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Abstract 

Bottom-up in vitro reconstitution has provided fundamental insights into the 

mechanisms of key cellular processes like cell migration, cell division, endocytosis and 

exocytosis. Traditional reconstitution methods rely on protein purification as the primary 

means of extracting functional proteins from cells. While efficient for most cytoplasmic 

proteins which are stable in solution, reconstitution of membrane proteins remains 

challenging. This is attributed to the requirement of a cellular membrane-like substrate for 

proper folding and functioning of membrane proteins. Reconstitution into lipid bilayer 

membranes is usually achieved using moderate non-ionic detergents. Such a process is 

non-trivial and requires excessive optimization based on the type of membrane protein 

that is to be reconstituted. Additionally, tagging of proteins, which facilitates purification, 

can hinder protein function post reconstitution.  

 An alternative approach is the use of cell-free expression (CFE) systems to 

synthesize proteins in vitro. Recent advances in cell-free reconstitution have enabled 

synthesis and insertion of membrane proteins into artificial lipid bilayer substrates. 

However, past studies have been primarily focused on the detergent-free reconstitution 

of individual membrane proteins without an attempt to recapitulate biologically relevant 

phenomena. In this dissertation, we demonstrate the potential of using CFE systems to 

directly investigate important biological processes and to mimic cell-like behavior through 

the creation of synthetic cells.  
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First, we use a HeLa CFE platform to study inner nuclear membrane proteins 

SUN1 and SUN2 that are involved in the formation of the linker of nucleoskeleton and 

cytoskeleton complex (LINC). Inner nuclear membrane proteins are difficult to study in 

cells and require sophisticated techniques for successful extraction and analysis. By 

coupling simple biochemical assays with fluorescence microscopy, we determine the 

membrane-inserted topology of full-length SUN1 and SUN2 and demonstrate their 

function in vitro. Further, we find evidence of previously unidentified SUN1-SUN2 

heteromeric interactions and possible cation dependent enhancement in binding affinity 

to KASH peptides which are responsible for the formation of LINC complex in cells.  

Next, we use an E. coli CFE system encapsulated within lipid bilayer vesicles 

(liposomes) to demonstrate simultaneous reconstitution of two functionally different 

proteins. The activity of a CFE reconstituted mechanosensitive channel (MscL) in 

response to hypo-osmotic shock is demonstrated using a dye leakage assay in 

liposomes.  A calcium biosensor (G-GECO) with high ON/OFF ratio in fluorescence 

intensity upon calcium binding is successfully expressed using CFE. We observe 

spontaneous localization of MscL to lipid membranes while G-GECO is homogenously 

distributed within encapsulated liposomes. Co-expression inside liposomes with 

application of hypo-osmotic shock result in detectable calcium influx through activated 

MscL. Our findings present the creation of a synthetic cell which can be used as a 

reconstitution platform to study calcium permeable mechanosensitive channels.  

Finally, we develop gene circuits to control the initiation of protein synthesis with 

inducer molecules in the E. coli CFE. Using a lac promotor to synthesize a green 

fluorescent protein (deGFP), we demonstrate successful induction with Isopropyl β-d-1-

thiogalactopyranoside (IPTG). Next, MscL is reconstituted into liposome membranes to 
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mediate influx of IPTG in response to hypo-osmotic shock. A high ON/OFF ratio of deGFP 

synthesis post induction is observed when using a gene amplification circuit. A bacterial 

cytoskeletal protein MreB substituted in place of deGFP is synthesized inside liposomes 

in response to hypo-osmotic shock. MreB is observed to form ring-like structures on the 

liposome membrane. Such a system enables control over initiation of protein synthesis in 

synthetic cells in response to osmotic changes which is important for the study of spatio-

temporal evolution of protein functions. 

In summary, the results of this dissertation provide advanced tools based on CFE 

systems for in vitro reconstitution of complex biological processes with modularity in 

design and application.
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Chapter 1: Introduction 
1.1 Cell biology through bottom-up in vitro reconstitution. 

Ever since the first cells were observed by Robert Hooke1, scientists have been 

fascinated by the sheer complexity of these micron-scale living entities. With the 

development of advanced experimental techniques, a lot of fundamental characteristics 

akin to all living cells have been discovered and cell functions such as migration, division, 

endocytosis, exocytosis, and many others are understood as essential cellular processes. 

However, the assembly of component molecules and how they overcome energetic and 

entropic barriers to mediate such macroscale phenomena within the complex design of 

cells have remained elusive over the years. To address these questions, the field of 

bottom-up in vitro reconstitution has emerged over the years where individual 

components are assembled under controlled conditions to simulate cellular processes. 

Traditional cell biology studies were primarily focused on observations of input-

output relationships in cells subjected to changes in their environment. Unlike most 

engineered systems, such changes in cell behaviors do not seem to follow simple 

predictable rules but are subjected to variable constraints based on how cells adapt to 

these changes. This realization led to the use of a top-down experimental approach where 

individual parts of cells were isolated and probed to identify key molecules mediating 

different cell functions. More than a billion years of evolution has conferred redundancies 

in different functional units of cells through self-organization, crosstalk and sustained 
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feedback mechanisms2 which enable cells to be robust and adaptive to external and 

internal stimuli.  

Redundancies conferring such robustness in cells hinder the development of 

fundamental insights into the mechanism of a given cellular process through top-down 

techniques. Bottom-up reconstitution studies enable distinction between sufficient and 

necessary biomolecules involved in mediating different cell functions3,4. By isolating 

proteins of interest which are believed to interact in cells, one can identify a minimal 

system that can reliably carry out a specific function in vitro. Moreover, reconstitution of 

functional units enables control over individual protein concentrations in addition to other 

experimental parameters that allow for testing and refinement of mechanistic models 

generated from existing cell biology data. Also, quantitative predictions can be made 

based on the understanding gained from such in vitro reconstitution studies. Additionally, 

in some cases, reconstitution of certain proteins under a range of conditions can result in 

an emergent behavior, i.e. unexpected topological and functional behavior of interacting 

proteins can emerge in vitro which cannot be predicted based on their individual functions. 

In recent years, bottom-up in vitro reconstitution has been immensely successful 

in understanding complex cellular processes in terms of functions of a set of proteins 

under specific conditions4,5. However, existing techniques of protein isolation and 

reconstitution are specific to the problem being studied and lack modularity in their use. 

Also, reconstitution of processes at the complexity and length scale of cells is difficult to 

achieve. The work presented here is an effort to advance existing tools and address these 

limitations with the hope of complementing traditional cell biology experiments.   
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1.2 Power of in vitro reconstitution to identify mechanisms of different cell 

functions. 

Since proteins are the workhorses of cells, most reconstitution studies have been 

associated with the isolation of individual or a set of proteins from cells and probing their 

functions using biochemical and fluorescence-based assays. In order to maintain 

homeostasis, cells need a barrier to separate chemical reactions from their immediate 

surroundings. This barrier is present in the form of a bilayer membrane of lipids which are 

amphiphilic molecules that allow passive diffusion of small molecules6. In both prokaryotic 

and eukaryotic cells, a wide range of proteins are spatially distributed between the bulk 

phase (cytoplasm) and the membranes which support active and passive diffusion of 

molecules embedded in them. Despite this spatial segregation, protein functions are 

predominantly interdependent and require active interaction between the cytoplasmic 

proteins (soluble) and their membrane counterparts7. In the following subsections, 

reconstitution strategies for soluble and membrane proteins are discussed with a few 

selected examples, and key insights into the mechanisms of important cellular processes 

gained from these studies are presented. 

1.2.1 Soluble proteins in bulk and encapsulated volumes 

Interactions of soluble proteins in the cell cytoplasm are essential in mediating different 

processes within cells. Cytoplasmic proteins responsible for carrying out critical cell 

functions are mostly conserved across different species. The following three case studies 

present examples of in vitro reconstitution systems aimed at understanding the functions 

of some of these cytoplasmic proteins.  
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1.2.1.i Studies on actin cytoskeleton 

One of the early focuses of reconstitution experiments was carried out with cytoskeleton 

proteins. It is widely acknowledged that the cytoskeletal proteins play diverse roles in 

modulating the shape and mechanics of all types of cells. These proteins are tightly 

regulated by the cell in response to external stimuli and show a wide range of emergent 

behaviors when reconstituted in vitro8. Many reconstitution studies have been carried out 

on the three major cytoskeletal filaments in eukaryotic cells namely actin, microtubules 

and intermediate filaments. Of these, the most actively remodeled cytoskeletal structure 

which drives the mechanics of cell migration, endocytosis, exocytosis and cell division is 

the actin filament network. The observation of muscle contractions in vitro in muscle 

samples supplemented with magnesium and ATP (adenosine tri-phosphate)9 led to a 

series of reconstitution studies that aimed to unravel the mechanism of force generation 

in cells.  

Actin polymerizes into long filaments which can bind to a host of proteins that 

control the extent of filament crosslinking and association with the plasma membrane 

(actin cortex). Using total internal reflection fluorescence (TIRF) microscopy, the 

mechanics of filament formation under a range of concentrations could be probed with 

high resolution and their topology could be studied10,11. To investigate the effect of spatial 

confinement on actin polymerization, several strategies were developed to force actin 

assembly on engineered patterns on surfaces 12,13. Patterning of nucleation promotion 

factors which promote polymerization of actin enabled the study of the dynamics of actin 

architecture remodeling by different actin-binding proteins13. Advanced techniques like 
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AFM (atomic force microscopy) was also used to probe the effect of external forces on 

self-assembling actin networks in vitro13. Further reconstitution studies on the formation 

of actin cortex were carried out by polymerizing actin in the presence of membrane 

anchoring proteins on supported lipid bilayers (SLBs)14–16.  

In order to understand the effect of polymerization in confined spaces like cells, 

actin networks were encapsulated within liposomes17 (lipid bilayer vesicles) or giant 

unilamellar vesicles (GUVs)18. Actin polymerization on liposomal membranes was shown 

to be reversibly controlled by the formation of different lipid phases19 while the rigidity of 

the membrane seemed to affect the bundling of membrane-associated actin filaments20. 

Depending on filament branching, symmetry breaking was observed in liposomes which 

was crucial in understanding the dynamics of actin polymerization leading to cell shape 

changes in vivo21,22. With modern advances in nanotechnology and microscopy, single 

molecule resolution in structure of these filaments and networks23 can be achieved further 

promoting such bottom-up approaches for deciphering the mechanics of actin and 

associating proteins in cells. Similar studies have been carried out for other cytoskeletal 

proteins which are described elsewhere24–26. These examples illustrate the power of 

reconstitution studies to dissect the mechanisms of interacting proteins in cells without 

the complexities associated with in vivo environments. 

1.2.1.ii Mechanisms of protein-induced membrane curvature generation. 

Another example that has benefitted immensely from in vitro reconstitution approaches is 

membrane trafficking, specifically, membrane curvature generation. Given the wide 

spectrum of proteins involved during membrane trafficking processes, it is difficult to 

delineate the function of each protein in cells. One important class of proteins which is 
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believed to be essential for counteracting membrane tension to induce local curvature is 

coat proteins27,28. A large portion of the current knowledge regarding the functioning of 

these proteins was derived from bottom-up reconstitution studies.  

Coat proteins like clathrin were isolated and reconstituted on liposomes as models 

for cell-confined geometry with constant membrane tension. ATP was found to be 

dispensable to the formation of membrane invaginations and vesiculation by clathrin29 

and that it can only deform membranes below certain tension thresholds30. Dynamin, 

which is believed to mediate scission in the later stages of endocytosis31, caused twisting 

of lipid tubes and also mediated scission under high longitudinal tension in the presence 

of guanosine tri-phosphate (GTP)32. Other coat proteins like COP-I and COP-II which 

were identified to be important for trafficking cargos between the endoplasmic reticulum 

(ER) and the Golgi apparatus, were found to form coats on liposomal membranes with 

deformations being dependent on membrane tension33. Further reconstitution of COP-II 

proteins on liposomes lead to the formation of beads-on-string-like deformation of 

membrane which is similar to what is observed in cells34.  

Endosomal sorting complex required for transport (ESCRT) is vital in multivesicular 

biogenesis and cytokinesis in cells. Given many proteins are associated with its formation, 

reconstitution experiments were necessary for defining a minimal functional unit35. A key 

finding in understanding the molecular mechanisms of ESCRT polymerization which 

drives membrane remodeling was obtained from studies of reconstituted ESCRT 

interaction with SLBs using AFM. This revealed the formation of spring-like regions which 

are hypothesized to store energy for membrane deformation to be released when 

triggered36.  
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1.2.1.iii Understanding signaling through reconstitution. 

