized with IgE. 

We showed for IgE-FcεRI that gold particle distributions in unstimulated and 

stimulated cells are independent of both the type of primary antibody and 

gold particle size on the secondary antibody.  Similarly, we compared labeling 

of Lyn with either monoclonal or polyclonal anti-Lyn antibodies followed by 

species-specific secondary gold antibody conjugates, and found them to be 

similar (Chapter Three). 
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4.3 RESULTS 

Visualizing Plasma Membrane Lateral Heterogeneity by SEM. 

We directly visualize membrane topography and protein heterogeneity 

on the dorsal surface of intact RBL cells using high resolution SEM with both 

secondary electron detection (SED) and backscattered detection (BSD) as 

illustrated in Figure 4.1.  SED is sensitive to topography and allows 

identification of flat cell surfaces to avoid membrane structures that can alter 

protein organization (compare Figures 4.1B and 4.1C).  Cell surface protein 

distributions are determined by imaging distributions of specific gold labels 

with BSD at high magnification.  Automated image processing and gold 

particle identification algorithms are used to determine particle coordinates 

for reconstructed images, as described in Chapter Three and Materials and 

Methods, and illustrated in Figures 4.1E-G. 

Our SEM method can detect both outer and inner leaflet gold-labeled 

proteins following fixation with 4% paraformaldehyde and 0.1% 

glutaraldehye and labeling in the presence of TX-100.  Plasma membrane-

associated proteins are specifically labeled with primary antibodies followed 

by secondary gold-conjugated antibodies, and little to no background binding 

occurs on the bare silicon surface (Figure 4.1D).  Sample preparation and 

controls are described in Materials and Methods. 

Figure 4.1 shows reconstructed SEM images that specify cell surface 

distributions of 10 nm gold-labeled IgE-FcεRI.  For efficient labeling post-
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fixation, we use A488-conjugated IgE pre-bound to FcεRI and rabbit anti-

Alexa488 antibody as the primary antibody.  We find average surface densities 

(ρgold) of ~280 gold particles/µm2 (Table 4.1).  This value is consistent with 

previous measurements of FcεRI surface density in live RBL cells [26] and 

indicates a high average labeling efficiency (LE) of about 1 gold particle per 

IgE-FcεRI (see also Chapter Three). 

Protein Redistribution during Signaling 

To probe the lateral organization of IgE-FcεRI and other proteins 

implicated in early signaling events, we imaged the distributions of IgE-FcεRI, 

Lyn kinase, Syk kinase, and LAT before and after stimulation with multivalent 

antigen at 37˚C (Figure 4.2A).  The transmembrane receptor complex A488-

IgE-FcεRI was labeled with rabbit anti-A488 and gold-conjugated goat anti-

rabbit antibodies on the extracellular dorsal surface.  The signaling proteins 

Lyn, Syk, and LAT were labeled with antibodies specific for cytoplasmic 

epitopes at the same dorsal membrane.  As represented by single label images 

in Figure 4.2A (left panel), immuno-gold labeled IgE-FcεRI, Lyn, Syk, and LAT 

appear to be distributed in small clusters at the plasma membrane in 

unstimulated cells.   In Chapter Three we showed that the clustered 

appearance of protein distributions in unstimulated cells is explained by 

multiple gold particles binding to single target proteins.  With an average 

labeling efficiency of ~1, statistical variation of none to several particles per 

protein is expected; we correct for this artifactual clustering in our analysis of 

protein distributions using a simple model described in Chapter Three. 
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Figure 4.2: IgE-FcεRI, Lyn, Syk, and LAT rapidly redistribute into large 
clusters after addition of antigen to crosslink IgE-FcεRI. Representative 
reconstructed BSD-SEM images of plasma membrane with immuno-gold 
labeling of specified target proteins (10 nm gold particles).  Left panels: SEM 
samples prepared from cells incubated at 37˚ C in the absence of stimulus; 
right panels: SEM images prepared from cells stimulated with multivalent 
antigen for 1 min at 37˚ C.  Scale bars are 500 nm. 
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Following cell stimulation by antigen crosslinking for 1 min, labeled 

IgE-FcεRI complexes appear to be tightly packed within large (~100 nm) 

membrane clusters, consistent with previous SEM studies [23].  Interestingly, 

the signaling proteins Lyn, Syk, and LAT also redistribute into clusters of 

similar dimensions shortly after antigen stimulation, and these clusters are 

similar in appearance to those formed by IgE-FcεRI (Figure 4.2, right panel).  

Many images of the single label protein distributions for samples represented 

in Figure 4.2, and also for longer stimulation times (5, 10, and 20 min), were 

evaluated with pair auto-correlations functions g(r) to quantify the protein 

distributions (Figure 4.3). 

In brief, g(r) quantifies the probability of finding a second labeled 

protein a distance r (radius) away from a given protein with the same label. 

G(r) values of 1 indicate that proteins are randomly distributed, and values 

greater than 1 indicate that proteins are clustered at that corresponding radius 

value.  The magnitude of the g(r) value is a measure of clustering of the 

labeled proteins.  For example, g(20 nm)=5 means that it is five times more 

likely to find two particles separated by a distance of 20 nm than is expected 

from a random distribution.  This method of quantifying particle clustering 

over many individual images is independent of protein expression levels 

(Chapter Three), and it has distinct advantages over other, more commonly 

used methods, such as the modified Ripley’s function (see Discussion).   
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Figure 4.3: (A-D) IgE-FcεRI, Lyn, Syk, and LAT quickly redistribute into 
large clusters after stimulation, and clusters decrease in size over 20 min.    
Target proteins are labeled as specified with immuno-gold (10 nm) after cells 
are stimulated with antigen for times indicated.  Gold particle distributions 
are quantified for multiple images (N>100) using pair auto-correlation 
functions.  Correlation curves are well fit by a single filtered exponential: 
g’(r)=1+Aexp{-r/ξ} for r>20 nm (Eqn 2). 



  147 

The data points in Figure 4.3 represent a large number of multiple 

experiments as compiled in Table 4.1.  The g(r) curves shown here are 

corrected to account for artifactual clustering due to multiple gold binding to 

single target proteins and are fit well by a single filtered exponential.  The 

amplitude of that value for r is related to the increased density of proteins 

within clusters, and the correlation length ( ) characterizes the size (radius) of 

protein-rich clusters.  The quality of the fits is shown in Figure 4.3. 

For unstimulated cells, the pair auto-correlation functions indicate that 

IgE-FcεRI, Lyn, Syk, and LAT are randomly distributed over all distances (g(r) 

≈ 1) as indicated by the dark blue circles in Fig 4.3A-D.  However, after 

stimulation with multivalent antigen for 1 min at 37 °C, all of these proteins 

become highly auto-correlated at long distances (g(r)>1 for r<~250 nm) (Figure 

4.3, green squares).  This verifies the visual observations represented in Figure 

4.2 that clusters range in size, but can be as large as 250 nm in diameter.  Auto-

correlation curves evaluated from experiments with longer periods of 

stimulation (5, 10, and 20 min) indicate that IgE-FcεRI and the three signaling 

proteins investigated show sustained clustering for more than 10 min.  Also, 

clusters become smaller with longer stimulation time.  At 20 min of 

stimulation, auto-correlation curves decay more quickly such that g(r)~1 for 

r≥~75 nm, meaning that the largest persistent clusters have diameters of about 

75 nm.  In contrast, the GPI-linked protein Thy-1 does not exhibit significant 

clustering either before or after crosslinking IgE-FcεRI with multivalent 

antigen under the same conditions (see below, Figure 4.4).  
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Several parameters that characterize the properties of the clustered 

distributions are extracted from the exponential fits to the auto-correlation 

curves as described in Materials and Methods.  Values for these properties are 

plotted in Figure 4.4 for the experiments described in Figure 4.3 and for 

parallel experiments carried out with 10 nm gold labeled Thy-1.  Figure 4.4A 

shows cluster radius, represented by the correlation length, ξ, as a function of 

stimulation time. 

Within 1 min of antigen addition, all of IgE-FcεRI, Lyn, Syk, and LAT 

form large clusters (ξ = 70-90 nm) that gradually reduce in size (ξ ~20 nm) 

during 20 min of stimulation.  Thy-1 proteins have a random distribution 

before and after stimulation.  As shown in Figure 4.4B, the average number of 

IgE-FcεRI, Lyn, Syk, and LAT proteins per cluster (Ncl) follows similar trends 

in time:  Ncl increases rapidly during the first 1-5 min of antigen stimulation 

and is reduced at longer stimulation times.  If we assume that these proteins 

are co-clustering, the relative values of Ncl for these proteins indicate their 

corresponding stoichiometries. 
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Figure 4.4: Physical properties of clustered target proteins as a function of 
stimulation time are measured or extracted from correlation functions.  
Auto-correlation functions determined from many images of specified target 
proteins are well fit with g’(r)=1+Aexp{-r/ξ} for r>20 nm (Eqn 2) as shown in 
Figure 4.3, and parameters are determined as described in the text: correlation 
length, ξ (A), average number of proteins per cluster, Ncl (B), average protein 
density, ρavg (C), and increased density of proteins within clusters, ρcl/ρavg (D).  
These parameters are also tabulated in Table 4A.1 (Appendix). 
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The average protein density (ρavg) is obtained by dividing the total 

surface density of gold particles by the labeling efficiency, LE, (described in 

Materials and Methods).  As shown in Figure 4.4C, ρavg for IgE-FcεRI declines 

by ~60% during the first 10 min of stimulation consistent with crosslink-

dependent internalization [27, 28].  The average density of Syk also declines 

during this initial stimulation period, consistent with stimulation-dependent 

internalization and/or degradation of Syk [29].  Alternatively, Syk may 

dissociate and return to the cytoplasm as IgE internalizes.  In contrast, ρavg for 

Lyn, LAT, and Thy-1 remains constant throughout the time-course of 

stimulation, suggesting that these do not co-internalize with crosslinked IgE-

FcεRI.  The parameter ρcl/ρavg provides a measure for the locally enhanced 

density of proteins within clusters.  For IgE-FcεRI, Lyn, Syk, and LAT (but not 

Thy-1), ρcl/ρavg increases ~10-fold during the first min of stimulation, then 

continues to increase more gradually throughout the subsequent 20 min 

stimulation time-course (Figure 4.4D).  These results reveal that the protein 

composition within signaling clusters continues to change as stimulation 

progresses.  Our findings that cluster sizes and enhanced densities change in 

parallel (with the exception of Thy-1), suggest that the signaling proteins 

examined may be clustered within the same membrane domains.  The fit 

parameters plotted in Figure 4.4 are tabulated in Table 4A.1 (Appendix). 