Cells adapt in response to external and internal stimuli by cell signaling. Cell signaling is 

usually coupled with changes in gene expression profile and are tightly regulated. Given 

the large number of proteins involved in cell signaling, a controlled experimental platform 

is essential to probe the mechanism of activation and transmission of intracellular signals. 

One example where understanding such signaling events has physiological and 

therapeutic relevance is activation of T-cell receptor (TCR) signaling when T-cells interact 

with other cell membranes37. Because of the wide range of ligands that can lead to early 

activation of T-cells, semi-reconstitution studies have been very useful in probing such 

events.  

Typically, SLBs reconstituted with adhesion proteins and specific ligands are used 

as model membranes with which T-cells are allowed to interact. Several studies over the 

years have revealed that signaling is sustained through the formation of clusters of 

signaling molecules with recruitment of adaptor proteins and movement towards center 

of cell-SLB contacts38,39. Further inhibition of such interactions with different sized 

nanostructures showed position-dependent signal activation within the cell-SLB 

contacts40. This system served as a powerful platform to probe different parameters of 

TCR signaling activation such as ligand density, changing contact area and composition 

of protein clusters41. Further attempts were made to reconstitute the adaptor proteins with 

different domains of the TCR to map out the interaction pathway and develop 

mathematical models for understanding the enzymatic pathways associated with T-cell 

activation42,43.  
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The above findings illustrate the advantages of in vitro reconstitution with lipid 

bilayer membranes to delineate the complexities associated with cellular processes which 

require multi-protein interactions.  

1.2.2 Study of proteins residing in cell membrane 

Cell membrane proteins are primarily responsible for transducing extracellular signals. 

There are different types of membrane proteins based on their structure, function and the 

how they associate with their native membranes. Integral membrane proteins span the 

membrane with domains exposed to both sides of the membrane. Of these, integral 

membrane proteins of the plasma membrane are the most studied ones due to their vital 

importance in mediating cellular responses to environmental stimuli. It has been shown 

that such membrane proteins are less conserved among different species than their 

soluble counterparts44. It is speculated that surface interactions of membrane proteins 

with the extracellular environment provide pressure for evolving at a much faster rate than 

cytoplasmic proteins44. Therefore, studies on membrane proteins require the ability to 

probe both solvent-accessible domains to understand the significance of their orientation 

in native cell membranes. Control over these parameters is difficult to achieve in cells. 

The following examples illustrate the benefits of in vitro reconstitution in identifying 

minimal units to achieve a specific function and investigating functions of important 

membrane proteins in isolation.  

1.2.2.i Reconstitution of membrane fusion machinery 

Membrane fusion is a vital process of all types of cells. Transport of cargo out of a cell is 

predominantly mediated by such fusion events, such as in the transmission of neuronal 

signals across the synaptic junction in our central and peripheral nervous systems. 
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Signaling molecules encapsulated within small liposomes are released from the termini 

of one neuron and are taken up by the dendrites of another. Release of these molecules 

is mediated via membrane fusion between the small vesicles and the plasma membrane 

of cells. Fusion was initially hypothesized to be a several-part process initiating with the 

mixing of the outer leaflet of small vesicles and the inner leaflet of the plasma 

membrane45. In vitro studies on fusion between liposomes and planar lipid bilayers 

validated this first step of fusion46. Subsequent steps involve the formation of a pore in 

the mixed bilayer followed by mixing of encapsulated components with the cell cytoplasm 

or the extracellular space.  

The discovery of the SNARE complex which is essential for fusion in multi-

compartment eukaryotic cells was a result of careful reconstitution studies initiating with 

the isolation of the Golgi apparatus from Chinese hamster ovary (CHO) cells infected with 

vesicular stomatitis virus47,48. Subsequent studies led to the discovery of multiple proteins 

associated with the formation of this complex49. Ensemble fusion assays were the earliest 

forms of reconstitution experiments where liposome-liposome fusion was observed using 

fluorescently labelled lipids to understand the mechanism of fusion with these 

proteins50,51. It was found that a minimal unit comprising of three proteins syntaxin, SNAP-

25 and synaptobrevin could mediate fusion between liposomes52. Fluorescently tagged 

lipids were quenched to probe lipid mixing during the docking of liposomes to a planar 

lipid bilayer and subsequent fusion. It was observed that the probability of lipid mixing 

was enhanced in the presence of divalent cations52. Interestingly, docking of liposomes 

and lipid mixing was found to be independent of the inclusion of SNAP-25, suggesting its 

role in the later stages of fusion post assembly of the SNARE complex53. Since signal 

propagation in neurons is sensitive to calcium influx, calcium-sensitive fusion was 
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reconstituted in vitro by the addition of synaptotagmin which is known to control fusion 

based on calcium concentrations54.  

Further reconstitution studies in vitro have succeeded in determining the effect of 

other proteins known to be associated with the stability and proper functioning of the 

SNARE complex on membrane fusion55,56. Recent single molecule experiments using 

optical tweezers revealed the energetics and kinetics of SNARE assembly under different 

conditions57. Thus, our understanding of signal transmission across neurons has been 

significantly enhanced though bottom-up in vitro reconstitution experiments. 

1.2.2.ii Probing activity of ion channels 

Most reconstitution studies with membrane proteins have been primarily aimed at 

understanding the gating mechanism of different types of ion channels that span the 

different membranes in cells. Many ion channels in eukaryotic and prokaryotic cells have 

been identified over the years and reconstituted in lipid bilayer environments. There are 

four major types of ion channels namely peptide-based, voltage-gated, ligand-gated and 

mechanosensitive ion channels. Each of these types of channels have been extensively 

studied in in vitro reconstituted setups comprising of a lipid bilayer membrane acting as a 

substrate for proper folding of these proteins and an electrophysiological setup to probe 

for ion currents in response to specific stimuli. Peptide-based ion channels are small 

polypeptides of about 50 amino acids in length which can self-insert into lipid bilayer 

membranes and form pores allowing exchange of ions. Their reconstitution into 

membrane substrates serve as good in vitro models for studying activity of other ion 

channels and membrane proteins58.  
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Voltage-gated ion channels are mostly found in neurons and muscle cells owing 

to their ability to initiate action potential to relay information in the form of electrical pulses 

through the nervous system. Many of these channels have been extensively studied using 

patch clamp techniques in reconstituted lipid bilayer. Since electrophysiological data 

based on measurements in cells can contain interference from other ion channels and 

other membrane proteins, in vitro readings of purified ion channels more accurately reflect 

their voltage-current relationships. Examples include studies on voltage-gated sodium 

and potassium channels like Nav, KvAP and Shaker59–61. By probing different mutants, 

the movement of the voltage-sensitive domain leading to increase or decrease in channel 

conductance was identified which paved the way for the development of fast voltage-

sensitive fluorescent biosensors to optically record action potentials in neurons with high 

temporal and spatial resolution62. Similar studies have been carried out with ligand-gated 

ion channels like hERG and GABAA receptors63 to determine the effect of ligand 

concentrations, clustering and specificity on ion channel activity.  

Mechanosensitive ion channels were first identified in bacteria64 and identification 

of several mammalian counterparts have renewed interests in investigating their 

physiological relevance in recent years65. These channels are hypothesized to be solely 

activated in response to elevated membrane tension. This presents a major bottleneck in 

probing their activity in cells owing to the close interaction between the cytoskeleton and 

the plasma membrane in eukaryotic cells. In vitro reconstitution into liposomal 

membranes allows for direct electrophysiological measurements as a function of applied 

tension to monitor channel activation. Mechanosensitive channel of large inductance 

(MscL) is the most extensively characterized bacterial channels using this approach64,66. 

The activation properties of various mutant MscL was measured in vitro to better 
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understand MscL gating mechanism67. Mammalian mechanosensitive channels like 

TREK and TRAAK68 (specific to potassium flux) and Piezo1 and Piezo2 (cation 

conducting channels)69 were reconstituted into lipid membranes. Osmotic gradient 

induced changes in membrane tension could mediate Piezo1 activity when reconstituted 

in planar lipid bilayers70. Shear stress-induced activation of Piezo channels have been 

speculated and, in some cases (e.g., Piezo1) demonstrated in cells subjected to fluid 

shear stresses71. However, true mechanosensation by membrane tension can only be 

verified with reconstituted systems in the absence of other interacting proteins72.    

Despite technological advances in microscopy, electrophysiology and other tools 

to probe membrane protein functionality, study of membrane proteins is limited to the 

above-mentioned examples. This is because of the lack of significant developments in 

traditional reconstitution approaches to accommodate for all other types of membrane 

proteins. Few attempts have been made to study membrane receptors like G-protein 

coupled receptors (GPCRs)73,74, TCR75,76 and other signaling receptors. However, 

membrane proteins whose function depend on interactions with molecular chaperones 

and other proteins cannot be easily reconstituted using conventional techniques. This can 

be attributed to the specificity of these approaches to each type of proteins and their 

inability to simultaneously reconstitute multiple membrane proteins.  

In the following section, the underlying principles of conventional in vitro 

reconstitution are presented and major challenges of membrane protein reconstitution 

are discussed.  
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1.3 Conventional techniques of in vitro reconstitution. 

A reconstitution system aims to isolate the function of one or a set of proteins in a 

controlled environment. Since many cellular processes are regulated simultaneously, 

reducing the complexity of these interactions is a primary motivation for reconstitution 

studies. Towards this goal, the first task is to ensure the extraction of the protein of interest 

with sufficient purity to enable detection using available techniques. This is achieved 

through standard protein purification approaches which are customized based on the 

physical and chemical properties of individual proteins. Usually for cytoplasmic proteins 

with little or no membrane interaction, purification is the only step required for effective 

reconstitution. However, when working with proteins that need a membrane for activation 

or integral membrane proteins, providing a cell membrane-like substrate is an important 

consideration for successful reconstitution. Given the propensity of lipid molecules to 

spontaneously self-assemble into bilayers in aqueous solutions, artificial lipid bilayer 

membranes are generated using extracted or pure lipids to provide a scaffold for 

functional reconstitution of purified membrane proteins. This is challenging to achieve for 

complex membrane proteins and is the basis for the work carried out in this thesis. 

1.3.1 Protein purification 

The following sub-sections describe the standard techniques of isolation of recombinant 

proteins of interest (POI) from cells.  

1.3.1.i Soluble proteins 

Purification of almost all soluble proteins are carried out in bacteria because of its fast 

growth rate and high yield of synthesized protein. The recombinant POI is cloned into an 

expression vector with an appropriate affinity tag. Bacterial expression vectors mostly 
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have a T7 promotor for transcription of the gene of interest while some use the lac operon. 

Induction of protein synthesis is carried out by addition of IPTG. To prevent degradation 

of the POI by native proteases, protease inhibitors are added to the lysis buffer depending 

on the type of POI. Cell lysis is usually achieved by sonication, chemical lysis, bead-

based mechanical agitation or homogenization under osmotic shock. A range of 

chromatography techniques are available for separating out the POI from the rest of the 

lysate. In some cases, acid-based purification based on pH change can also be achieved 

if the POI has pH dependent solubility. For most soluble proteins, the POI can be used 

immediately following the separation step. For affinity-based separation, the peptide tags 

used to create the recombinant POI can be cleaved depending on downstream 

applications and removed from solution by dialysis. Since bacterial codon usage for 

translation is different from eukaryotic cells, different strains of bacteria have been 

genetically engineered to synthesize proteins from other organisms. Soluble proteins 

purified in this manner can be studied in bulk or confined reactions.  

1.3.1.ii Membrane proteins 

Most membrane proteins studied to date have been purified in bacterial cells. The 

procedure is quite similar to soluble proteins for the most part. However, since membrane 

proteins have hydrophobic residues that can affect protein folding upon exposure to 

aqueous environment, care must be taken to solubilize the POI post cell-lysis. A standard 

technique is to add a detergent to the lysis buffer at concentrations below their critical 

micelle concentration to shield the hydrophobic region of the POI and maintain proper 

folding. Depending on the stability of the POI, different types of detergents are used which 



 

15 
 

are primarily non-ionic to prevent denaturation by strong electrostatic interactions. 

Following lysis, standard chromatographic techniques can be used to isolate the POI77.  

In case of large ion channels like Piezo1 from mammalian hosts, purification is 

achieved by expressing the protein in mammalian cells with high metabolic activities like 

HEK293 (human embryonic kidney) cells78. In such cases, the POI is cloned into an 

expression vector containing a virus-based promotor that can induce overexpression in 

these cells. Cells transfected to express the POI are lysed mechanically, and the POI is 

extracted with moderate non-ionic detergents using similar strategies as with bacterial 

protein purification. Other types of membrane proteins like GPCRs are purified in different 

hosts including yeasts, insect cells and plant cells. The inherent complexity of over-

expressing membrane proteins lies in their trafficking to the host membrane upon 

synthesis. When such localization is not spontaneous, inclusion bodies can form at high 

Figure 1.1: Standard procedure for the purification and reconstitution of membrane proteins77. 
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concentrations of the POI79. Comparative studies have shown the importance of choosing 

the right host for expressing different types of membrane proteins80. To study the native 

structure and function of specific membrane proteins in mammalian cells, native cell 

membrane vesicles can be produced in the form of giant plasma membrane vesicles 

(GPMVs) by inducing blebbing which can then be fused with an artificial lipid bilayer81.  

1.3.2 Membrane mimics for reconstitution of membrane proteins 

In order to probe the functionality of membrane proteins isolated from cells, it is important 

to ensure a physical and chemical environment that is similar to cell membranes. Since 

lipids are known to form bilayer membranes of all membrane-bound organelles in cells82, 

self-assembled lipid bilayers have been the common choice of substrates for studying 

membrane proteins in vitro. Two different types of lipid environments are typically used in 

reconstitution experiments. The first is the use of lipids extracted from different natural 

sources like chicken egg or E. coli membranes. These lipid extracts contain a mixture of 

many different types of lipid headgroups with varying chain lengths and packing densities 

which allow for mimicking the heterogeneity of regular cell membranes around 

reconstituted membrane proteins. Alternatively, pure lipids with specific headgroups and 

chain lengths are used to form artificial lipid bilayer membranes where individual 

components can be altered to investigate protein-lipid interactions. In some cases, binary 

or tertiary mixtures of these pure lipids are also desirable to impart certain chemical 

properties like charge and membrane fluidity to these self-assembled bilayers.  

Since membrane proteins are usually purified with detergents in aqueous 

solutions, their transfer to the lipid membranes of liposomes is achieved by incubating the 

solubilized protein solution with small preformed liposomes. Detergents can create pores 
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in lipid bilayers at certain concentrations which is beneficial for the incorporation of the 

membrane proteins. To stabilize the bilayers post membrane insertion, the detergent is 

slowly removed from the solution by dialysis or using adsorptive substrates like bio-beads 

which can sequester detergents very effectively83. These proteoliposomes can then be 

fused with larger liposomes using charge-based46 or peptide/DNA84-mediated vesicle 

fusion, for patch clamp studies or dried on glass for subsequent rehydration or 

electroformation to generate large lipid bilayer vesicles85.  

Another membrane model which is very popular with fluorescence microscopic 

techniques is the generation of supported lipid bilayers (SLBs)86. Small proteoliposomes 

are allowed to interact with a hydrophilic surface like glass/mica which causes rupture 

and results in the formation of a planar lipid bilayer on the surface. Other approaches for 

the generation of supported lipid bilayers include Langmuir Blodgett deposition, peptide-

based fusion and a combined technique87. These SLBs are great models for studying 

Figure 1.2: Different techniques of reconstitution of membrane proteins in liposomes83. 
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peripheral membrane proteins and small transmembrane proteins. Reconstitution of 

proteins in these bilayers along with advanced microscopic techniques allow for the 

measurement of diffusion rates, complex formation, clustering and oligomerization states 

under different experimental conditions.  

Vertical planar lipid bilayers are yet another class of membrane models which have 

been used extensively to reconstitute and study ion channels and porins88,89. Earlier 

techniques used the Montal Mueller method where a small orifice is created in a partition 

between aqueous solutions with preformed lipid monolayers resulting in a vertical lipid 

bilayer where membrane proteins can be inserted via fusion of proteoliposomes or 

detergent-mediated reconstitution88. In recent years, a variant of the approach using 

droplets was developed (droplet interface bilayer, DIB)90 and several types of ion 

channels studied using droplet-immersed electrodes91,92. Another common method for 

reconstitution of membrane proteins is in lipid nanodiscs93 and DNA nano-barrels94 which 

are nanoscale bilayer-like structures that can embed few membrane proteins in them 

allowing structural and functional studies of membrane proteins and their oligomeric 

states.  

Figure 1.3: A typical droplet interface planar lipid bilayer setup with electrodes for single channel 
recordings of reconstituted ion channels90. 
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1.3.3 Major challenges with membrane protein reconstitution 

Despite the tenacious process of protein purification, isolation of soluble proteins in 

appropriate buffers to enhance stability serves as a good approach for dissecting complex 

cellular interactions by sequential addition of individual components. While a host of 

biochemical and mechanical assays have been developed to achieve the same for 

membrane proteins, several limitations remain. For instance, reconstitution of membrane 

proteins in liposomes is non-trivial and requires the use of detergents which can affect 

subsequent protein interaction if not properly removed. Past studies have shown that 

depending on the properties of detergents, residual amounts can be present in the final 

membrane which can affect the permeability and membrane integrity of the 

liposomes95,96. Methods like rehydration and electroformation of dried proteoliposome 

films to reconstitute membrane proteins in large vesicles do not allow for uniformity in 

protein orientation which is desirable for probing structural and functional roles of the 

intracellular and extracellular domains of proteins involved in signaling97,98.  

In the case of SLBs, reconstituting integral membrane proteins with large 

extracellular domains is not desirable owing to the small water gap between the lipid 

bilayer and the substrate which can hinder function and diffusion86. Spontaneous fusion 

of proteoliposomes or detergent-based insertion of proteins in DIBs present the same 

problem of orientation where directional probing of functionality of ion channels in 

response to ligand or voltage gradients is difficult to achieve. Apart from technical 

considerations, purification and isolation of toxic proteins or complex proteins with 

multiple transmembrane and large extracellular domains is challenging. Further 

purification of loss of function mutants of these proteins may not be possible due to their 
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inhibitory effects on cell growth in bacterial or mammalian cultures. Finally, most studies 

of membrane proteins have been in isolation to characterize their functions in vitro. But, 

in cells, most membrane proteins interact with other proteins and form oligomeric 

complexes to mediate cell-function. In order to study protein-protein interactions and 

formation of heteromeric complexes, simultaneous or time dependent reconstitution of 

several membrane proteins is desired. This would be extremely difficult if not impossible 

with the traditional techniques mentioned before. 

In the following sections, I describe cell-free protein synthesis as a promising 

approach to reconstitute a wide range of proteins while alleviating some of the limitations 

discussed earlier.  

1.4 Emergence of in vitro gene expression and cell-like mimics as tools for bottom-

up in vitro reconstitution 

An alternative to extracting proteins from cells after induction of protein production is in 

vitro synthesis of the protein of interest for reconstitution studies. It was discovered in the 

1950’s that cytoplasmic extracts from bacteria99, human and rabbit reticulocytes100, rat 

liver cells101, ascites cells102 and wheat germ cells103 had the potency to carry out protein 

synthesis in the presence of energy molecules like ATP and GTP in a test tube. The first 

studies with these extracts were aimed at understanding the genetic code and how amino 

acids are incorporated into peptide chains to form different proteins104. Pioneering work 

was carried out in subsequent years to synthesize proteins from exogenously added 

mRNAs in these extracts105. Significant advances in improving the efficiency of these 

translation systems and the discovery of strong phage promotors that could sustain 
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simultaneous in vitro transcription from added DNA106 led to the development of powerful 

modern cell-free expression (CFE) systems.  

Given the versatility of these systems, it is now possible to synthesize a host of 

proteins within hours in contrast to purifying them from cells. Also, multiple supplements 

like molecular chaperones, membrane compartments and radioisotope labels can be 

added and desired post-translational modifications achieved based on the protein of 

interest. The range of application of CFE systems has increased over the years107 and 

this dissertation extends the utility of CFE for in vitro reconstitution studies. The following 

sections discuss the relevance of CFE to bottom-up in vitro reconstitution and lay down 

the foundations behind the work presented in this thesis.  

1.4.1 Coupling synthesis with reconstitution: Cell-free expression systems 

CFE systems are cell extracts containing ribosomes, transcription factors and aminoacyl 

synthetases supplemented with charged nucleotides, an amino acid mixture and an 

energy regeneration mix to carry out protein synthesis outside cells. The modularity of 

CFE system allows expression of multiple proteins simultaneously from recombinant 

plasmid DNA within a few hours. Therefore, it is ideally suited for reconstitution of multiple 

proteins without the need for more purification steps. In case of soluble proteins, non-

specific interactions with existing proteins in the CFE can result in undesirable artifacts. 

One can avoid such interactions by using a protein synthesis using recombinant elements 

(PURE) system108 where the transcription and translation factors for protein synthesis are 

individually purified and used at known concentrations in the absence of other lysate 

proteins. This has only been possible for E. coli CFE so far. While higher concentrations 

of soluble proteins can be obtained from standard purification, temporal evolution of 
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protein-protein interactions as a function of its concentration and synthesis can only be 

attained using CFE setups. In the case of membrane proteins, CFE offers distinct 

advantages over conventional reconstitution approaches. Most of the challenges 

discussed in the previous section can be addressed when using CFE. Insertion of 

membrane proteins into lipid bilayer substrates like liposomes and planar lipid bilayers 

can be achieved in the absence of detergents thus alleviating the problems associated 

with detergent-mediated reconstitution109,110. Microsomes from different organelle 

membranes that are present in cell-free lysates can also be used as supplements for 

successful insertion of membrane proteins during synthesis110–112.  

Further, synthesis of toxic proteins and loss-of-function mutants can be easily 

carried out and complex or larger proteins can be synthesized with strong phage 

Figure 1.4: Schematic depicting the different constituents of an assembled cell-free reaction 
coupling transcription with translation113. 
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polymerases in different types of lysates. A comparison of the benefits of using different 

sources of CFE lysates developed till date, is presented in previous review articles107,113. 

Past studies have shown expression and functional reconstitution of different kinds of 

membrane proteins such as ion channels114,115, mechanosensitive channels116,117, G 

protein-coupled receptors118, enzymes for lipid synthesis119,120, olfactory receptors121, gap 

junction proteins122, proton pumps123 and transporter proteins124,125. Also, it is possible to 

incorporate post translational modifications in proteins using eukaryotic CFE111.  

Despite these advantages, proper design of engineered systems is essential to 

leverage the full potential of CFE-based reconstitution studies. These systems should 

have the necessary parameters to control conditions which can probe protein functionality 

in vitro to better understand its role in vivo. In the following final sub-section, a model for 

simulating protein functions in a cell-like confinement is discussed which forms the basis 

of the work described in later chapters.  

1.4.2 Development of synthetic cells for mimicking cellular processes 

While studies on microscopic effects of local stimuli on reconstituted proteins is important 

from a biophysics point of view, it is equally desirable to see the propagation of such an 

effect at a macroscopic level (i.e. at a cellular level) to better understand large-scale 

dynamics or possible emergent behavior. Figure 1.5 shows the span of both complexity 

and length scale over which bottom-up in vitro reconstitution has evolved in recent years5. 

In this regard, the development of synthetic cells has been influential to simulate both 

cellular and population level complexities in vitro126. In the context of the work presented 

here, synthetic cells are used to denote liposomes encapsulating CFE systems capable 

of synthesizing desired proteins of interest. By developing such a platform where multiple 



 

24 
 

proteins can be synthesized from encapsulated DNA, proteins with diverse functions can 

be simultaneously reconstituted. Thus, with appropriate choice of proteins, desirable 

physical and chemical properties can be imparted to synthetic cells. This will allow the 

coupling of function of our protein of interest to the desirable property for ease of detection 

and analysis. Because multiple variants of proteins can be easily expressed by tweaking 

their genes, a library of desirable mutants can be screened in such synthetic cell systems 

within a few hours as compared to days for cell-based approaches. Though generation 

of synthetic cells is challenging and is a topic of ongoing research, past studies have 

employed different techniques to achieve reconstitution at cellular scales. One such study 

showed the synthesis of lipids from cell-free expressed enzymes encapsulated within 

liposomes127. Another work demonstrated communication between and within synthetic 

cells by employing gene regulatory networks in CFE systems128. To explore the possibility 

of a self-catalyzed enzymatic reaction with RNA, functional ribosomes were synthesized 

inside synthetic cells129. Further extrapolation of similar work led to development of 

Figure 1.5: Range of complexity and length scale involved in in vitro reconstitution studies5.  
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synthetic cells capable of self-replicating DNA by using encoded proteins130. These 

studies illustrate the potential of CFE to reconstitute complex cell-like molecular 

interactions in vitro through the use of synthetic cell models. Such advanced engineering 

platforms are exploited in this work to study proteins, with an emphasis on membrane 

proteins, involved in different cellular phenomena. 

1.5 Dissertation outline 

While in vitro reconstitution studies have been extremely important in unravelling the 

complexities of cell biology, work with membrane proteins is particularly challenging and 

limited by the type of proteins that can be reconstituted using conventional approaches. 