Co-localization of IgE-FcεRI and Lyn Kinase in Double Label Experiments. 

To determine whether Lyn co-redistributes with crosslinked IgE-FcεRI 

domains or segregates to form secondary signaling platforms, we double 
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labeled IgE-FcεRI and Lyn with distinguishable (5 nm and 10 nm, respectfully) 

gold particles before and after stimulation with multivalent antigen at 37˚C.  

As represented in Figure 4.5B, we find that Lyn is visibly co-clustered with 

crosslinked IgE-FcεRI after 1 min of stimulation with antigen.  Additional 

double label experiments showed that IgE and Lyn remain co-clustered at 

longer stimulation times (Figure 4.5C-E).  Double label experiments were also 

conducted with IgE-FcεRI (10 nm gold) and Thy-1 (5 nm gold).  In contrast to 

co-clustered IgE-FcεRI and Lyn, Thy-1 does not visibly co-redistribute with 

crosslinked IgE-FcεRI clusters under these conditions (Figure 4.5F). 

Cross-correlation analysis of IgE-FcεRI with Lyn and IgE-FcεRI with 

Thy-1 are shown in Figure 4.5G.  Similar to the auto-correlation g(r), cross-

correlation c(r) quantifies the probability of finding a protein with a 

distinguishable second label a distance r away from a given protein with the 

first label.  Just like auto-correlation functions, cross-correlation functions are 

fit well by single filtered exponentials, where ξc corresponds to the correlation 

length of the co-cluster.  Although the individual proteins IgE-FcεRI and Lyn 

appear unclustered (not auto-correlated) in unstimulated cells (dark blue 

circles in Figure 4.3), these two proteins are cross-correlated to some extent at 

short distances (ξc = 5 nm; Figure 4.5F), indicating some tendency to pre-

associate in the absence of crosslinking by antigen, described in greater detail 

in Chapter Three.  After as little as 1 min stimulation at 37o C with antigen, 

IgE-FcεRI and Lyn become highly cross-correlated extending to long distances 

(ξc = 150 nm), indicating that these proteins strongly co-cluster under these 
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conditions (Figure 4.5F).  The size of these co-clusters decreases with time, 

consistent with the decreasing cluster size observed in single label 

experiments with IgE-FcεRI and Lyn (Figure 4.4A).  Consistent with the visual 

impression in Figure 4.5A, IgE-FcεRI and Thy-1 do not significantly cross- 

correlate in unstimulated (not shown) or stimulated cells (Figure 4.5F).  Cross-

correlation lengths for these clusters are tabulated in Table 4A.2 (Appendix). 

Stimulated Co-clustering of IgE-FcεRI and Lyn Depends on Tyrosine Kinase Activity 

and Cholesterol. 

To understand the structural basis for the extensive co-clustering of 

Lyn with antigen-crosslinked IgE-FcεRI, we investigated the effects of 

treatments known to perturb structure and function.  In one set of experiments 

we evaluated the role of phosphorylation-dependent protein-protein 

interactions between IgE-FcεRI and Lyn using the Src-family tyrosine kinase 

inhibitor PP1 [30] to inhibit Lyn kinase activity.  Figure 4.6A shows 

representative SEM images of singly labeled IgE-FcεRI and Lyn after 1 min of 

antigen stimulation at 37o C both with and without 4 µm PP1 (or other 

treatments described below).  Many images of these samples from multiple 

experiments were evaluated with auto-correlation functions (Figure 4.6B) that 

are well fit in all cases by single filtered exponentials (solid lines in Figure 

4.6B) to yield characteristic parameters: auto-correlation length (ξ), number of 

proteins per cluster (Ncl), and ratio of protein density in clusters to average 

density (ρcl/ρavg) (Figure 4.6C).  These parameters are also tabulated in Table 

4A.3 (Appendix).
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Figure 4.5: Double label experiments reveal that Lyn, but not Thy-1, co-
redistributes with IgE-FcεRI after cells are stimulated with antigen and co-
clusters decrease in size with time.  A-E) Representative reconstructed BSD-
SEM images from cells that were stimulated (or not) for times indicated; 
specified target proteins were immuno-gold labeled.  IgE-FcεRI (5 nm gold 
particles) and Lyn (10 nm gold particles) were double labeled (A-E), or IgE-
FcεRI (10 nm gold particles) and Thy-1 (5 nm gold particles) were double 
labeled (F).  Scale bars are 200 nm.  G) Gold particle distributions for many 
images from double label experiments are quantified using cross-correlation 
functions, and curves are well fit by a filtered exponential c’(r) ≈ 1+Aexp{-r/ξc} 
(Eqn 2).  Extracted fit parameters are tabulated in Table 4A.2 (Appendix). 
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When the kinase inhibitor PP1 is added to cells prior to stimulation, 

large clusters of both IgE-FcεRI and Lyn still result from antigen crosslinking 

of IgE-FcεRI (correlation lengths decrease by less than 30% compared to no 

PP1).  However, the numbers of labeled proteins in these clusters decrease 

substantially in the presence of PP1: For IgE, Ncl decreases by ~55%; for Lyn, 

Ncl decreases by ~80% (Figure 4.6C, middle panel).  Consistent with this, the 

ρcl/ρavg for both IgE-FcεRI and Lyn in clusters decreases after PP1 treatment 

(Figure 4.6C, right panel).  This indicates that tyrosine kinase activity of Lyn, 

including phosphorylation of FcεRI, evidently plays a significant role in the 

accumulation of both IgE-FcεRI and Lyn in these antigen induced clusters. 

We investigated the role of plasma membrane cholesterol in 

modulating IgE-FcεRI and Lyn protein distributions by depleting cellular 

cholesterol with 10 mM MβCD for 5 min at 37˚C either before or after addition 

of antigen.  As visualized in Figure 4.6A and quantified with auto-correlation 

functions for many images in Figures 4.6B-C, addition of MβCD prior to 

antigen crosslinking results in cluster size reduction for both IgE-FcεRI and 

Lyn (ξ decreases by ~ 50% for both; Figure 4.6C, left panel), and the Ncl are 

decreased by even larger amounts (~80% reduction for both; Figure 4.6C, 

middle panel).  These results suggest that cholesterol-dependent membrane 

structure facilitates antigen crosslinking of IgE-FcεRI, and this membrane 

structure also facilitates co-clustering of IgE-FcεRI and Lyn. 
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If cells are treated with MβCD for 5 min after addition of multivalent 

antigen for 1 min, the cluster sizes determined for IgE-FcεRI and Lyn do not 

change dramatically compared to 5 min stimulation in the absence of MβCD 

(Figure 4.6C, left panel).  However, the Ncl decreases much more for Lyn 

(~70%) than for IgE-FcεRI (~10%; Figure 4.6C, middle panel).  Cholesterol 

depletion also reduces the ρcl/ρavg for both IgE-FcεRI and Lyn when MβCD is 

added either before or after multivalent antigen (Figure 4.6C, right panel).  

These effects of cholesterol depletion reveal a role for this lipid, and possibly 

the ordered lipid membrane domains it promotes, both in the structural 

organization of antigen-induced IgE-FcεRI clustering, and in the coupling of 

crosslinked IgE-FcεRI with Lyn kinase during initial stages of signal 

transduction. 

4.4 DISCUSSION  

 In this study, we demonstrate that SEM with SED and BSD is useful for 

investigating distributions of immuno-gold labeled signaling proteins on both 

the outer and inner leaflets of plasma membranes of fixed, intact cells.  Using 

pair correlation functions, with corrections for multiple gold particle labeling 

of the same target protein, we find that all proteins investigated have random 

distributions in unstimulated cells, with no evidence for homotypic clustering 

(see also Chapter Three).  Single label experiments show that IgE-FcεRI, Lyn, 

Syk, and LAT all redistribute into clusters within 1 min of stimulation by 

multivalent antigen at 37˚C (Figure 4.2-4.4).  Double label experiments show 

that IgE-FcεRI and Lyn co-redistribute into clusters that are similar in size and 
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persistence to those visualized in single label experiments over the same time-

course (Figure 4.5).  Both single label and double label experiments show that 

these protein clusters are largest 1 min after stimulation with antigen and 

gradually decrease in size over 20 min as IgE-FcεRI internalize.  We also 

demonstrate that antigen-induced IgE-FcεRI and Lyn co-clustering is sensitive 

to inhibition of tyrosine kinase activity and to changes in membrane physical 

state caused by cholesterol depletion (Figure 4.6). 