There remains a need for better control over functional reconstitution while extending 

experimental parameters for probing in vitro response of proteins subjected to external 

stimuli. We explore the potential of cell-free systems to alleviate existing limitations by 

considering different biologically relevant problems as test cases in the following 

chapters. The goal of this dissertation is to provide standardized tools for investigating 

different biological phenomena. In Chapter 2, I will describe the advantages of using a 

HeLa CFE system for reconstituting membrane proteins with controlled orientation of 

insertion. By doing so, the components of an important protein complex present in the 

nuclear membrane, is studied. Next, using an E. coli CFE system, a mechanosensitive 

channel and a fluorescent calcium biosensor are simultaneously reconstituted in 

liposomes in Chapter 3. This allows the creation of a synthetic cell which can couple 

calcium sensing to changes in membrane tension. In Chapter 4, I demonstrate the 

modularity of the same E. coli CFE system in building genetic circuits capable of 

simulating cell-like signaling in synthetic cells. This illustrates the possibility of employing 
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gene regulatory pathways in CFE systems for time-dependent reconstitution of multiple 

proteins. Finally, the important findings from each chapter will be summarized and 

possible applications of these engineered platforms will be presented in Chapter 5 with 

preliminary data supporting the feasibility of those applications.
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Chapter 2: Functional Reconstitution of Cell-Free 
Expressed Nuclear Membrane Proteins in 

Supported Lipid Bilayers 
* Part of this chapter has been published in Majumder et al. Journal of Cell Science, 2019131. The 

author implemented the design platform, carried out the experiments presented and generated 

all figures in the manuscript. All SUN protein plasmids were provided by G.W. Gant Luxton. 

2.1 Introduction 

2.1.1 Morphology of the nuclear membrane in eukaryotic cells 

Eukaryotic cells are defined by the presence of a genome-containing nucleus, the 

boundary of which is delineated by the nuclear envelope (NE), a specialized subdomain 

of the endoplasmic reticulum (ER)132. The NE consists of concentric inner and outer 

nuclear membranes (INM and ONM, respectively) separated by a ∼30–50 nm perinuclear 

space that is contiguous with the ER lumen133. While the ONM is an extension of the ER, 

a unique subset of proteins resides in the INM that interact with the nuclear lamina and 

chromatin within the nucleoplasm134. Fusion between the INM and ONM creates 

numerous aqueous channels throughout the NE that are occupied by nuclear pore 

complexes (NPCs), which are the primary sites of molecular exchange between the 

cytoplasm and nucleoplasm135,136. However, mechanical forces generated by the 

cytoskeleton within the cytoplasm can also be sensed and transmitted across the NE and 

into the nucleoplasm by LINC complexes137,138. These evolutionarily conserved NE-

spanning molecular bridges mediate several fundamental cellular processes, including 
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DNA damage repair, meiotic chromosome pairing, mechanoregulation of gene 

expression and nuclear positioning137,139,140. Consistent with their central role in cellular 

function is a growing list of genetic mutations in LINC complex proteins associated with 

human diseases such as aging-related hearing loss, ataxia and muscular dystrophy141,142.  

LINC complexes are formed by the transluminal interactions of the ONM Klarsicht/ANC-

1/SYNE homology (KASH) proteins and the INM Sad1/UNC-84 (SUN) proteins143. The 

divergent cytoskeletal-binding cytoplasmic domain of KASH proteins largely consists of 

spectrin repeats or coiled-coils (CCs)139,144, while their C-termini contain the conserved 

nuclear envelope targeting KASH domain composed of a transmembrane domain (TMD) 

followed by the ∼10–32-residue luminal KASH peptide145. Within the perinuclear space, 

the C-terminal SUN domain of SUN proteins interacts with KASH peptides146, whereas 

their divergent N-termini reside within the nucleoplasm where they interact with A-type 

lamins, chromatin, as well as other INM proteins147. Mammals encode six KASH proteins 

[nesprins 1–4 (also known as SYNE1–4) lymphocyte restricted membrane protein and 

KASH5] and five SUN proteins (SUN1–5)134,139. The expression of SUN3–5 is testis 

specific and their ability to assemble into functional LINC complexes remains unclear148. 

In contrast, SUN1 and SUN2 are both widely expressed in somatic cells and interact with 

all known KASH proteins149,150.  

2.1.2 Structure of LINC complex and role of SUN proteins 

Groundbreaking in vitro studies have provided critical insights into the mechanism of LINC 

complex assembly. In key papers describing its crystal structure, the Kutay, Schwartz and 

Wang laboratories have shown that SUN2 homo-trimerizes and that a short preceding 

CC is necessary and sufficient for homo-oligomerization148,151. In addition, Kutay and 
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Schwartz revealed that SUN2 homo-oligomerization was required for KASH peptide 

binding, which further stabilized the homotrimer148. In an extension of this earlier work, 

the Feng laboratory suggested that the CC-containing region of the SUN2 luminal domain 

should be viewed as a pair of CCs that potentially influence the monomer-trimer 

equilibrium of SUN2152. Using fluorescence fluctuation spectroscopy, an imaging-based 

technique that enables the quantification of protein oligomerization in vivo153, it was 

recently confirmed that the luminal domain of SUN2 homo-trimerizes within the NE of 

living cells154. While SUN2 and SUN1 share a high level of sequence similarity (∼65% 

identity between mouse SUN2 and SUN1), display similar affinity for the nesprin-2 KASH 

peptide150 and are involved in several redundant cellular functions (i.e. DNA damage 

repair155 and sub-synaptic nuclear anchorage in skeletal muscle156), we found that the 

homo-oligomerization of the SUN1 luminal domain within the NE was not limited to the 

formation of a homo-trimer154.  

Taken together, these results suggest that LINC complexes containing SUN1 

assemble via a distinct mechanism from those containing SUN2, which may explain the 

specific requirement for SUN1 during meiotic chromosome pairing141,157 as well as in the 

assembly of NPCs and their distribution throughout the NE158–160. To date, our 

understanding of the mechanisms underlying the differential assembly and function of 

SUN1- and SUN2-containing LINC complexes remains limited by the fact that the results 

described above were all generated using soluble fragments of the luminal domains of 

SUN1 and SUN2, not full-length SUN proteins within the context of a lipid bilayer. This 

was primarily due to the difficulty of probing SUN protein interactions in the perinuclear 

space and isolating membrane embedded proteins for structural studies. To begin to 

overcome this limitation, I describe here the development of artificial nuclear membranes 
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(ANMs) using a mammalian cell-free expression (CFE) in the presence of supported lipid 

bilayers with excess membrane reservoirs (SUPER templates). SUPER templates were 

previously demonstrated to contain lipid bilayer membranes on silica beads which are 

loosely bound and can shed off in response to shear or contact forces161. Such supported 

bilayers are ideal for the reconstitution of integral membrane proteins given the significant 

spacing between the bilayer and the silica substrate. Multiple membrane tethers can be 

pulled from these SUPER templates demonstrating the flexibility and weak membrane-

substrate coupling of these supported lipid bilayers. The combination of CFE and SUPER 

templates serve as a simple bottom-up synthetic biology platform for the rapid 

reconstitution and mechanistic dissection of LINC complex assembly using full-length 

SUN proteins. 

2.2 Materials and Methods 

2.2.1 Reagents 

Restriction enzymes were either purchased from New England Biolabs (NEB, Ipswich, 

MA) or Promega (Madison, WI). Phusion DNA polymerase, T4 DNA ligase, and PNK were 

also purchased from NEB. All other chemicals were from Sigma-Aldrich (St Louis, MI) 

unless otherwise specified. Wizard SV Gel and PCR Clean-Up System was from 

Promega. All lipids were purchased from Avanti Polar Lipids Inc. (Alabaster, AL) in 

chloroform stock solutions. Anti-EGFP antibody (ab6556) was purchased from Abcam 

(Cambridge, MA) and used at 1:500 for western blotting. DiI was purchased from Thermo 

Fisher Scientific (Waltham, MA) and used at 1:20. Anti-Penta-His-AF647 antibody was 

purchased from QIAGEN (cat. no. 35310, Hilden, Germany) and used at 1:60 for 

immunofluorescence. Cell culture HeLa S3 cells obtained from the ATCC (Manassas, VA) 
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were cultured using standard sterile technique in SMEM supplemented with 5% bovine 

calf serum (Sigma-Aldrich), 0.5% penicillin/streptomycin, 10 mM HEPES 

(pH 7.4) and 0.5% glutamax (ThermoFischer Scientific).  

2.2.2 CFE lysate generation  

HeLa S3 cells were cultured in a flat bottom bell jar with rotating flaps using a magnetic 

stirrer until reaching a density of ∼6×106 cells/ml. Harvested cells were washed three 

times with washing buffer (35 mM HEPES pH 7.5, 140 mM NaCl and 11 mM glucose) 

and once with extraction buffer (20 mM HEPES pH 7.5, 45 mM potassium acetate, 45 

mM potassium chloride, 1.8 mM magnesium acetate, 1 mM DTT). The washed cells were 

then resuspended in 1 ml of extraction buffer before being lysed in a BeadBug 

Homogenizer (Benchmark Scientific, Edison, NJ) using 2 ml tubes filled partially with 0.1 

mm titanium beads. To remove debris, nuclei, and most organelles, the resulting lysate 

was centrifuged three times at 16,000 g, after which 50 µl aliquots of the cleared lysate 

were flash-frozen in liquid nitrogen and stored at -80°C for future use. CFE reactions 

CFE reactions were performed by mixing 9 μl of the CFE lysate, 2.25 μl Mix 1 (27.6 mM 

magnesium acetate, 168 mM HEPES pH 7.5) and 2.7 μl GADD34 (final concentration of 

310 nM) in a 1.5 ml microcentrifuge tube, which was then incubated at 32°C for 10 min. 

Thereafter, 2.25 μl Mix 2 (12.5 mM ATP, 8.36 mM GTP, 8.36 mM CTP, 8.36 mM UTP, 

200 mM creatine phosphate, 7.8 mM HEPES pH 7.5, 0.6 mg/ml creatine kinase, 0.3 mM 

amino acid mixture, 5 mM spermidine, and 44.4 mM DTT), 5 nM of plasmid DNA and 1.8 

μl T7 RNA polymerase (final concentration of 450 nM) were added to the CFE reaction 

followed by vortexing. All supplements for the CFE reaction were stored at -80°C for future 

use.  
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2.2.3 ANM generation  

SUPER templates were generated as previously described (Neumann et al., 2013). 

Briefly, SUVs composed of 45% 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC), 

27% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 9% 1,2-dioleoyl-sn-

glycero-3-phospho-Lserine (sodium salt) (DOPS), 2.2% L-α-phosphatidic acid (egg, 

chicken) (sodium salt) (Egg-PA), and 16.8% cholesterol were prepared by extrusion in 

milli-Q water through a 100 nm extruder (T&T Scientific, Knoxville, TN) and then fused 

with 5 µm silica beads (Bangs Laboratories, Fischers, IN) in the presence of 1 M NaCl. 

The resulting SUPER template beads were washed with milli-Q water twice and then 

resuspended in 30 µl of milli-Q water at a final concentration of ∼9.6×106 beads/ml, 2 µl 

of which were then added to a CFE reaction and incubated for 8 h at 32°C.  

2.2.4 Ultracentrifugation of microsomes  

Microsomes were observed using a glibencamide based ER tracker with BODIPY probe 

(Thermo Fisher Scientific) (Ex:561 nm). To visualize microsomes in HeLa lysate, 1 µM 

dye was directly added to the cell-free reaction mixture and incubated at room 

temperature for 10 minutes. A benchtop airfuge (Beckman Coulter) with 175 µL open top 

plastic tubes was used to spin down the microsomes from the lysate. 20 µL reaction was 

diluted to 30µL with the buffer used for extracting the HeLa lysate162 and 1M Urea. The 

diluted sample was spun at 120,000-130,000 g for 10 minutes. 20 µL of the supernatant 

was pipetted out and imaged or used for western blot analysis. The pellet was 

resuspended in the remaining 10 µL buffer for further analysis. 