 Previous transmission electron microscopy studies have used ripped-

off plasma membrane sheets to visualize inner leaflet gold-labeled protein 

distributions.  These studies suggested that IgE-FcεRI, Lyn, Syk, and LAT are 

self-clustered to a limited extent in unstimulated cells, and antigen 

crosslinking of IgE-FcεRI causes only limited association of Lyn with larger 

IgE-FcεRI clusters [24, 25].  Results from these studies were not corrected for 

multiple antibody binding effects, which may account for apparent self-

clustering (Chapter Three).  These previous results may also be affected 

during the membrane ripping process that is done prior to fixation, and by the 

lighter fixation conditions used subsequent to membrane detachment and 

prior to labeling with primary and gold-conjugated secondary antibodies.  

Our study used a combination of SED and BSD in SEM images to characterize 

redistributions of both outer and inner leaflet signaling proteins that are 

immuno-gold labeled following strong fixation (4% paraformaldehyde, 0.1% 

gluteraldehyde) to prevent antibody-induced protein redistributions.  SED 

evaluates membrane topography and provides a check on apparent 
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heterogeneity of gold particles that may be due to morphological 

irregularities. 

Our experiments show high gold particle labeling efficiencies with an 

average of ~1 gold particles per target protein (Chapter Three).  This provides 

confidence in our statistical sampling of each protein distribution.  We observe 

specific gold labeling for all proteins analyzed in our SEM experiments: Gold 

particles are only observed in the presence of target protein-specific primary 

and species-specific secondary antibodies (Chapter Three).  Additionally, we 

have developed robust algorithms to 1) rigorously identify gold locations 

(Figure 4.1) and 2) quantify large data sets of particle coordinates using pair 

auto- and cross-correlation functions with a high degree of statistical 

confidence (Table 4.1).  These correlation functions are useful analytical tools 

that easily account for the finite size of gold particles and multiply targeted 

gold-labeled proteins (Chapter Three).  Moreover these functions provide 

relevant information regarding protein cluster size (ξ), number of proteins per 

cluster (Ncl), and other physical parameters.  Collectively, these 

methodological differences and improvements are likely responsible for 

differences between our results and those reported in previous studies. 

Randomly dispersed in unstimulated cells, IgE-FcεRI, Lyn, Syk, and 

LAT all redistribute into large clusters after 1 min of stimulation with 

multivalent antigen at 37˚C.  Each of these stimulated clusters have ξ values in 

the range of 70-90 nm (Figure 4.4A), consistent with cluster sizes reported for 

IgE-FcεRI, Lyn, Syk, and LAT in stimulated membrane sheets [24, 25].  In 
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double label experiments, we find that that IgE-FcεRI and Lyn show some pre-

association in unstimulated cells (Chapter Three), and they co-redistribute 

within the same large clusters (ξc~85 nm) after 1 min of antigen stimulation 

(Figure 4.5A).  One model to explain this finding suggests that Lyn first 

phosphorylates crosslinked IgE-FcεRI within ordered membrane domains (see 

below) and then associates through binding interactions between its SH2 

domain and phosphorylated receptor ITAMs [6].  Our observations of 

crosslinked IgE-FcεRI and Lyn co-clustering contrasts with previous results in 

which Lyn was observed to be largely segregated and/or peripheral from 

crosslinked IgE-FcεRI that co-clusters with Syk [24].  We investigated the 

possibility that Lyn might segregate away from IgE-FcεRI at longer 

stimulation times (5, 10, and 20 min), but we observed that robust co-

clustering persists even after 20 min of stimulation (Figure 4.5). 

Our single label experiments showed that the large clusters of IgE-

FcεRI, Lyn, Syk, and LAT formed after 1 min stimulation (ξ=70-90 nm) 

gradually decrease in size after 20 min of stimulation (ξ=15-20 nm) (Figure 

4.4A).  Whereas the ρcl/ρavg for Lyn and LAT remains relatively constant 

throughout the stimulation time-course (Figure 4.4C), we detect a marked 

reduction in IgE-FcεRI labeling that is consistent with previous observations of 

receptor internalization [27].  Interestingly, ρavg for Syk decreases with 

increasing stimulation time, suggesting that Syk is either co-internalized with 

IgE-FcεRI, or it dissociates and is degraded as receptors are endocytosed [29].  

Additionally, we find that whereas ρavg for IgE-FcεRI decreases with 
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stimulation time, ρcl/ρavg increases substantially, as does that of Lyn, Syk, and 

LAT (Figure 4.4D).  This time-dependent enhancement in the relative 

concentration of signaling proteins within clusters may reflect the capacity of 

the cell to undergo localized remodeling to promote sustained signal 

propagation as receptors internalize.  The strong similarities of these single 

label time-courses and the co-localization of Lyn with IgE-FcεRI in double 

label experiments (Figure 4.5) suggest that Syk and LAT also co-cluster with 

IgE-FcεRI, although we did not evaluate this directly. 

Previous biochemical studies have suggested possible roles for 

cholesterol-dependent ordered lipid membrane structure [15] and stimulated 

tyrosine phosphorylation of IgE-FcεRI β [12] for interactions between 

crosslinked IgE-FcεRI and Lyn.  We examined the effects of membrane 

perturbation by cholesterol depletion and the inhibition of Lyn-mediated 

tyrosine phosphorylation by PP1 on antigen-stimulated redistributions of IgE-

FcεRI and Lyn.  As summarized in Figure 4.6, we found that reducing plasma 

membrane levels of cholesterol prior to multivalent antigen stimulation causes 

a reduction in the size (ξ) of Lyn and crosslinked IgE-FcεRI clusters, as well as 

a reduction in the number of both proteins in clusters (Ncl).  Interestingly, 

cholesterol depletion after stimulation does not significantly change the size of 

IgE-FcεRI and Lyn clusters, but rather the number of Lyn proteins present in 

stimulated clusters is substantially reduced.  Similarly, we found that 

cholesterol depletion in unstimulated cells reduces the small amount of cross-
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correlation between IgE-FcεRI and Lyn under these conditions (Chapter 

Three). 

Consistent with these results, we previously showed that cholesterol 

depletion reduces association of both Lyn and crosslinked IgE-FcεRI with 

detergent membranes, and this correlates with inhibition of stimulated 

tyrosine phosphorylation, indicating a role for cholesterol-dependent orderd 

lipid membrane structure in these functional interactions [31].  In the present 

study, the conditions of cholesterol depletion by MβCD are more moderate (5 

min with 10 mM MβCD vs. 60 min in the previous study), and we do not 

expect that functional coupling between these proteins is completely 

prevented under present conditions.  Our finding that cholesterol depletion 

after antigen crosslinking does not affect the size of IgE-FcεRI clusters, but 

rather reduces Lyn co-clustering, provides additional evidence that antigen 

crosslinking mediates the interaction of IgE-FcεRI with ordered microdomains 

independent of its interaction with Lyn kinase.  Our findings further indicate 

that cholesterol has a structural role in the organization of antigen-stimulated 

IgE-FcεRI crosslinking. 

 Pre-treatment of cells with the Src-family kinase inhibitor, PP1, has only 

a small effect on cluster sizes of crosslinked IgE-FcεRI and Lyn under 

stimulation conditions, but the Ncl  and the ρcl/ρavg for both IgE-FcεRI and Lyn 

are significantly decreased due to this treatment (Figure 4.6C).  Stimulated 

phosphorylation of ITAM tyrosine residues in the β subunit of FcεRI provides 

binding sites for Lyn SH2 domains, but in the absence of this phosphorylation, 
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residual co-clustering of Lyn with IgE-FcεRI depends on interactions with 

ordered lipid domains (Chapter Three) and possibly on direct protein-protein 

interactions [9].  More surprising is the reduction in crosslinked IgE-FcεRI 

cluster density by PP1, because this suggests that IgE-FcεRI clustering is not 

simply a passive consequence of crosslinking by antigen.  Thus, an active role 

by Lyn kinase is implicated in IgE-FcεRI clustering from these results. 

 Collectively, these findings indicate that both membrane physical state 

and protein-protein interactions are important mediators of protein 

organization and the consequent IgE-FcεRI signaling response.  They are 

consistent with the hypothesis that plasma membrane lipids provide an 

environment that facilitates selective protein clustering and stabilizes protein-

protein interactions.  Inhibition of receptor phosphorylation (by PP1) may also 

result in the loss of membrane-cytoskeletal interactions that regulate 

stimulation-dependent co-clustering of IgE-FcεRI and Lyn.  Crosslinking of 

IgE-FcεRI by multivalent antigen causes a redistribution of actin binding focal 

adhesion proteins to crosslinked receptors to provide a mechanism for co-

clustering of phosphorylated receptor clusters with the actin cytoskeleton [32].  

This interaction contributes to restricted diffusion of crosslinked IgE-FcεRI, 

and may negatively regulate FcεRI signaling [33]. 