2.2.5 DNA constructs  
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The His6–GST–EGFP pET28 construct was a kind gift from Michael Jewet (Northwestern 

University, Evanston, IL). A previously described EGFP tagged mouse SUN1FL construct 

(EGFP–SUN1FL)150,163 was used as a template for the generation of the SUN1 constructs 

used in this study. Initially, SUN1FL was PCR amplified from EGFP–SUN1FL using the 

primers SUN1FL-Forward (F) and SUN1FL-Reverse (R), which contain 5′ EcoRI and SalI 

cut sites, respectively (primer sequences are available in the SI section on journal page 

[REF]). The PCR product was purified and digested alongside pT7CFE1-Chis 

(ThermoFischer Scientific) with EcoRI and SalI. Following gel purification, the digested 

PCR product and plasmid were ligated together to create SUN1FL–His6. Unfortunately, 

an unwanted stop codon was found between SUN1FL and the His6 tag. We removed this 

stop codon by PCR using the primers SUN1FL/ΔSTOP-F and SUN1FL/ΔSTOP-R and 

subsequent kinase, ligase, DpnI (KLD) treatment where 2 µl of the PCR product was 

treated with T4 ligase, T4 polynucleotide kinase (PNK) and DpnI in T4 ligase buffer in a 

20 µl reaction for 20 min at room temperature. To generate EGFP–SUN1FL–His6, EGFP 

was PCR amplified from EGFP–SUN1FL using the primers EGFP-F and EGFP-R, both 

of which contain 5′ EcoRI cut sites. Following digestion with EcoRI, both the PCR product 

and SUN1FL–His6 were gel purified and ligated together to create EGFP–SUN1FL-His6. 

EGFP–SUN1ND–His6 was made by PCR amplifying the SUN1ND using the primers 

EGFP-SUN1ND-F and EGFP-SUN1ND-F, which contain 5′ HindIII and KpnI cut sites, 

respectively.  

The resulting PCR product was purified and digested alongside pT7CFE1-Chis 

with HindIII and KpnI, both of which were gel purified, and ligated together to create 

EGFP–SUN1ND–His6. EGFP–SUN1LD–His6 was generated by PCR amplification using 

the primers EGFP-SUN1LD-His6-F and EGFP-SUN1LD-His6-R followed by purification 
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and KLD treatment. EGFP–SUN11-364–His6 and EGFP–SUN11-232–His6 were 

generated similarly. While the same F primer, SUN1FL/ΔSTOP-F, was used for both 

constructs, the R primers used to create EGFP–SUN11-364–His6 and EGFP–SUN11-

232–His6 were EGFPSUN11-364-His6-R and EGFP-SUN11-364-His6-R, respectively. A 

previously described EGFP-tagged mouse SUN2FL construct (EGFP–SUN2FL) (Luxton 

et al., 2010; Östlund et al., 2009) was used as a template for the generation of the SUN2 

constructs used in this study. EGFP–SUN2FL–His6 was created in an analogous manner 

to EGFP–SUN1FL–His6. We first made SUN2FL–His6 using the primers SUN2FL-F and 

SUN2FL-R, which respectively contain 5′ EcoRI and XhoI cut sites, to PCR amplify 

SUN2FL from EGFP–SUN2FL.  

The resulting PCR product and pT7CFEC-His6 were both digested with EcoRI and 

XhoI, subsequently gel purified, and then ligated together to create SUN2FL–His6. Again, 

an unwanted stop codon was found between SUN2FL and the His6 tag, which was 

removed by PCR using the primers SUN2FL/ΔSTOP-F and SUN2FL/ΔSTOP-R and 

subsequent KLD treatment. As described above, EGFP was PCR amplified from EGFP–

SUN1FL using the primers EGFP-F and EGFP-R and EcoRI digested alongside 

SUN2FL–His6, both of which were gel purified and ligated together to form EGFP–

SUN2FL–His6. EGFP–SUN2ND–His6 and EGFP–SUN2LD–His6 were made by PCR 

amplification using the respective primer pairs EGFP-SUN2ND-His6-F/EGFP-SUN2ND-

His6-R and EGFP-SUN2LD-His6-/EGFP-SUN2LD-His6-R followed by purification and 

KLD treatment. EGFP–SUN21-131–His6 was made by PCR amplification using the 

primers SUN2FL/ΔSTOP-F and EGFP-SUN21-131-His6-R, the product of which was 

purified and subjected to KLD treatment. 
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2.2.6 Protein purification  

GST-tagged T7 RNA polymerase and truncated GADD34 were expressed in BL21 DE3 

strain E. coli and purified using standard glutathione-based affinity chromatography as 

previously described164. The His6–GST–EGFP construct was transformed into a BL21 

DE3 E. coli strain. A 1 l liquid culture was inoculated with a single colony and induced 

with IPTG when the bacteria reached a concentration of an optical density at 600 nm of 

0.6. Following 4 h of growth at 37°C, cells were harvested at 10,000 g for 15 min. The 

resulting cell pellet was then resuspended in 40 ml lysis buffer (20 mM HEPES pH 7.5, 

200 mM NaCl, 1 mM DTT, 5% glycerol, 5 mM EDTA) supplemented with a complete 

Protease Inhibitor Cocktail tablet (Roche, Basel, Switzerland). Next, cells were lysed by 

sonication (50% duty cycle for 5 min with a 1-min on/off cycle) and subsequently 

centrifuged at 92,400 g using a Ti70 rotor (Beckman Coulter Life Sciences, Indianapolis, 

IN) for 45 min at 4°C. Afterwards, the supernatant was loaded onto an Acta HPLC system 

(General Electric, Schenectady, NY) with a 1 ml nickel column for affinity 

chromatography. The bound protein was then eluted with elution buffer [20 mM HEPES 

(pH 7.5), 200 mM NaCl and 300 mM imidazole]. The concentration of imidazole was 

reduced 40,000× by consecutive dialysis using an Invitrogen 3 ml dialysis cassette 

(ThermoFisher Scientific) in 20 mM HEPES (pH 7.5) and 200 mM NaCl solution. The 

remaining volume was concentrated to 1.5 ml using an Amicon Ultra cellulose 10,000 

MWCO filtration unit (Millipore Sigma). The final protein concentration was quantified with 

a Pierce BCA assay (ThermoFisher Scientific) to be 2 mg/ml. Finally, 10% glycerol was 

added for storage at -80°C.  

2.2.7 Pronase digestion assay  
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Lyophilized S. griseus pronase (Roche) was dissolved in milli-Q water to make a stock 

concentration of 6 mg/ml, which was then stored at 4°C for up to 3 days. Following ANM 

generation, beads were pelleted by centrifugation at 300 g for 5 min at 4°C. The 

supernatant was then carefully removed without disturbing the bead pellet, which was 

subsequently washed twice in 1 ml PBS (Ca2+ and Mg2+-free, pH 7.5) followed by 

resuspension in 30 μl PBS. Next, 18 μl of sample was loaded via capillary action into an 

imaging flow chamber made from a glass coverslip adhered to a glass slide, both of which 

were purchased from ThermoFischer Scientific, and separated by two strips of double-

sided tape. Finally, 9 μl of pronase stock solution was added to the chamber containing 

the ANMs resulting in a final pronase concentration of 2 mg/ml. For the digestion of His6–

GST–EGFP, purified protein was added to SUPER templates containing 60% DOPC, 

30% cholesterol, and 10% Ni-NTA lipids at a final concentration of 1 µM, incubated at 

room temperature for 15 min, washed twice with PBS, and then resuspended in 30 μl 

PBS. Confocal images were acquired before and 15 min after the addition of pronase.  

2.2.8 KASH-binding assay  

TRITC–KASH2WT (SEDDYSCQANNFARSFYPMLRYTNGPPPT) and TRITC–

KASH2ΔPPPT (SEDDYSCQANNFARSFYPMLRYTNG) were purchased from Genscript 

Biotech (Piscataway, NJ). The lyophilized peptides were dissolved in DMSO to give a 

final stock concentration of 10 μM each. Similar to the pronase digestion assay, the ANMs 

were washed and resuspended in 30 μl PBS and then 10 μl aliquots were made for 

TRITC–KASH2 peptide-binding tests. To each aliquot of washed ANMs, we added 0.5 μl 

of TRITC–KASHWT or KASH2ΔPPPT peptides as well as 0.5 μl milli-Q water, resulting 

in a final peptide concentration of 450 nM. To each aliquot of washed SUPER templates, 
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which were resuspended completely before being equally distributed in different tubes, 

we added 1.0 μl of TRITC–KASHWT peptide resulting in a final peptide concentration of 

1 μM. The binding reactions were then incubated for 15 min at room temperature prior to 

imaging.  

2.2.9 Microscopy  

All images were acquired using an oil immersion 100×/1.4 NA Plan Apochromat objective 

with an Olympus IX-81 inverted fluorescence microscope (Olympus Corporation, Tokyo, 

Japan) controlled by MetaMorph software (Molecular Devices, San Jose, CA) equipped 

with a CSU-X1 spinning disc confocal head (Yokogawa Electric Corporation, Tokyo, 

Japan), AOTF-controlled solid-state lasers (Andor Technology, Belfast, UK), and an 

iXON3 EMCCD camera (Andor Technology, Belfast, UK). Images of EGFP fluorescence 

images were acquired with 488 nm laser excitation at an exposure of 500 ms for all 

experimental conditions. TRITC fluorescence images were acquired with 561 nm laser 

excitation at an exposure of 100 ms. A Semrock 25 nm quad-band band-pass filter (FF01-

440/521/607/700-25, IDEX Health and Science LLC, Rochester, NY) centered at 440, 

521, 607 and 700 nm was used as the emission filter. Each acquired image contained 

∼3–5 beads, SUPER templates or ANMs that had settled down on a coverslip. For an 

individual experiment, four images were taken at different locations across a coverslip. 

Each experiment was repeated three independent times using the same imaging 

procedure. Samples were always freshly prepared before each experiment and were 

never reused.  

2.2.10 Image analysis  
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All images were analyzed using FIJI software (https://fiji.sc). We did not exclude any data 

from our analyses, nor did we utilize blinding. Since the fluorescent rings corresponding 

to all membrane associating proteins were not homogenous in intensity, 8–10 line-scans 

were performed through the center of each bead at multiple angles and the maximum 

intensities of those scans were recorded. These values were averaged over each bead 

to generate one data point in the box plots (marking the first and third quartile with the 

box and the median) shown. Averaged background intensity measurements were 

performed for each image, which were subsequently subtracted from the individual 

fluorescence intensities of all beads present in that image. Normalization was carried out 

with respect to the maximum background subtracted intensity of beads in a given channel 

corresponding to the cell-free expression of a given protein in the absence of pronase. 

For the plots quantifying KASH peptide binding, normalization was carried out with 

respect to the maximum intensity of the beads incubated with TRITC–KASH2WT 

peptides. Since the fluorescence intensities measured for each sample displayed very 

little variation, the ∼16–20 beads, SUPER templates, or ANMs analyzed per condition 

were sufficient to enable the detection of statistically significant effect of particular 

experimental manipulation. Statistical analysis was performed using a two-tailed t-test 

with a significance level of 0.05, as the data shown in this work meets its assumptions for 

statistical significance. The variance is conserved between the individual groups of data 

that were compared using this statistical test. 

2.3 Results  

2.3.1 Synthesis of SUN1 and SUN2 using mammalian CFE 
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CFE systems enable the synthesis of proteins of interest encoded by cDNA constructs in 

a one-pot transcription–translation reaction165,166. Recent studies demonstrate the 

successful reconstitution of membrane proteins in ER-derived microsomes and supported 

lipid bilayers following CFE in eukaryotic cell extracts109,167. The use of CFE for 

mechanistic structure/function-based studies of membrane proteins offers several 

important advantages over more conventional cell-based methods where membrane 

proteins are overexpressed in and purified from heterologous systems168,169. Specifically, 

CFE systems significantly reduce the risk of membrane protein denaturation, as newly 

Figure 2.1: Synthesis of FL SUN1 and SUN2 using a mammalian CFE system. (A) Schematic of 
the HeLa CFE system used in this work. (B) Illustration of the pT7-CFE-His6 constructs encoding 
EGFP–SUN1FL–His6 and EGFP–SUN2FL–His6. (C) Plot of the kinetics of EGFP–SUN1FL–His6 and 
EGFP–SUN2FL–His6 synthesis in HeLa CFE reactions as a read-out of EGFP fluorescence over time. 
Error bands indicate the standard deviation calculated from three independent experiments. (D) 
Western blot of CFE-synthesized EGFP–SUN1FL–His6 and EGFP–SUN2FL–His6 probed with an anti-
EGFP antibody. 
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synthesized membrane proteins are directly inserted into natural ER-based lipid bilayers 

in the absence of detergents, thus allowing for their proper folding. In addition, CFE is 

significantly more robust and efficient than the time-consuming process of cell-based 

expression followed by purification and reconstitution.  