In summary, our results show that crosslinking of IgE-FcεRI by 

multivalent antigen results in the rapid formation of large signaling platforms 

rich in Lyn and most likely in other proteins that couple the initial stimulus to 

early and more sustained signaling events.  IgE-FcεRI crosslinking and the 
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consequent recruitment of Lyn depend on both cholesterol and tyrosine 

kinase-mediated protein-protein interactions, and they promote clustering of 

additional downstream signaling proteins Syk and LAT.  These studies 

provide new insights into the mechanism of stimulation-dependent 

reorganization of IgE-FcεRI and associated signaling proteins, but key issues 

remain to be addressed.  Mechanisms by which membrane-cytoskeleton 

interactions play an active role in regulating IgE-FcεRI signaling and plasma 

membrane protein heterogeneity represent important unanswered questions. 
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APPENDIX 

 

 

 

 

 
Figure 4A.1: Correcting raw correlation functions for multiple gold particles 
binding to single target proteins in cells stimulated for 1 min with 
multivalent antigen. Raw g(r) curves (open circles) for clustered distributions 
of IgE-FcεRI (left) and Lyn (right) contain contributions from multiple gold 
binding to single target proteins at short radii (r<~30 nm). Corrected 
correlation functions (solid symbols) are obtained by first fitting the extra 
intensity at short radii to the first term of Eqn 1, and subsequently subtracting 
these contributions. The extra intensity at low radii is more substantial in the 
case of Lyn because Lyn has lower expression levels than FcεRI and the 
amplitude of the multiple binding term is inversely proportional to protein 
surface density. After correcting for contributions from multiple binding, we 
fit residual correlations to a single exponential that is filtered by a Gaussian 
with the same half width determined from fitting the multiple binding term 
(solid line). This indicates that the correlation function of the target protein 
(IgE-FcεRI or Lyn; called g’(r) in the text) decays as a single exponential: 
g’(r)=1+Aexp{-r/ξ} for r>20 nm. 
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Table 4A.2: Tabulation of fit parameters from Figure 4.5F.  The 
cross-correlation length (ξc) characterizes the size of the IgE-FcεRI-
Lyn co-clusters, and the amplitude (A) is related to the increased 
density of both proteins with co-clusters. 

 ξc (nm)      A 

+Ag 1min 86±2 4.5±0.1 

+Ag 5min 85±3 6.3±0.3 

+Ag 10min 29±5 27±10 

+Ag 20min 10±4 97±50 
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CHAPTER FIVE 

Summary and Conclusions 

The plasma membrane is a dynamic and complex structure that is 

highly organized at many different length-scales.  At the micro-scale, the 

plasma membrane can be visualized as a structurally and biochemically 

heterogeneous landscape that readily interacts with its surrounding 

environment.  At the nano-scale, plasma membrane heterogeneity arises from 

protein-protein, protein-lipid, and lipid-lipid interactions.  In this work, we 

have investigated micron-scale plasma membrane organization at the cell-

surface interface using patterned poly(acrylic acid) (PAA) polymer brush 

surfaces.  We also studied the nano-scale heterogeneity of multiple plasma 

membrane associated proteins in intact cells before and after stimulation with 

multivalent antigen using high resolution SEM. 

5.1 Plasma Membrane Reorganization using Patterned PAA Arrays 

 Understanding how to manipulate and promote favorable interactions 

at the bio-materials interface is of crucial importance in the fields of tissue 

engineering.  Successful incorporation of a materials device into a biological 

system often requires surface modifications, which can be `cell-repellent’ (i.e., 

using hydrophilic or charged coatings) or `adhesion-promoting’ (i.e., using 

ridged or grooved surfaces).  We have explored both of these strategies to 

investigate membrane organization and cellular response at the cell-surface 

interface using micro-patterned PAA polymer brush arrays. 
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Consistent with previous observations, PAA brushes (30 nm thick) are 

extremely cell-repellent.  However, our studies demonstrate that cell-repellent 

PAA brushes can be `tuned’ to become cell-adhesive by varying PAA brush 

thickness and incorporating micron-scale patterned PAA regions to the 

surface (unpatterned regions are bare silicon).  When the dimensions of 

patterned PAA features were larger than those of a typical cell (20 µm squares 

and larger), cells completely avoided the PAA brush regions and selectively 

adhered to unpatterned silicon regions.  However, as patterned features were 

reduced in size (2 µm squares), cells robustly spread over patterned PAA 

brush regions.  Additionally, we found that significant plasma membrane 

reorganization occurs at the brush-membrane interface, due to fibronectin-

mediated integrin receptor engagement and subsequent cytoskeletal 

remodeling.  Reducing the thickness of these PAA arrays mitigated, and 

ultimately prevented, this membrane re-organization, while remaining an 

adhesion-promoting surface. 

While cell adhesion is a useful metric for qualifying a material’s 

biocompatibility, these findings clearly demonstrate that surfaces, which are 

chemically modified to promote cell adhesion, can induce a range of cellular 

responses beyond passive adhesion.  As these effects may negatively impact 

biocompatibility, careful consideration must be given to the macro, micro, and 

nano-scale design of engineered materials and devices that interface with 

cellular environments.  Not only is membrane structure sensitive to its 

extracellular environment, but topographical and biochemical cell-surface 
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interactions can induce robust cellular responses that influence membrane 

heterogeneity. 

Because PAA brushes are easily modified with different bio-molecules, 

these arrays have many potential applications, such as quantifying antibody 

binding or mapping cell surface protein distributions.  We explored the latter 

by functionalizing PAA arrays with ligands that specifically crosslink IgE-

bound FcεRI, and we observed specific enrichment of IgE-FcεRI over these 

micron-sized surface patterns.  In addition to IgE-FcεRI localization, future 

experiments could monitor the distribution of other associated signaling 

proteins, such as Lyn, Syk, and LAT.  High-resolution fluorescence imaging 

techniques, such as STORM or PALM [1], may also prove useful for probing 

protein heterogeneity within these micron and sub-micron antigen-restricted 

patterned regions. 

5.2 Plasma Membrane Microdomains and Nano-scale Protein Heterogeneity  

Since it was first proposed that selected GPI-anchored proteins and 

glycosphingolipids are compartmentalized in the Golgi for directed trafficking 

to the plasma membrane of polarized epithelial cells [2], the mechanism by 

which proteins and lipids organize into discrete membrane microdomains has 

been ardently pursued.  Studies monitoring the lateral diffusion of cell surface 

proteins at high spatial and temporal resolution have suggested that these 

lipid raft domains are small, dynamic structures [3, 4], and these structures 

have been implicated with functional roles in many cellular processes, 

including signal transduction during immune cell activation. 
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Based on early DRM studies, lipid raft proponents have proposed that 

antigen stimulation results in stable association of crosslinked receptors with 

cholesterol-dependent and Src family kinase-rich microdomains from which 

chemical signals are propagated.   However, concerns about detergent-

induced artifacts, inconsistent reports on raft structure and composition, and 

experimental difficulties in visualizing what are likely to be small and 

transiently lived structures, have led to skepticism on the nature, function, 

and existence of lipid rafts in general.  To dissect the mechanisms that drive 

early signaling events in IgE-FcεRI activation, we visualized gold-labeled IgE-

FcεRI, as well as proteins involved in early receptor-mediated signaling 

events, before and after stimulation in intact cells under many different 

experimental conditions.   

5.3 Re-examination of Self-Clustered Protein Distributions in Resting Cells 

 Recent electron microscopy studies in unstimulated cells have 

suggested proteins have self-clustered distributions within distinct membrane 

microdomains in resting cells [5].  Given the experimental difficulty in 

resolving the size and composition of putative `rafts’ in resting cells, these 

findings have been popularly interpreted as evidence for the direct 

visualization of nano-sized lipid rafts.   While these nano-clusters provide an 

intriguing model to describe nano-scale membrane heterogeneity, careful 

consideration must be given to the physical basis and physiological relevance 

of self-clustered protein distributions at the plasma membrane in resting cells. 
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 Using SED and BSD-SEM, we visualized distributions of many 

different gold-labeled proteins in intact resting cells.  Consistent with previous 

reports, we found that all proteins examined, including proteins immobilized 

on silicon surfaces, which are expected to have random distributions, appear 

to be self-clustered.  We demonstrate that these self-clustered protein 

distributions are an artifact of multiple gold particles binding to single target 

proteins by: imaging proteins conjugated to a silicon surface, comparing 

correlation functions for a wide range of cell surface labels with varying 

surface densities, and measuring cross-correlations between functionally 

identical but distinguishably labeled pools (two differently sized gold 

particles) of either IgE-FcεRI or GM1-CTxB.  After correcting for this artifact, 

we found that all proteins we examined (A4880-IgE, Thy-1, GT46-YFP, GPI-

YFP, Lyn, Syk, and LAT) have random, uncorrelated distributions in 

unstimulated cells, suggesting that previous studies have overestimated the 

degree of self-clustering in resting cells. 

It is important to note that most previous reports of gold-labeled 

protein distributions utilize ‘ripped-off’ membrane sheets.  Given the large 

perturbation that may arise from detaching the plasma membrane from living 

cells, including the loss of integral membrane-cytoskeleton interactions, we 

believe SED and BSD-SEM of proteins at the top surface of intact cells better 

preserves native protein organization.  Additionally, our sample preparation 

protocols use stronger fixation conditions to prevent antibody-induced protein 

redistributions.  In addition to potential gold-labeling artifacts, these 

differences in experimental sample preparation are likely to account for 
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discrepancies in previous reports of self-clustered protein distributions.  For 

example, while we have shown that LAT has a random, uncorrelated 

distribution prior to antigen stimulation, Wilson et al. report clustered 

distributions of LAT in resting cells, above what can be attributed to 

multivalent gold binding alone [6]. 

We also measured cross-correlations between IgE-FcεRI and Lyn in 

resting cells and showed that both proteins are significantly cross-correlated 

even though neither protein is self-clustered in single and double label 

experiments.  This suggests that IgE-FcεRI and Lyn interact through specific 

protein-protein interactions that are stronger than typical protein-lipid or 

lipid-lipid interaction energies.  We calculate that ~44% of Lyn proteins co-

cluster with IgE-FcεRI, and ~6% of IgE-FcεRI co-cluster with Lyn in resting 

cells.  If co-clustering between IgE-FcεRI and Lyn is due to binding of inactive 

Lyn to the β subunit of FcεRI, then these protein-protein interactions are not 

weak, but strong enough that approximately half of labeled Lyn proteins are 

associated with IgE-FcεRI.  Further, our results suggest that plasma membrane 

cholesterol levels can modulate the effective binding energy between IgE-

FcεRI and Lyn, either through direct binding of cholesterol to one or both 

proteins, or through indirect interactions. 

Alternatively, co-clustering of IgE-FcεRI and Lyn could be driven by 

the binding of activated Lyn to phosphorylated FcεRI.  This would imply that 

~6% of IgE-FcεRI is phosphorylated in resting cells at any time and the 

magnitude of IgE-FcεRI and Lyn co-clustering results from the dynamic 
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equilibrium between the active and inactive states of Lyn.  Changes in plasma 

membrane cholesterol levels could cause a reorganization of the membrane 

that favors one state of Lyn over the other, thereby influencing IgE-FcεRI and 

Lyn co-clustering.   Previous studies have also demonstrated that Lyn proteins 

localized in cholesterol-dependent ordered lipid regions of the membrane 

have substantially higher specific activity, and that this arises because Lyn in 

these regions are sequestered from deactivating phosphatases [7].  Cholesterol 

destabilization of these ordered membrane structures could reduce the total 

fraction of active Lyn; this would also reduce the total fraction of Lyn co-

clustered with IgE-FcεRI in a manner that is consistent with our experimental 

observations. 

5.4 Crosslinked IgE-FcεRI Clusters Form Stable Signaling Platforms 

In RBL-2H3 cells, one of the first biochemically detectable steps 

following IgE-FcεRI crosslinking is receptor phosphorylation by Lyn.  The 

mechanism for the recruitment of Lyn to crosslinked receptors, as well as the 

activation and mobilization of other proteins involved in early signaling 

events like Syk and LAT, has yet to be fully elucidated.  A significant number 

of studies have suggested that these early signaling events occur within 

specialized membrane microdomains, termed lipid rafts.  Using high 

resolution SEM with SED and BSD, we visualized distributions of inner and 

outer leaflet gold-labeled IgE-FcεRI, Lyn, Syk, and LAT before and after 

stimulation with multivalent antigen at 37˚ C.   
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Consistent with biochemical studies of DRMs in activated RBL cells, 

pair correlation function analyses of gold-labeled protein distributions 

revealed that stimulation with multivalent antigen causes IgE-FcεRI, Lyn, Syk, 

and LAT to rapidly redistribute from a random distribution into large clusters 

that may represent stable signaling platforms, which gradually reduce in size 

and composition at longer stimulation times.  In agreement with previous 

electron microscopy studies, cross-correlation analysis revealed that IgE-FcεRI 

and Lyn are co-clustered to a small extent in resting cells.  However, unlike 

studies that have suggested crosslinked receptors segregate away from Lyn 

[8], we found that Lyn rapidly associates with crosslinked IgE-FcεRI to a large 

extent, and these membrane proteins remain co-clustered at long stimulation 

times (up to 20 min) when the clustered IgE-FcεRI is in the process of 

internalizing. 

The physical basis for interactions between IgE-FcεRI and Lyn before 

and after receptor crosslinking has been suggested to occur as the result of 

cholesterol-dependent microdomains [9], as well as direct protein-protein 

binding interactions [10].  In resting cells we found that cholesterol depletion 

causes a reduction in the size of IgE-FcεRI and Lyn clusters, as well as a 

reduction in the number of both proteins in clusters.  Similarly, we found that 

cholesterol depletion in stimulated cells, either before or after stimulation, 

significantly reduces the association of Lyn with crosslinked IgE-FcεRI 

clusters.  In an effort to evaluate the importance of protein-protein 

interactions, we demonstrated that treatment with PP1 prior to stimulation 
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(i.e., to prevent receptor phosphorylation) significantly reduces the association 

of Lyn with crosslinked IgE-FcεRI.  Interestingly, these results do not explicitly 

distinguish between a raft-only or protein-protein-only model to describe 

Lyn’s recruitment and sustained co-clustering with crosslinked IgE-FcεRI. 

One possible interpretation of these findings is that cholesterol 

depletion prior to stimulation disrupts cholesterol-dependent and Lyn-rich 

microdomains, hence reducing the propensity of crosslinked IgE-FcεRI to 

coalesce with raft environments that promote its stable phosphorylation by 

Lyn.  Similarly, cholesterol depletion post stimulation may reduce the 

cholesterol-stabilized association of crosslinked IgE-FcεRI with Lyn.  Further, 

dissolution of protected raft environments could then result in receptor de-

activation by means of transmembrane phosphatases and subsequent loss of 

protein-protein binding interactions between Lyn and phosphorylated 

receptor residues. 

It is important to note that cholesterol depletion before and after 

stimulation significantly, but not wholly, reduces Lyn association with 

crosslinked receptor clusters.  Our finding that IgE-FcεRI and Lyn co-

clustering is also partially reduced by Src tyrosine kinase inhibition (i.e., 

inhibition of receptor phosphorylation, which prevents binding of Lyn to 

phosphorylated receptor residues) indicates that protein-protein binding 

alone cannot fully account for interactions between IgE-FcεRI and Lyn.  Thus, 

it is likely that the stimulation-induced recruitment of Lyn to crosslinked IgE-

FcεRI depends on both raft-mediated and protein-protein interactions.   
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Of particular relevance to our findings is a re-interpretation of the 

transphosphosphorylation model [11].  According to one version of this 

model, receptor phosphorylation by Lyn does not require co-residence within 

cholesterol-dependent microdomains, but rather is dependent on the 

constitutive association of Lyn and IgE-FcεRI in resting cells by means of a 

weak binding site [10].  In agreement with previous studies, we find that Lyn 

is associated with IgE-FcεRI to a small, but significant extent prior to 

stimulation [8, 10].  Using cross-correlation analysis, we find that cholesterol 

depletion before and after stimulation reduces this association.  Thus, a 

cholesterol depletion-induced dissociation of co-clustered IgE-FcεRI and Lyn 

in resting cells would significantly reduce the propensity for Lyn to 

transphosphorylate nearby receptors after stimulation. 

Collectively, these findings indicate that both membrane physical state 

and protein –protein interactions are important mediators of protein 

organization.  This is consistent with the hypothesis that membrane domains 

rich in cholesterol and other lipids can provide an environment that facilitates 

selective protein clustering and stable protein-protein and protein-lipid 

interactions.  Inhibition of receptor phosphorylation by PP1 may not only 

reduce protein-protein interactions between IgE-FcεRI and Lyn, but also result 

in a loss of crucial membrane-cytoskeletal interactions that initiate and sustain 

the stimulation-dependent clustering of IgE-FcεRI and its associated signaling 

proteins. 
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Lastly, these perturbations with MβCD and PP1 provide several lines of 

evidence indicate that IgE-FcεRI clustering is not simply a passive 

consequence of crosslinking by multivalent antigen: cholesterol depletion pre-

stimulation reduces the size of IgE-FcεRI clusters; cholesterol depletion post-

stimulation reduces the density but not size of IgE-FcεRI clusters; and 

inhibition of receptor phosophorylation pre-stimulation significantly reduces 

the density of IgE-FcεRI clusters. 

5.5 Imposing Structural Constraints on IgE-FcεRI Crosslinking 

It has previously been suggested that the physical crosslinking of 

receptors alone may not fully account for the micron-scale clustering observed 

by fluorescence microscopy.  For example, stimulation of cells with small 

oligomers of IgE, expected to form only small receptor clusters, resulted in 

micron-scale clustering at the plasma membrane [12].  Recently, trivalent Y-

shaped DNA ligands, which crosslink receptors in a spatially regulated 

manner, were used to explore the structural basis that drives receptor 

clustering [13].  In this work, Sil et al. showed that changes in the geometry 

(i.e., how far apart receptors are held from one another) of crosslinked 

receptor complexes significant influenced early signaling events, such as 

receptor phosphorylation. 

In our studies, we monitored 10 nm immuno-gold labeled IgE-FcεRI  

distributions before and after stimulation with structurally unique Y-shaped 

DNP-DNA ligands.  Interestingly, we find that stimulation with two different 

trivalent ligands, which have geometries that only differ by ~ 7 nm in DNP 
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spacer length, yields dramatically different receptor clusters (Appendix B).  

While the longer spaced DNP-DNA ligands show significantly reduced nano-

scale clustering (~ 5 fold reduction in cluster size) after 10 min of stimulation, 

both ligands induce nearly indistinguishable micron-scale redistributions at 

the plasma membrane as visualized by fluorescence microscopy.  Not only 

does this suggest that cellular processes, such as cytoskeletal remodeling, may 

drive micron-scale IgE-FcεRI clustering, but it also illustrates the resolving 

power of SEM to detect nano-scale protein heterogeneity that is otherwise 

obscured by fluorescence microscopy. 

5.6 Cytoskeletal Interactions during IgE-mediated Signaling 

Considerable evidence supports the view that the cytoskeleton plays a 

distinct role in regulating lateral membrane heterogeneity.  For example, early 

studies of crosslinked GPI-anchored protein clusters demonstrated an 

enrichment of actin and actin-associated proteins [3, 14].  In RBL cells, antigen 

stimulation induces a significant increase in filamentous actin that is coupled 

with a dramatic remodeling of the cytoskeleton [15].  One suggestion is that 

membrane-cytoskeleton interactions are highly regulated and tuned such that 

macroscopic plasma membrane phase separation does not readily occur under 

physiological conditions.  This is evidenced by the observation that giant 

plasma membrane vesicles (GPMVs), which lack cytoskeletal membrane 

components, readily undergo macroscopic liquid-liquid immiscibility at room 

temperature and below [16]. 
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Recent work by Lidke et al. suggests the cytoskeleton regulates both the 

long-range mobility of IgE-FcεRI at the plasma membrane, as well as 

influences the dynamics of receptor crosslinking [17].  Additionally, Torres et 

al. showed that multivalent antigen stimulation causes a redistribution of actin 

binding focal adhesion proteins to crosslinked IgE-FcεRI clusters [18].  