To investigate the feasibility of using CFE to reconstitute LINC complexes, we 

tested the ability of our previously described CFE system, generated using lysates 

prepared from HeLa S3 cells grown in suspension162, to synthesize full-length (FL) mouse 

SUN1 and SUN2 in the absence of exogenously supplied artificial membranes (Figure 

2.1A). To do this, we sub-cloned previously characterized cDNA constructs encoding 

EGFP tagged SUN1FL and SUN2FL150,163 behind the T7 promoter in the pT7CFE1-CHis 

vector for mammalian CFE to generate EGFP–SUN1FL–His6 and EGFP–SUN2FL–His6, 

respectively (Figure 2.1B). These constructs were then added separately to CFE 

reactions containing T7 RNA polymerase and incubated at 32°C in a 96-well plate. Protein 

production was monitored in a plate reader by quantifying bulk EGFP fluorescence for 2 

h, which revealed robust synthesis of both EGFP–SUN1FL–His6 and EGFP-SUN2FL–

His6 above background levels (Figure 2.1C). Western blot analysis of these CFE reactions 

using anti-EGFP antibodies demonstrated single bands at molecular masses consistent 

with the synthesis of FL of EGFP–SUN1FL–His6 (∼131 kDa) and EGFP–SUN2FL–His6 

(∼110 kDa) (Figure 2.1D).  

To determine whether EGFP–SUN1FL–His6 and EGFP–SUN2FL–His6 were 

membrane associated, we stained microsomes in CFE reactions expressing either 

protein with the lipophilic membrane stain (1,1′- dioctadecyl-3,3,3′,3′-

tetramethylindocarbocyanine perchlorate; DiI). Confocal images of the stained CFE 
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reactions revealed puncta of EGFP and DiI fluorescence; however, we were unable to 

observe a clear colocalization between these puncta owing to the speed of their diffusion 

and the temporal limitation of our microscope set-up (Fig. S1A in published 

manuscript131). Nevertheless, colocalization between EGFP and DiI was observed in 

puncta that had settled down onto the coverslip suggesting that EGFP–SUN1FL–His6 and 

EGFP–SUN2FL–His6 may be inserted into the ER-derived microsomes present within the 

HeLa S3 cell extracts used for their CFE (Fig. S1B in published manuscript131). Further 

analysis was carried out by ultracentrifugation and EGFP–SUN1FL–His6 and EGFP–

SUN2FL–His6 were present in the microsome pellet as confirmed by Western blot (Figure 

2.2A). Images of the HeLa lysate before and after ultracentrifugation (supernatant) 

Figure 2.2: Microsome mediated protein reconstitution in HeLa CFE. (A) Western blot showing 
localization of SUN2 FL protein in microsomal fraction of CFE after ultracentrifugation. (B) Labelled 
microsomes with ER tracker before (top) and after ultracentrifugation (bottom), supernatant fraction. 
Scale bar: 10 µm 
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confirmed removal of microsomes by ultracentrifugation (Figure 2.2B). Taken together, 

these results show that our mammalian CFE system can be used for the efficient 

synthesis of FL SUN1 and SUN2 proteins.  

2.3.2 Insertion of CFE-generated SUN1 and SUN2 into ANMs  

Our next step towards LINC complex reconstitution was to determine whether our CFE-

synthesized SUN proteins could be inserted into exogenously provided artificial lipid 

bilayer membranes. Here, we used supported lipid bilayer with excess membrane 

Figure 2.3: Reconstitution of CFE-synthesized FL SUN1 and SUN2 in ANMs. (A) Schematic of the 
process of generating ANMs with inserted CFE-synthesized membrane proteins. (B) Illustrations of the 
constructs used in this figure. (C) Representative images of silica beads or SUPER templates incubated 
in CFE reactions for the indicated constructs. Scale bar: 5 µm. 
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reservoir (SUPER) templates to facilitate the isolation of functional SUN protein inserted 

into artificial lipid bilayer membranes. Initially developed for in vitro studies of protein-

mediated membrane fission161, SUPER templates allow for the reconstitution of excess 

lipid bilayer membranes on 5 μm diameter silica beads due to the fusion of small 

unilamellar vesicles (SUVs) containing negatively charged lipids under conditions of high-

ionic strength (Figure 2.3A). The lipid composition used for the SUVs in this study was 

designed to closely mimic that of the INM170.  

Following their assembly, the SUPER templates were added to a CFE reaction 

containing synthesized SUN proteins. We observed the successful association of both 

EGFP–SUN1FL–His6 and EGFP–SUN2FL–His6 with SUPER templates incubated in their 

CFE reactions (Figure 2.3B,C). Analysis of the protein domain architectures of SUN1FL 

and SUN2FL using the simple modular architecture research tool (SMART)171 predicted 

the existence of one and two TMDs, respectively. Importantly, neither construct 

associated with silica beads in the absence of SUPER template, strongly suggesting the 

specific insertion of EGFP–SUN1FL–His6 and EGFP–SUN2FL–His6 into the lipid bilayer 

membrane of the SUPER template and the assembly of SUN protein-containing ANMs. 

Although we limit our use of ANMs in this work to reconstitute INM proteins, they could 

easily be used to reconstitute ONM proteins, such as nesprins.  

2.3.3 The C-termini of SUN1 and SUN2 inserted into ANMs remain solvent-exposed  

 Since the LINC complex assembly is driven by the direct interaction of the C-terminal 

SUN domain of SUN proteins with the C-terminal KASH peptide of KASH proteins within 
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the perinuclear space, we next needed to determine the orientation of EGFP–SUN1FL–

Figure 2.4: Orientation of CFE-synthesized FL SUN1 and SUN2 inserted in ANMs. (A) Illustration 
of a FL SUN protein with EGFP fused to its N-terminus. (B) Schematic of the pronase digestion assay 
used to determine the topology of ANM-inserted FL SUN proteins synthesized by CFE. If the SUN 
proteins were oriented with their N-termini protruding away from the ANM into the solution and their C-
termini inserted in between the lipid bilayer and the silica bead, EGFP would be protected from pronase-
mediated degradation (i). If SUN proteins were oriented in the opposite direction, EGFP would be 
degraded by pronase (ii). (C) Representative images of SUPER templates incubated in CFE reactions 
expressing the indicated FL SUN protein constructs before (t=0 min) or after (t=15 min) the addition of 
pronase. As a positive control for pronase digestion, purified His6–GST–EGFP was incubated with 
SUPER templates containing 10% DOGS-NTA-Ni prior to the addition of pronase. Scale bar: 5 µm. (D) 
Box plots depicting the relative fluorescence units (RFU) of EGFP quantified on ANMs 
before (t=0 min) and after (t=15 min) the addition of pronase for the indicated constructs from three 
independent experiments (n=24–30 beads). The box represents the 25–75th percentiles, and the 
median is indicated. The whiskers show the minimum and maximum data points. ***P<0.001. R.F.U., 
relative fluorescence units. 
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His6 and EGFP–SUN2FL–His6 in reconstituted ANMs. To do this, we developed an 

imaging-based protease protection assay using the Streptomyces griseus-derived 

pronase172, which was added to reconstituted ANMs on beads after 8 h of incubation 

followed by a washing step. As EGFP is fused to the N-termini of our SUN protein 

constructs (Figure 2.4A), the loss of fluorescence following pronase addition would 

indicate that their N-termini are exposed to solvent. Alternatively, if the EGFP 

fluorescence were detected in the presence of pronase, we would conclude that the N-

termini of our constructs was found within the space between the supported lipid bilayer 

of the SUPER template and the silica bead (Figure 2.4B).      

 To control for protease activity, we tested the ability of pronase to efficiently 

Figure 2.5: Rapid reduction of EGFP fluorescence on SUPER templates by pronase. A) 
Representative images of purified His6-GST-EGFP incubated with SUPER templates containing 10% 
DOGS-NTA-Ni before (t = 0 min) or after (t = 5 min) the addition of pronase. Scale bar: 5 µm. B) Box 
plots depicting the relative fluorescence units (RFU) of EGFP quantified on ANMs before (t = 0 min) 
and after (t = 5 min) the addition of pronase for His6-GST-EGFP from 3 independent experiments (n = 
16 beads per condition). The box represents the 25–75th percentiles, and the median is indicated. The 
whiskers show the minimum and the maximum data points. **** p < 0.0001. R.F.U., relative 
fluorescence units. 
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degrade His6-tagged glutathione-S-transferase (GST) EGFP (His6–GST–EGFP), the 

membrane association of which was promoted by the incorporation of 10% 1,2-dioleoyl-

sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) 

(DOGS-NTA-Ni) into the SUPER templates incubated in the CFE reaction (Figure 2.4B). 

As expected, the addition of pronase reduced the levels of EGFP fluorescence detected 

on the surface of His6–GST–EGFP-bound ANMs to negligible levels after 5–15 min 

(Figure 2.4C; Figure 2.5). In contrast, no significant difference in EGFP fluorescence was 

detected on ANMs containing either EGFP–SUN1FL–His6 or EGFP–SUN2FL–His6 

before or 15 min after the addition of pronase (Figure 2.4C,D). To further examine the 

orientation of EGFP–SUN1FL–His6 and EGFP–SUN2FL–His6 in ANMs, we performed 

the pronase protection assay on ANMs containing these reconstituted SUN proteins, 

which were labeled with an anti-His monoclonal antibody directly conjugated to the 

fluorescent dye Alexa Fluor 647 (anti-Penta-His–AF647 antibody) (Figure 2.6). Confocal 

images of these labeled SUN protein-containing ANMs prior to the addition of pronase 

revealed clear ANM-associated EGFP and AF647 fluorescence, while only EGFP 

Figure 2.6: Topology of Penta-His-AF647-labeled EGFP-SUN1FL-His6 and EGFP-SUN2FL-His6 
inserted into ANMs determined by pronase protection assay. Representative images of Penta-His-
AF647-labeled EGFPSUN1FL-His6 and EGFP-SUN2FL-His6 inserted into ANMs taken before and 30 
minutes after the addition of pronase. Scale bar: 5 µm. 
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fluorescence was detected on the ANMs after exposure to pronase. Thus, these results 

suggest that the N-termini of EGFP–SUN1FL–His6 and EGFP–SUN2FL–His6 reside 

within the space in between the supported lipid bilayer and the silica bead of the ANM.  

2.3.4 SUN1 contains three TMDs  

Several lines of experimental evidence in the literature support a model where the SUN 

proteins are single-pass type II membrane proteins with nucleoplasmic N-termini and 

luminal C-termini148,173. However, earlier studies demonstrated the presence of additional 

hydrophobic regions (HRs) in the nucleoplasmic domains (NDs) of both SUN1 and 

SUN2158,174,175. To begin to assess whether or not additional TMDs exist in SUN1, we 

generated EGFP- and His6-tagged constructs encoding the amino acids N- and C-

terminal of the previously identified TMD, which were referred to as the ND and luminal 

domain (LD), respectively (Figure 2.7A). Whereas CFE-synthesized EGFP–SUN1LD–

His6 remained soluble, EGFP–SUN1ND–His6 strongly associated with SUPER templates 

incubated in CFE reactions (Figure 2.7B). These results clearly suggest that additional 

TMDs and/or HRs within the ND of SUN1. Computational analysis of the solvent 

accessibilities of the amino acid residues present in the ND of SUN1 using the SABLE 

server (http://sable.cchmc.org/sable_doc.html)176 revealed the presence of two additional 

HRs in the SUN1ND (Figure 2.7C). To test the role of these HRs in promoting the 

association of SUN1ND with ANMs, we generated a panel of EGFP- and His6-tagged 

constructs encoding SUN1ND truncations (Figure 2.7C). The single HR-containing 

EGFP–SUN1(1-364)–His6 construct still associated with ANMs, whereas the HR-devoid 

EGFP–SUN1(1-232)–His6 construct did not (Figure 2.7D). Based on these results, we 

conclude that the HRs present in SUN1ND mediates its ability to associate with the ANM. 
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While the SUN1ND also contains an enigmatic C2H2 Zn2+ finger158,177, it is not sufficient 

Figure 2.7: Topology of SUN1 inserted in ANMs. (A,C) Illustration of the constructs used in this figure. 
(B,D) Representative images of silica beads or SUPER templates incubated in CFE reactions for the 
indicated constructs. (E) Representative images of SUPER templates incubated in CFE reactions 
expressing the indicated constructs before (t=0 min) or after (t=15 min) the addition of pronase. (F) Box 
plots depicting the RFU of EGFP quantified on ANMs before (t=0 min) and after (t=15 min) the addition 
of pronase for the indicated constructs from three independent experiments (n=12 beads per condition). 
The box represents the 25–75th percentiles, and the median is indicated. The whiskers show the 
minimum and maximum data points. (G) Working model for the topology of EGFP–SUN1FL–His6 
inserted into the INM. Scale bars: 5 µm. R.F.U., relative fluorescence units. 
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for ANM association.            