Consistent with these findings, we demonstrated with SEM that actin co-

redistributes with crosslinked IgE-FcεRI after stimulation with multivalent 

antigen (Appendix A).  Further, multiple perturbations to the cytoskeleton 

reveal a dramatic dependence of actin reorganization on the redistribution of 

signaling proteins involved during early signaling events. 

There are still many questions that need to be addressed.  In addition to 

cross-correlation analysis of double labeled IgE-FcεRI and Lyn experiments, 

other protein pairs, like IgE-FcεRI and Syk, IgE-FcεRI and LAT, and Syk and 

LAT should be monitored.  While we have demonstrated co-redistribution of 

double labeled IgE-FcεRI and actin after 1 min of multivalent antigen 

stimulation, both proteins need to be monitored at longer stimulation times to 

determine whether prolonged actin aggregation is required for the formation 

of sustained signaling complexes. 

Thus far, we have monitored IgE-FcεRI distributions in cells stimulated 

with Y-shaped DNP-DNA ligands and shown that ligands differing by only 7 

nm in DNP spacer length reveal unique nano-scale IgE-FcεRI heterogeneity.  

Distributions of Lyn, Syk, and LAT will also need to be monitored, in single 

and double label experiments, after receptor crosslinking with these ligands 
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(Y16-DNP3-DNA and Y46-DNP3-DNA) at multiple stimulation times.  

Subsequent studies may also take advantage of DNP3-DNA ligands that 

possess diverse geometries and flexibilities.  For example, X-shaped DNP3-

DNA ligands functionalized with three DNP groups and one gold particle 

could provide an alternative strategy for directly labeling crosslinked IgE-

FcεRI without additional antibodies. 

Lastly, recent preliminary work has suggested that IgE receptors, which 

are not directly crosslinked by multivalent antigen, may form nano-clusters 

due to nearby crosslinked IgE-FcεRI (unpublished results).  In these 

experiments, cells were (1) sensitized with anti-DNP-IgE and anti-dansyl-

A488-IgE (1:1; 2 µg/mL total concentration) for 1 hour at 37˚ C, (2) stimulated 

for 1 min at 37˚ C with DNP-BSA (1µg/mL), and 3) anti-dansyl-A488-IgE-

FcεRI was labeled sequentially with primary anti-A488 pAb and secondary 10 

nm gold-conjugated pAb.  Pair correlation function analysis indicated that 

these uncrosslinked IgE receptors were clustered at small length-scales, above 

a random distribution.  Further studies are required to explore the physical 

basis (i.e., actin-based or lipid-based interactions) for this clustered 

distribution that underscores the subtle nature of membrane heterogeneity. 

Through our experimental findings, we have discovered that the 

stimulation-induced redistribution of crosslinked receptor clusters is due to 

many different contributions, including ligand structure, membrane 

cholesterol, Src tyrosine kinase activity, and membrane-cytoskeleton 

interactions.  Collectively, these findings suggest a new framework for 
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describing the mechanism by which receptor organization is coupled to the 

recruitment of important signaling proteins during early signaling events, and 

potentially to downstream signaling events such as calcium mobilization and 

degranulation. 
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APPENDIX A 

Cytoskeletal Interactions During IgE-Mediated Signaling 

A.1 INTRODUCTION 

Actin polymerization and reorganization of the cytoskeleton is a well 

known consequence of IgE receptor aggregation.   In RBL cells, perturbations 

to the cytoskeleton (using cytochalasin D or latrunculin A) can induce 

enhanced phosphorylation of IgE-FcεRI and Syk, as well as enhanced calcium 

and secretion responses, suggesting a negative role for actin polymerization in 

IgE-mediated signaling [1-4].  Additionally, the cytoskeleton has been 

implicated in raft-mediated signaling processes.  For example, fluorescence 

microscopy studies have shown that microdomains rich in raft components 

(i.e., crosslinking of CD59 or IgE-FcεRI) co-localize with actin and Src family 

tyrosine kinases [5, 6].  In the same vein, recruitment of Lyn to IgE-FcεRI 

clusters after receptor crosslinking is reduced when cells are stimulated after 

cytoskeletal perturbations [6].  Recently, analyses of phospholipid 

composition in DRMs before and after FcεRI stimulation, as well as in the 

presence of cytochalasin D, have indicated that cytoskeletal perturbations alter 

DRM composition in a manner that implicates actin polymerization in the 

regulation of lipid raft compositions [7]. 

More generally, ultra fast single particle tracking (SPT) experiments by 

Kusumi and colleagues have suggested that the plasma membrane is 

compartmentalized into domains that are several hundred nanometers in size.  
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At short time-scales, lipids and proteins freely diffuse within individual 

compartments, while undergoing hop diffusion between compartments at 

long time-scales; thus, the cytoskeleton effectively confines the lateral 

diffusion of membrane components [8-11].  Of particular interest is a proposed 

‘oligomerized-induced trapping’ mechanism, in which the crosslinking of 

proteins slows the rate of hop diffusion and allows stable signaling complexes 

to form via cytoskeleton tethers [12]. 

In agreement with such a model, recent work has suggested that the 

actin cytoskeleton can restrict the diffusion of cell surface IgE-FcεRI, as well as 

influence long-range receptor diffusion and receptor-ligand binding [13].  In 

this work, we monitored the nano-scale distribution of actin and IgE-FcεRI 

before and after stimulation with multivalent antigen to study cytoskeletal 

contributions to stimulation-dependent protein reorganization.  We also 

investigated the effects of cytoskeletal perturbations on the redistribution of 

IgE-FcεRI, Lyn, Syk, and LAT into large clusters immediately following 

stimulation. 

A.2 MATERIALS AND METHODS 

Latrunculin A, jasplakinolide, and FITC-phalloidin were purchased 

from Invitrogen, and anti-actin mAb and cytochalasin D were purchased from 

Sigma.  All other materials were purchased and/or acquired as described in 

previous chapters.  In single label experiments, actin was labeled with anti-

actin mAb (or FITC-phalloidin and anti-FITC mAb) followed by 10 nm gold-

conjugated species-specific antibodies.  In double label experiments, A488-IgE-
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FcεRI and actin were labeled simultaneously with anti-A488 pAb and anti-

actin mAb, followed by sequential immuno-gold labeling with 10 nm (anti-

actin) and 5 nm (anti-A488-IgE) gold-antibody conjugates.  All immuno-gold 

labeling was done in the presence of 0.1% TX-100.  Cell sample preparation, 

SED and BSD-SEM imaging of gold-labeled proteins, corrections for clustering 

artifacts, and quantification of particle distributions using pair auto- and 

cross-correlation functions were performed as described in previous Chapters. 

A.3 RESULTS and DISCUSSION 

In single label experiments, we find that 10 nm gold-labeled actin 

rapidly redistributes into large clusters after 1 min of stimulation with 

multivalent antigen at 37˚ C, as illustrated in representative BSD-SEM images 

shown in Figure A.1A.  Gold particle distributions were quantified using pair 

correlation functions in Figure A.1B.  In resting cells, actin has a random, 

unclustered distribution.  However, after stimulation with multivalent antigen 

(+Ag), actin forms large clusters (ξ~75 nm) that are correlated at long length-

scales (r<250 nm).  In double label experiments, IgE-FcεRI and actin co-

redistribute into large clusters after 1 min of stimulation with multivalent 

antigen at 37˚ C, shown by representative reconstructed BSD-SEM images in 

Figure A.2A. 
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Figure A.1: Actin redistributes into large clusters after 1 min stimulation at 
37˚ C.  A) Representative BSD-SEM images of actin labeled with either anti-
FITC-phalloidi.n mAb or anti-actin mAb followed by 10 nm gold-antibody 
conjugates.  Scale bar is 100 µm.  B) Gold particle distributions were quantified 
using pair correlation functions that are well fit to single filtered exponentials.  
Actin has a random distribution in resting cells (open circles), but forms large 
clusters that are correlated at long length-scales (r<250 nm) after stimulation 
(closed circles). 
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Figure A.2: IgE-FcεRI and actin co-redistribute into the same large clusters 
after 1 min stimulation at 37˚ C.  A) Representative reconstructed BSD-SEM 
images of double labeled A488-IgE-FcεRI (5 nm gold) and actin (10 nm gold) 
before and after stimulation with multivalent antigen.  Scale bar is 100 nm.  B) 
Cross-correlation functions indicate that IgE-FcεRI and actin become highly 
cross-correlated at long length-scales (r<200 nm) after stimulation, consistent 
with visual observations of co-clustering seen in (A). 
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 The gold particle distributions shown in Figure A.2A were quantified 

with cross-correlation functions displayed in Figure A.2B.  In resting cells, IgE-

FcεRI and actin are pre-associated with one another at very short length-

scales, as indicated by c(r)=1 for r< ~20 nm.  However, after 1 min of 

stimulation, IgE-FcεRI and actin become highly cross-correlated, indicating 

that they are co-clustered within the same domains, with cross-correlation 

lengths (ξc) of approximately 75 nm.  This is consistent with visible 

observations of IgE-FcεRI and actin co-clustering visualized in A.2A. 

Observations of actin enrichment within crosslinked IgE-FcεRI clusters 

led us to investigate the effects of cytoskeletal perturbations on the 

stimulation-dependent reorganization of IgE-FcεRI, Lyn, Syk, and LAT.  In 

these experiments, cells were pre-treated with 2 µM cytochalasin D (5 min), 2 

µM latrunculin A (5 min), or 3 µM jasplakinolide (1 hr) at 37˚ C prior to 1 min 

stimulation with multivalent antigen.  Proteins were immuno-gold labeled as 

described in previous Chapters, and gold particle distributions for each 

protein were quantified over many images using pair correlation functions 

that are well fit to single filtered exponentials.  Extracted fit parameters, 

shown in Figure A.3, from these curves describe protein cluster size (ξ; A.3A) 

and average number of proteins in clusters (Ncl; A.3B). 
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Figure A.3: Cytoskeletal perturbations reduce the size of protein clusters 
and the number of proteins per cluster.  Cells were pre-treated with 
latrunculin A, jasplakinolide, or cytochalasin D prior to 1 min stimulation with 
multivalent antigen at 37˚ C.  IgE-FcεRI, Lyn, Syk, and LAT were labeled with 
10 nm gold particles in single label experiments, and protein distributions 
were quantified with pair correlation functions that are well fit to single 
filtered exponentials.  Extracted fit parameters from these curves describe 
protein cluster size (A) and the number of proteins in clusters (B) for each of 
the experimental conditions described in the text. 
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 We find that cytoskeletal perturbations significant affect the 

stimulation-dependent redistribution of signaling proteins, both in terms of 

the size of protein clusters, as well as the number of proteins found in clusters.  

Latrunculin treatment reduces the size of stimulated IgE-FcεRI, Lyn, Syk, and 

LAT clusters by ~40-60% and cytochalasin D treatment has similar effects on 

stimulated IgE-FcεRI (~20%) and Lyn clusters (~40%).  Jasplakinolide 

treatment reduces the size of stimulated IgE-FcεRI, Syk, and LAT clusters by 

~40-70%, while Lyn remains unaffected.  We also find that Latrunculin 

treatment reduces the number of Lyn and Syk proteins in clusters by ~70% 

and ~50%, respectfully, while IgE-FcεRI and LAT are not significantly 

affected.  Jasplakinolide treatment reduces the number of IgE-FcεRI (~65%) 

and Syk (~50%) proteins in clusters, but does not affect Lyn and LAT clusters.  

Cytochalasin D reduces the number of IgE-FcεRI (~30%) and Lyn (~40%) 

proteins in clusters. 

The observation that jasplakinolide reduces the size of LAT clusters but 

not the number of proteins in clusters suggests that sustained actin 

polymerization may be required to stabilize large LAT clusters, thereby 

regulating LAT density within crosslinked IgE-FcεRI domains.  Jasplakinolide 

reduces the size of protein clusters and the number of proteins in clusters for 

both IgE-FcεRI and Syk.  Under these conditions, stabilization of actin 

filaments may impair IgE-FcεRI crosslinking, as well as Syk recruitment to 

crosslinked receptor clusters.  In contrast, jasplakinolide does not affect Lyn 

cluster size or composition, suggesting 1) IgE-FcεRI and Lyn interactions may 
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be more strongly mediated by membrane physical state or protein-protein 

interactions (described in Chapter Three and Four) and 2) stabilized actin 

filaments may provide a fence-like meshwork that keeps Lyn proteins resident 

within crosslinked receptor domains. 

While latrunculin treatment reduces the number of Lyn and Syk 

proteins in clusters after stimulation, IgE-FcεRI and LAT clusters are 

unaffected.  One interpretation is that actin filaments are primarily involved in 

stabilizing large crosslinked receptor clusters, rather than recruiting and 

forming large crosslinked clusters.  Consistent with the jasplakinolide 

findings, disassembly of an actin fence that promotes sustained interactions 

between IgE-FcεRI and Lyn would reduce the number of Lyn present in 

crosslinked receptor clusters.  Similar to jasplakinolide, the number of LAT 

proteins in stimulated clusters seems to be unaffected by latrunculin 

treatment. 

The observation that cytochalasin D reduces the size and composition 

of stimulated IgE-FcεRI and Lyn clusters indicates that actin polymerization 

plays an essential role in initiating and stabilizing stimulated clusters 

containing IgE-FcεRI and Lyn.  We have not yet investigated stimulated Syk 

and LAT distributions in cells treated with cytochalasin D.  Based on the 

findings of this study, it is reasonable to predict that the size of stimulated Syk 

clusters, as well as the number of Syk proteins in clusters, will be reduced.  It 

is also reasonable to predict LAT clusters will be reduced in size, but the 

number of LAT proteins in clusters will be unaffected. 
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Further studies are required to better understand the role of the 

cytoskeleton in stimulation-dependent protein reorganization.  Current 

interpretation of this data is complicated by limited data sets and a wide range 

of observed experimental phenotypes.  It is possible, and perhaps likely, that 

cytoskeletal perturbations induce non-linear effects on protein distributions.  

For example, stabilizing actin filaments for extended amounts of time (~1 hr) 

may not only change protein-protein interactions, which contribute to protein 

organization, but also the topographical and biophysical landscape of the 

plasma membrane.  Structural changes in the underlying cytoskeleton, which 

can destabilize lipid-based interactions, may also yield protein distributions 

that current models cannot describe.  Double label experiments monitoring the 

distributions of actin, as well as additional proteins such as Lyn, Syk, and 

LAT, are also likely to provide additional insight to describe cytoskeletal 

contributions to plasma membrane and protein heterogeneity. 
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APPENDIX B 

Trivalent Y-shaped DNA Ligands Reveal Nano-scale IgE-FcεRI 

Heterogeneity 

B.1 INTRODUCTION 

In Chapter Four, we showed that IgE-FcεRI redistributes into large 

nano-scale clusters (ξ~80 nm) after 1 min stimulation with multivalent antigen 

at 37˚ C.  By fluorescence microscopy, this reorganization is visualized as a 

micron-scale patchy distribution of fluorescently labeled IgE-FcεRI at the 

plasma membrane after a few minutes of stimulation.  While multivalent 

crosslinking ligands are useful for generating robust mast cell signaling 

responses, it is difficult to gain quantitative information about the minimum 

size and composition of receptor aggregates required for initiating signaling 

responses.  

Despite the general observation that multivalent antigen stimulation 

induces micron-scale receptor aggregation at the plasma membrane, the 

mechanism that drives the formation of these structures, as well as their 

physiological basis, has not been fully elucidated.  Early studies have 

addressed these questions by evaluating the capacity of differently sized IgE  

oligomers to elicit mast cell response.  While IgE dimers are capable of 

triggering degranulation, IgE trimers and larger oligomers were shown to be 

better at stimulating signaling responses [1, 2]. 
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Interestingly, Menon et al. demonstrated that IgE tetramers are fully 

capable of inducing micron-scale IgE-FcεRI clustering [3], suggesting that 

large-scale receptor aggregation is not wholly due to passive ligand-mediated 

crosslinking.  This is consistent with our previous findings in Chapter Four 

that the formation of large, dense crosslinked IgE-FcεRI clusters is sensitive to 

both cholesterol depletion (MβCD) and Src kinase inhibition (PP1).  

Additionally, we demonstrated that actin is enriched in crosslinked IgE-FcεRI 

clusters, and perturbations to the actin cytoskeleton reduce the size and 

density of these (and other proteins like Lyn, Syk, and LAT) clusters 

(Appendix A), indicating that many cellular responses contribute to large-

scale receptor clustering. 

Recent studies have demonstrated that structurally constrained 

receptor crosslinking significantly affects receptor phosphorylation and 

tyrosine kinase mobilization during early signaling events [4].  Using rigid Y-

shaped trivalent DNP-DNA ligands with spacings of different lengths 

between the DNP groups (4.5 nm spacing for Y16-DNP3-DNA and 13.5 nm 

spacing for Y46-DNP3-DNA) Sil et al. demonstrate that shorter ligands are 

more efficient at triggering calcium and degranulation responses [4].  

 Additionally, they demonstrated a similar length-dependence on stimulated 

tyrosine phosphorylation of IgE-FcεRI and LAT, in which there was a 4-10 

fold response difference between the shortest and longest length ligands. 

 Given this specific length-dependence, we investigated the micron-

scale distribution of IgE-FcεRI before and after stimulation with Y16-DNP3-
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DNA (4.5 nm) and Y46-DNP3-DNA (13.5 nm) using confocal fluorescence 

microscopy.  Using the same methodology and analytical tools described in 

Chapter Four, we also explored the nano-scale organization of IgE-FcεRI after 

stimulation with trivalent DNP-DNA ligands to determine the role of spatial 

crosslinking constraints on IgE-FcεRI heterogeneity at the plasma membrane. 

B.2 MATERIALS and METHODS 

Trivalent DNA ligands (Y16-DNP3-DNA and Y46-DNP3-DNA) were 

prepared as previously described [4].  Cell culture, sample preparation, 

labeling of A488-IgE-FcεRI with 10 nm gold-antibody conjugates, SED and 

BSD-SEM imaging, particle quantification, and corrections for artifactual 

clustering were performed as described in previous Chapters.  Cells were 

stimulated either with 1ug/mL DNP-BSA (15 nM), 30 nM Y16-DNP3-DNA, or 

30 nM Y46-DNP3-DNA for 1, 5, or 10 min at either 37˚ C or room temperature. 