To determine whether the HRs found within SUN1ND are TMDs or peripherally 

associated with membrane, we again turned to the pronase protection assay described 

above. Treatment of EGFP–SUN1ND–His6 or EGFP–SUN1(1-364)–His6-associated 

ANMs with pronase for 15 min did not significantly decrease the levels of ANM-associated 

EGFP fluorescence (Figure 2.7E,F). In addition, we performed pronase protection assays 

on ANMs containing either EGFP–SUN1ND–His6 or EGFP–SUN1(1-364)–His6, which 

were also labeled with anti-Penta-His-AF647 antibody (Fig. S3 in published 

manuscript131). Similar to what was observed with ANMs containing either EGFP–

SUN1FL–His6 or EGFP–SUN1FL–His6, confocal images of these labeled SUN protein-

containing ANMs prior to the addition of pronase revealed clear ANM-associated EGFP 

and AF647 fluorescence, while only EGFP fluorescence was detected on the ANMs after 

exposure to pronase. Thus, we propose that one of the two additional HRs in the SUN1ND 

is a TMD. Based on these results and the possibility of a membrane-associating HR in 

SUN1ND, a potential model of SUN1 topology in the INM is shown (Figure 2.7G), which 

would preserve the luminal orientation of the C-terminus while maintaining the 

nucleoplasmic orientation of the N terminus.  

2.3.5 SUN2 contains a single TMD and a membrane-associated HR  

We next asked whether SUN2 also possessed more than one TMD by testing the ability 

of EGFP- and His6-tagged constructs encoding the SUN2ND and SUN2LD to associate 

with membranes (Figure 2.8A). Similar to SUN1, EGFP–SUN2LD–His6 remained soluble, 

while EGFP–SUN2ND–His6 strongly associated with SUPER templates incubated in CFE 

reactions (Figure 2.8B). Computational analysis using the SABLE server revealed the 
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presence of a single HR within the ND of SUN2 (Figure 2.8C), which was found to be 

Figure 2.8: Topology of SUN2 inserted in ANMs. (A,C) Illustration of the constructs used in this figure. 
(B,D) Representative images of SUPER templates incubated in CFE reactions for the indicated 
constructs. (E) Representative images of SUPER templates incubated in CFE reactions expressing the 
indicated constructs before (t=0 min) or after (t=15 min) the addition of pronase. (F) Box plots depicting 
the RFU of EGFP quantified on ANMs before (t=0 min) and after (t=15 min) the addition of pronase for 
the indicated constructs from three independent experiments (n=12 beads per condition). The box 
represents the 25–75th percentiles, and the median is indicated. The whiskers show the minimum and 
maximum data points. ****P<0.0001. (G) Working model for the topology of EGFP–SUN2FL–His6 
inserted into the INM. Scale bars: 5 µm. R.F.U., relative fluorescence units. 
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critical for SUN2ND to associate with membranes, as a construct lacking this HR, EGFP–

SUN2(1-131)–His6, remained soluble (Figure 2.8D). However, the addition of pronase to 

EGFP–SUN2ND–His6-associated SUPER templates reduced EGFP fluorescence to 

background levels (Figure 2.8E,F). Consequently, we propose that the SUN2ND 

peripherally associates with the nucleoplasmic leaflet of the INM, thereby maintaining the 

type II membrane protein topology of SUN2 (Figure 2.8G).  

Figure 2.9: Reconstitution of KASH-binding SUN1FL and SUN2FL complexes using CFE and 
ANMs. (A) Schematic depicting an assembled LINC complex based on previously published structural 
and computational modeling studies (Jahed et al., 2018; Sosa et al., 2012). CRD, central rod domain. 
(B) Representative images of ANMs containing the indicated inserted SUN protein as well as SUPER 
templates incubated together with the indicated KASH2 peptide. Scale bar: 5 µm. (C) Box plots 
depicting the quantified RFUs from the indicated KASH2 peptides recruited to ANMs containing the 
inserted indicated SUN protein as well as to SUPER templates, which were not incubated in CFE 
reactions from three independent experiments (n=12 beads per condition). The box represents the 25–
75th percentiles, and the median is indicated. The whiskers show the minimum and maximum data 
points. ***P<0.001. R.F.U., relative fluorescence units. 
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2.3.6 Reconstitution of KASH-binding FL SUN1 and SUN2 in ANMs  

Having demonstrated that we could successfully use CFE to generate supported artificial 

lipid bilayers containing FL SUN1 and SUN2 oriented such that their C-termini were 

exposed to solvent, we finally ask whether or not we could use these ANMs to reconstitute 

LINC complex assembly in vitro. Since the core of the LINC complex is formed by the 

direct interaction between the LD of SUN proteins and the KASH peptide of KASH 

proteins148 (Figure 2.9A), we tested the ability of EGFP–SUN1FL–His6- and EGFP–

SUN2FL–His6-containing ANMs to recruit wild-type (WT) KASH peptides from the KASH 

protein nesprin-2 with tetramethylrhodamine (TRITC) attached to their N-termini (TRITC–

KASH2WT). ANMs containing EGFP- SUN1FL–His6 or EGFP–SUN2FL–His6 displayed 

an efficient recruitment of TRITC–KASH2WT. Importantly, neither ANM was able to 

recruit TRITC labeled KASH peptides lacking the four C-terminal amino acids that are 

required for the SUN–KASH interaction to occur normally177 (TRITC-KASH2ΔPPPT) to 

levels similar to those observed with TRITC–KASH2WT (Figure 2.9B,C). However, the 

recruitment of TRITC–KASH2ΔPPPT to ANMs containing EGFP–SUN1FL–His6 or 

EGFP–SUN2FL–His6 was slightly elevated relative to its recruitment to SUPER 

templates, which were not incubated in CFE reactions. Therefore, TRITC–KASH2ΔPPPT 

appears to maintain some ability to interact with FL SUN proteins. Because LINC complex 

assembly is critically dependent upon the ability of SUN proteins to directly interact with 

KASH peptides, these results strongly suggest that we have successfully reconstituted 

the SUN–KASH interaction using CFE and ANMs. 

2.4 Conclusion 
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Here, we describe ANMs as a bottom-up synthetic biology platform for the reconstitution 

and mechanistic dissection of LINC complex assembly. We show that we can reconstitute 

FL SUN1 and SUN2 proteins into ANMs with their N-terminal NDs oriented in between 

the lipid bilayer and the silica bead while their C-terminal LDs extend away from the ANM 

and into the solution. We also use ANMs to determine that SUN2 possesses a single 

transmembrane domain, while SUN1 possesses three. Finally, we demonstrate that 

ANM-inserted FL SUN proteins are capable of recruiting the KASH peptide of nesprin-2, 

suggesting that we have successfully reconstituted the SUN–KASH interaction, which is 

the core of the LINC complex. The minimal ability of TRITC–KASH2ΔPPPT to interact 

with FL SUN proteins inserted into ANMs suggests that the PPPT motif is not the only 

binding interface between the KASH2 peptide and SUN proteins. In fact, KASH2 interacts 

with SUN2 through two additional binding interfaces178,179. The first interface consists of 

residues -4 to -14 (numbering relative to the C-terminus) of the KASH peptide, which 

insert into a groove formed between two SUN2 protomers, with the conserved 

hydrophobic residues at -7 and -9 being oriented towards the groove. The third interface, 

residues -15 to -23, fits along the surface of the adjacent SUN2 protomer. A conserved 

cysteine residue at position -23 of the KASH peptide is oriented to form an intermolecular 

disulfide bond with a conserved cysteine residue in the SUN domain of SUN2. Future 

experiments will be aimed at testing the role of these other binding interfaces on the 

residual recruitment of TRITC–KASH2ΔPPPT to reconstituted SUN protein containing 

ANMs.  

The orientation of SUN proteins reconstituted in ANMs is not random, presumably 

because the CFE reaction lysates contain ER derived microsomes, which contain the 

cellular machinery necessary for the co-translational translocation of membrane 
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proteins111. Since the interior of ER-derived microsomes is equivalent to the ER lumen 

and the contiguous perinuclear space of the nuclear envelope, the C-terminal LD of SUN 

proteins will be co-translationally translocated into the interior while the N-terminal ND will 

remain on the outside of the ER-derived microsomes in the CFE reaction. Thus, when the 

SUPER templates are introduced into the SUN protein-expressing CFE reactions, the 

SUN protein-containing ER-derived microsomes fuse with the supported lipid bilayer 

surrounding the silica bead of the SUPER template. Consequently, the N-terminal ND 

can now be found in the space between the lipid bilayer and the silica bead, while the C-

terminal LD is oriented away from the ANM and is solvent exposed. However, this case 

does not hold for EGFP–SUN2ND, which contains a membrane-associated HR, because 

the protein is likely synthesized outside of the ER derived microsomes and is only present 

on the solvent-exposed side of the ANM.
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Chapter 3: Development of a Mechanosensitive 
Synthetic Cell capable of Calcium Biosensing 

* Part of this chapter has been published in Majumder, Garamella et al. Chemical 

Communications, 2017180. The author designed and carried out all encapsulation experiments in 

liposomes for Figures 3.4 and 3.5. The E. coli TXTL system and MscL and deGFP plasmids were 

provided by Vincent Noireaux. 

3.1 Introduction 

3.1.1 Protein synthesis with cell-free expression 

Cell-free expression (CFE) has been recently reshaped into a highly versatile technology 

applicable to an increasing number of research areas181. The new generation of DNA-

dependent cell-free transcription–translation systems (TXTL) has been engineered to 

address applications over a broad spectrum of engineering and fundamental disciplines, 

from synthetic biology to biophysics and chemistry182,183. Modern TXTL platforms are 

used for medicine and biomolecular manufacturing, such as the production of vaccine 

and therapeutics184,185. By performing non-natural chemistries186–188, the TXTL 

technology has been improved to expand the molecular repertoire of biological systems. 

Because the time for design-build-test cycle is dramatically reduced, TXTL has become 

a powerful platform to rapidly prototype genetic programs in vitro, from testing single 

regulatory elements to recapitulating metabolic pathways189. Remarkably, the new TXTL 

systems have also been prepared so as to work at many different scales and in different 

experimental settings. As such, TXTL reactions can be carried out in volumes spanning 
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more than twelve orders of magnitudes, from bulk reactions to microfluidics and synthetic 

cell systems129,183,190.  

3.1.2 Synthetic cells as an experimental system  

The bottom-up construction of synthetic cells that recapitulates gene expression has 

become an effective means to characterize biological functions in isolation and to 

prototype cell-sized compartments as chemical bioreactors for applications in 

biotechnology191,192. In particular, engineering synthetic cells integrating active membrane 

functions is critical to develop mechanically robust compartments capable of sensing the 

physical and chemical environment. Such undertaking, however, remains challenging as 

only a few synthetic cell systems loaded with executable genetic information and 

harboring membrane sensors have been achieved121. In this work, we construct synthetic 

cells capable of responding to osmotic pressure by expressing the E. coli 

mechanosensitive membrane protein MscL using a TXTL system encapsulated into 

synthetic liposomes. Using the calcium sensitive reporter G-GECO, we demonstrate that 

the osmotic pressure and calcium intake can be detected simultaneously, at different 

concentrations of the divalent ion. TXTL is carried out with a highly versatile all E. coli 

cell-free toolbox based on the endogenous transcription machinery (E. coli core RNA 

polymerase and sigma factor 70, σ70). We characterize the channel function by 

monitoring the fluorescence of G-GECO and the leak of polymers of various sizes. Our 

novel approach expands the functional capabilities of encapsulated cell-free TXTL 

reactions and demonstrates, for the first time, that synthetic cell systems with biosensing 

interfaces can be achieved by directly expressing membrane proteins inside liposomes.  
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Our general methodology is to encapsulate TXTL reactions within phospholipid 

vesicles as a versatile platform that recapitulates in vitro transcription–translation for 

producing proteins that endow biosensing and molecular transport properties to the 

vesicles (Figure 3.1A). DNA-based cell-free protein synthesis inside liposomes links the 

information contained in the DNA to the phenotype of synthetic cells in a reduced 

environment suitable for isolation and characterization of cellular functions. Like a 

complex chemical reaction that can be broken down to elementary processes, 

biochemical reactions based on genetic circuits can also be constructed to control rates 

of protein production. Such settings are conveniently adjusted in TXTL by either choosing 

the appropriate plasmids stoichiometry and circuit architectures, or by calibrating the 

strength of promoters and ribosome binding sites183. 