B.3 RESULTS and DISCUSSION 

Using fluorescence microscopy, we monitored the distribution of A488-

IgE-FcεRI before and after stimulation with DNP-BSA, Y16-DNP3-DNA, or 

Y46-DNP3-DNA for 10 min at room temperature, as shown in representative 

images in Figure B.1.  In unstimulated cells, IgE-FcεRI uniformly labels the 

plasma membrane (B.1A).  After stimulation with DNP-BSA (B.1B), IgE-FcεRI 

redistributes with a micron-scale patchy distribution at the plasma membrane. 

Interestingly, stimulation with either Y16-DNP3-DNA (B.1C) or Y46-DNP3-

DNA (B.1D) causes the same patchy distribution. 
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Figure B.1: Receptor crosslinking with trivalent Y-shaped DNA ligands 
induces the same micron-scale plasma membrane redistribution of IgE-
FcεRI as DNP-BSA.  A488-IgE bound to FcεRI on mast cells is visualized 
using confocal fluorescence microscopy before (A) and after (B-D) stimulation.   
IgE-FcεRI, which uniformly labels the plasma membrane in resting cells (A), 
exhibits a patchy fluorescence redistribution at the plasma membrane after 10 
min stimulation at room temperature with DNP-BSA (B), Y16-DNP3-DNA (C), 
or Y46-DNP3-DNA (D).  Scale bar is 10 µm. 
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We then used BSD-SEM to monitor the nano-scale distribution of 10 nm 

immuno-gold labeled IgE-FcεRI under the same experimental conditions 

described for Figure B.1.  Figure B.2A-C illustrates representative 

reconstructed BSD images of IgE-FcεRI after 10 min stimulation with DNP-

BSA (B.2A), Y16-DNP3-DNA (B.2B), and Y46-DNP3-DNA (B.2C).  Gold particle 

distributions from many images were quantified using pair correlation 

functions (B.2D) that are well fit to single filtered exponentials.  Fit parameters 

extracted from these curves reveal information about the size and density of 

receptor clusters (B.2E). 

In resting cells, IgE-FcεRI has a random, uncorrelated distribution.  

After 10 min of stimulation with either DNP-BSA or Y16-DNP3-DNA, 

crosslinked IgE-FcεRI clusters become correlated at long length-scales (r<150 

nm, ξ≈50 nm), compared to stimulation with  Y46-DNP3-DNA (r<75 nm, ξ≈10 

nm).  DNP-BSA causes the highest degree of receptor clustering, indicated by 

higher g(r) values in Figure B.2D and by the densely packed clusters 

visualized in B.2A.  While DNP-BSA and Y16-DNP3-DNA stimulated clusters 

of IgE-FcεRI are similar in size, Y16-DNP3-DNA stimulated clusters contain 

~40% less receptors per cluster (Ncl=10).  IgE-FcεRI density within crosslinked 

receptor clusters is even more significantly reduced (~60%) after stimulation 

with Y46-DNP3-DNA, as indicated in Figure B.2E. 



  207 

 
Figure B.2: IgE-FcεRI redistributes into clusters of various sizes and 
densities after 10 min of stimulation with Y-shaped DNA ligands at room 
temperature.  A488-IgE-FcεRI was immuno-gold labeled (10 nm particles) in 
cells stimulated for 10 min at room temperature with (A) DNP-BSA, (B) Y16-
DNP3-DNA or (C) Y46-DNP3-DNA, as visualized by the reconstructed BSD 
images.  Scale bar is 500 nm.  Gold particle distributions are quantified over 
many images (n>10) using pair-correlation functions (D) and extracted fit 
parameters (ξ, cluster size; Ncl, number of proteins per cluster) are shown in 
(E).  IgE-FcεRI is randomly distributed in resting cells and redistributes into 
large clusters correlated at long length-scales (r<150 nm, ξ≈50 nm) after 
stimulation with DNP-BSA or Y16-DNP3-DNA, compared to Y46-DNP3-DNA 
(r<75 nm; ξ≈10 nm). 
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Due to the strong clustering response of IgE-FcεRI to Y16-DNP3-DNA, 

we compared the distribution of 10 nm gold labeled IgE-FcεRI after 1 min 

stimulation at 37˚ C with Y16-DNP3-DNA or DNP-BSA.  Representative BSD 

images are shown in Figure B.3A-B.  Gold particles were quantified over many 

images using pair correlation functions (B.3C).  After 1 min of stimulation 

with DNP-BSA, crosslinked IgE-FcεRI clusters redistribute into large domains 

(r<200 nm), while clusters stimulated by Y16-DNP3-DNA are correlated at 

shorter length-scales (r<100 nm).  Additionally, Y16-DNP3-DNA stimulated 

clusters are ~70% reduced in size (ξ≈25 nm) and ~80% reduced in the number 

of receptors per clusters (Ncl=5), compared with DNP-BSA stimulation (Figure 

B.3D). 

 We also visualized distributions of 10 nm gold labeled IgE-FcεRI at 

longer stimulation times with Y16-DNP3-BSA at 37˚ C and quantified gold 

particle distributions with pair correlation functions.  Correlation curves for 1, 

5, and 10 min stimulation with Y16-DNP3-DNA are plotted together in Figure 

B.4A, and protein cluster sizes and densities are reported in Figure B.4B.  In 

resting cells, IgE-FcεRI is unclustered.  After 1 min stimulation, IgE-FcεRI 

redistributes into large domains (r<100 nm) that become larger (r<150 nm) 

after 10 min of stimulation.  Between 1-5 min of Y16-DNP3-DNA stimulation, 

IgE-FcεRI cluster size (ξ≈25 nm) and the number of proteins per cluster (Ncl≈5) 

remains relatively constant.  After 10 min, clusters nearly double both in size 

and in the number of proteins per cluster (ξ≈50 nm; Ncl≈10).
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Figure B.3: Crosslinked IgE-FcεRI clusters are smaller after 1 min of 
stimulation with Y16-DNP3-DNA compared to DNP-BSA.  A488-IgE-FcεRI 
was immuno-gold labeled (10 nm particles), and protein distributions were 
visualized after 1 min of stimulation at 37˚ C with either (A) DNP-BSA or (B) 
Y16-DNP3-DNA.  Gold particles were quantified using pair correlation 
functions (C), and extracted fit parameters (ξ, cluster size; Ncl, number of 
proteins in clusters) from these curves are shown in (D).  Stimulation with 
DNP-BSA causes IgE-FcεRI to redistribute from a random distribution (black 
curve) to large clusters that are correlated at long length-scales (blue curve, 
r<200 nm), compared to Y16-DNP3-DNA stimulated clusters (red curve, r<100 
nm).  Compared to DNP-BSA, stimulation with Y16-DNP3-DNA reduces 
cluster size (ξ) by ~65% and the number of proteins in clusters (Ncl) by ~80%.  
Scale bar is 500 nm. 
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Figure B.4: IgE-FcεRI clusters increase in size during a 10 min stimulation 
time-course with Y16-DNP3-DNA.  Immuno-gold labeled IgE-FcεRI (10 nm) 
distributions were visualized before and after a 37˚ C stimulation time-course 
(1, 5, and 10 min) with Y16-DNP3-DNA.  A) Gold particle distributions over 
many images (N>10) were quantified using pair correlation functions that are 
well fit to single filtered exponentials.  B) Fit parameters extracted from these 
curves describe cluster size (ξ) and the number of proteins per cluster (Ncl). 
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 The ability to crosslink IgE-FcεRI with ligands that are structurally well 

defined provides unique information about the mechanisms that drive nano-

scale protein reorganization during cell signaling.  Despite fluorescence 

microscopy experiments that suggest DNP-BSA and Y-shaped DNP-DNA 

ligands crosslink receptors similarly on the micron-scale, our SEM findings 

reveal distinct structural differences in protein cluster size and the number of 

proteins per cluster at the nano-scale.  Further, we demonstrate that receptor 

crosslinking is sensitive to DNP-DNA ligand length, and that receptor clusters 

are ~80% reduced in size and composition after stimulation with Y46-DNP3-

DNA, compared to Y16-DNP3-DNA. 

Given these and our previous findings, further studies are required to 

determine whether there is a ligand length-dependence to Lyn, Syk, and LAT 

clustering, as well as co-redistribution of IgE-FcεRI and Lyn.  Our findings in 

Appendix A also suggest that the actin cytoskeleton may play a critical role in 

facilitating receptor crosslinking and the subsequent recruitment of signaling 

proteins to receptor clusters.  Lastly, X-shaped DNA ligands functionalized 

with three DNP groups and one gold particle may provide a useful strategy to 

directly label crosslinked receptors without using primary or secondary gold-

conjugated antibodies.  Continued work using these tools will provide useful 

insight to better understand the molecular mechanisms drive protein 

organization during cell signaling events. 



  212 

REFERENCES 

1. Segal, D.M. and E. Hurwitz, Binding of affinity cross-linked oligomers of 

IgG to cells bearing Fc receptors. J Immunol, 1977. 118(4): p. 1338-7. 

2. Fewtrell, C. and H. Metzger, Larger oligomers of IgE are more effective than 

dimers in stimulating rat basophilic leukemia cells. J Immunol, 1980. 125(2): 

p. 701-10. 

3. Menon, A.K., D. Holowka, and B. Baird, Small oligomers of 

immunoglobulin E (IgE) cause large-scale clustering of IgE receptors on the 

surface of rat basophilic leukemia cells. J Cell Biol, 1984. 98(2): p. 577-83. 

4. Sil, D., et al., Trivalent ligands with rigid DNA spacers reveal structural 

requirements for IgE receptor signaling in RBL mast cells. ACS Chem Biol, 

2007. 2(10): p. 674-84. 