3.2 Materials and Methods: 

Figure 3.1: Schematics of protein synthesis in liposomes and gene circuits. (A) dsDNA is 
transcribed into mRNA, which is then translated to a biosensing fluorescent reporter protein (G-GECO) 
and a mechanosensitive membrane-active protein (MscL). (B) Gene circuits used in this work. (i) The 
E. coli housekeeping transcription factor σ70 activates the promoter P70a. (ii) The σ28 cascade 
requires the expression of σ28 protein, expressed through the P70a promoter. The σ28 transcription 
factor activates the corresponding promoter P28a. 
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3.2.1 DNA constructs 

The plasmids P70a-deGFP, P70a-σ28, and P28a-deGFP have been described 

previously183. P28a-MscL and P28a-MscL-eGFP were obtained by first cloning MscL from 

E. coli K12 into a P28a backbone and then adding eGFP as a fusion protein. The 

pcDNA3-G-GECO construct was obtained from Takanari Inoue (Johns Hopkins 

University) and the calcium-sensing function was verified by monitoring G-GECO activity 

from external calcium flux through ionophore A23187 (Sigma Aldrich). G-GECO was then 

cloned into the pT7-CFE backbone for use in a mammalian cell-free expression system. 

Specifically, G-GECO was PCR amplified from of the pcDNA backbone and a 5’ Kozak 

sequence and 3’ CAAX sequence (in frame) added. The resulting PCR amplicon was 

cloned into the pT7-CFE empty vector between the plasmid IRES and poly-A tail 

sequence using BamHI and NotI. pT7-G-GECO DNA sequence was confirmed by sanger 

sequencing and its function was verified in bulk mammalian cell-free expression assays 

with and without calcium. Subsequently, restriction enzyme cloning from the pT7 

construct into P70a-deGFP was carried out to obtain the P70a-G-GECO plasmid used in 

the present study. Due to lack of appropriate restriction cut sites, the gene for G-GECO 

was PCR amplified along with the 3’ CAAX motif, and inserted by restriction enzyme 

cloning using PspXI and NcoI, in between the ribosome binding site and the T500 

terminator sequences of the P70a-deGFP vector. 

3.2.2 TXTL preparation and reactions 

TXTL reactions are composed of the E. coli lysate, an amino acid mixture, and an energy 

buffer. Transcription and translation are performed by the endogenous molecular 

components provided by the E. coli cytoplasmic extract. A detailed description of the 
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standard TXTL preparation has been reported previously in several articles126,183. The 

energy buffer is composed of: 50 mM HEPES pH 8, 1.5 mM ATP and GTP, 0.9 mM CTP 

and UTP, 0.2 mg/ml tRNA, 0.26 mM coenzyme A, 0.33 mM NAD, 0.75 mM cAMP, 0.068 

mM folinic acid, 1 mM spermidine, 30 mM 3-PGA, 2% PEG8000, either 10-15 mM maltose 

or 20-40 mM maltodextrin. A typical cell-free reaction is composed of 33% (volume) of E. 

coli crude extract. The other 66% of the reaction volume are composed of the energy 

mixture, the amino acids and plasmids. The amino acid concentration was adjusted 

between 1.5 mM and 3 mM of each of the 20 amino acids (always equimolar for the 20 

amino acids). Mg-glutamate and K-glutamate concentrations were adjusted according to 

the plasmids used (typically 90 mM K-glutamate and 4 mM Mg-glutamate for P70a-

deGFP). Cell-free TXTL reactions were carried out in a volume of 5 µl to 20 µl at 29-30°C.  

3.2.3 Measurement of TXTL gene expression in bulk reactions 

Quantitative measurements were carried out with the reporter protein deGFP (25.4 kDa, 

1 mg/ml = 39.37 µM). deGFP is a variant of the reporter eGFP that is more translatable 

in cell-free systems. The excitation and emission spectra as well as fluorescence 

properties of deGFP and eGFP are identical, as previously reported183. The fluorescence 

of deGFP produced in batch mode reactions was measured on an H1m plate reader 

(Biotek Instruments, V-bottom 96-well plate, interval of three minutes, Ex/Em 488/525 

nm). End-point measurements were carried out after 8-12 h of incubation. Pure 

recombinant eGFP (from either Cell Biolabs Inc. or purified in the lab) was used to make 

a linear calibration of intensity versus eGFP concentration for quantification on plate 

readers. Error bars are the standard deviations from at least three repeats. The 

measurements in batch more reactions for G-GECO were similar to deGFP. 
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Measurements were recorded with a Synergy H1 plate reader (Biotek Instruments) in 96 

V-bottom Nunc polypropylene plates. The temperature was set at 29°C for all conditions 

and kinetic measurements were carried out with an interval of one minute. The excitation 

and emission wavelengths were set at 488 nm and 525 nm respectively. The 

measurement run was stopped at a given time and restarted after externally adding 

calcium to the bulk reaction. This led to a delay of 1-2 minutes indicating the loss of at 

most two data points at the instant of calcium addition in the supplementary figures.  

3.2.4 Liposome preparation 

Liposomes were prepared using the water-in-oil emulsion transfer method. Lipids (Egg 

PC, Avanti Polar Lipids) were dissolved in mineral oil (Sigma-Aldrich) at 2 mg/ml. 2-8 µl 

reactions were added to 500 µl oil and vortexed to create an emulsion. This emulsion was 

added atop 10-20 µl of a feeding solution. The biphasic solution was centrifuged 

for 10 minutes at 1500 g to form liposomes. Single emulsion droplets were created by 

vortexing 6 µL of TXTL reaction in 30 µL of 2% Span 80 surfactant in mineral oil.  

Double emulsion templated vesicles were generated by a glass capillary device as 

described in previous works162,193. DOPC, cholesterol and Liss-Rhod PE (Avanti Polar 

Lipids) were mixed in a glass test tube and Argon gas was used to remove the solvent. 

The lipids were then placed in a dessicator for an hour following which they were 

resuspended in a 36:64 chloroform-hexane solution by volume. The final concentration 

of the lipids was kept constant at 6 mg/ml for all experiments when using this device. The 

inner solution was prepared by adding 1.5% polyvinyl alcohol (PVA) and 1 mM EGTA 

(final concentrations) to a standard TXTL cell-free reaction. The cell-free solution was 

then incubated at 29C for an hour before encapsulation. Outer solution composition was 
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20 mM K-HEPES, 80 mM KCl, 1.3% glycerol, 10% PVA, and 280 mM glucose (final 

osmolarity is 770 mOsm). The outer solution osmolarity was matched with the inner phase 

by adding appropriate concentration of glucose just before encapsulation. 10 mM CaCl2 

(final conc.) was added to this outer solution for resuspending the collected double 

emulsions. 50 µl of double emulsion collection was then added to 100 µl of the outer 

solution containing calcium for all experimental conditions except the hypo-osmotic shock 

with two plasmids, in which case 50 µl double emulsions was added to 100 µl of the hypo-

osmotic solution. The hypo-osmotic solution composition was 20 mM K-HEPES, 80 mM 

KCl, 10% PVA, 400 mM glucose and 10 mM CaCl2 (final osmolarity is 660mOsm). All 

osmolarities were measured on a Vapro-Osmometer (by vapor pressure) with 10 µl of 

sample. Following resuspension in calcium-containing solutions, the double emulsions 

were incubated on a slide. Oil dewetting and lipid bilayer formation was observed within 

a short duration after double emulsion generation.  

3.2.5 Measurement of TXTL gene expression in liposomes  

The phospholipid vesicles were observed using an inverted microscope (Olympus, IX-81) 

equipped with Metamorph Advanced software. Liposomes expressing deGFP/eGFP 

were imaged with a GFP filter set (excitation 473 nm, emission 520 nm). To image the 

TRITC-dextran dye (Sigma-Aldrich) and BSA-TRITC dye (Sigma-Aldrich), a Texas Red 

filter set was used (excitation 556 nm, emission 617 nm). At least 40 lipid vesicles were 

monitored to generate the standard deviation shown in the error bars. The method used 

to quantify the deGFP protein expression has been described previously.1 deGFP was 

expressed and quantified using the Biotek H1m plate reader. Then, deGFP protein at 

different, known concentrations was encapsulated in liposomes and standard curves of 
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area vs intensity were created. By comparing the leading coefficients of these curves, we 

verify the scaling is linear. The CCD camera used was also verified to scale linearly with 

varying exposure times.  

The double emulsion templated vesicles were imaged with Olympus IX-81 

spinning disk confocal microscope connected to an Andor iXOn 3 CCD camera, and 

operated with the Metamorph Advanced software. G-GECO and deGFP images were 

captured with a GFP filter set (excitation 488 nm, emission 525 nm) under constant 

exposure of 500 ms for all experimental conditions. A TRITC filter set (excitation 560 

nm/emission 607 nm) was used to capture the fluorescent lipid images. The exposure 

was kept constant at 100 ms for lipid imaging. All images were background subtracted 

and their contrasts were matched for visual comparison. For the quantitative analysis of 

calcium detection under different concentrations, integrated density (ID) measurement 

was carried out in ImageJ. For each image, a box was drawn based on the size of a 

vesicle and the ID was calculated three times by shifting the box within the lumen of the 

vesicle. Next, using the same box, the background ID was calculated at three different 

positions in the image. The relative fluorescence intensity was then calculated by 

subtracting the average background ID from the average luminal ID and normalizing the 

result with the area of the box.  

3.3 Results 

3.3.1 Development of gene circuits for simultaneous expression of MscL and G-GECO 

In this work, we used two different genetic circuit schemes to produce proteins of interests 

(Figure 3.1B). In the first scheme, the endogenous E. coli core RNA polymerase σ70 

drives the transcription of downstream coding sequence through the constitutive promoter 
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P70a183. Our second scheme is a transcriptional activation cascade where P70a/σ70 

drives the expression of sigma factor 28 (σ28) that is required for subsequent expression 

from a P28a promoter sequence specific to σ28. We first used the reporter protein deGFP 

to characterize the circuit functions and features183. deGFP is a slightly modified version 

of eGFP with identical fluorescence properties. Both schemes were then used to express 

G-GECO, a genetically encoded green fluorescence protein whose fluorescence 

depends on calcium concentration194, and the E. coli mechanosensitive channel of large 

conductance (MscL) for biosensing and incorporating a membrane-active property, 

respectively. We first performed bulk reactions (10 ml reactions) and compared deGFP 

expression kinetics of the single-step circuit vs. the transcriptional activation cascade 

circuit. As expected, the requirement for σ28 to drive expression of deGFP in the 

transcriptional activation resulted in a delay in deGFP expression compared to the single-

step circuit (Figure 3.2A). The delay observed for the cascade, on the order of 15 minutes, 

corresponded to the amount of time necessary for the synthesis of σ28. The bulk reaction 

persisted for many hours and deGFP production began to slow down after 8 hours and 

reached a plateau after 10 hours. The time course observed in these experiments is 

typical for TXTL reactions where protein synthesis ceases due to resource limitation 

(depletion of nucleotides and amino acids), change in the biochemical environment (pH) 

and accumulation of reaction byproducts. We next asked whether compartmentalization 

could preserve the delay in deGFP production that we observed in the bulk reactions. 

Using a single-step emulsion approach by vortexing aqueous TXTL reactions in 2% Span 

80 dissolved in mineral oil, we produced emulsion droplets with a wide range of sizes 

encapsulating the TXTL reactions. As clearly evident, we observed deGFP expression as 

early as 45 minutes for the single-step circuit compared to relatively weak fluorescence 
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after 1 hour for the transcriptional activation cascade (Figure S1 in published 

manuscript180). Fluorescence intensity reached maximum after approximately 2 hours in 

both cases. The shorter protein production time in single emulsions is consistent with a 

faster rate of resource depletion in a compartmentalized system as compared to a bulk 

system129, as well as to the limited supply of oxygen necessary for cell-free TXTL.  

3.3.2 MscL activation with osmotic shock causes dye leakage in liposomes 

We next created synthetic cells by encapsulating TXTL reactions into phospholipid 

vesicles that have a physical boundary comparable to real living cells. We used a reverse 

emulsion technique for generating liposomes183 and we accounted for the delay in 

imaging start time due to preparation (estimated to be around 15 min). Because of the 

initial low protein production in vesicles, we acquired images at a high exposure time 

during the first hour (100 ms compared to 5 ms after 75 minutes of incubation) so that 

some fluorescence signals were observable at the earlier time points. Consistent with the 

experiments carried out under bulk conditions and in single emulsions, there was a clear 

delay in deGFP production in the transcriptional activation cascade in liposomes (Figure 

3.2B). deGFP production leveled off after about 10 hours. The longer lasting expression 

compared to single emulsion is likely due to the availability of oxygen from the outer 

aqueous solution. Together, these experiments demonstrate that a cascaded circuit 

can delay reporter expression and that we can achieve robust protein expression by 

compartmentalizing CFE reactions. Phospholipid vesicles are particularly useful for 

encapsulating TXTL reaction in cell-sized compartments because lipid bilayers are the 
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natural substrates for membrane proteins such as channels and receptors. Expressing 

membrane proteins is a critical step towards constructing synthetic cells with functional 

interfaces to provide, for instance, transport or catalytic capabilities to a vesicle. In this 

regard, only a few of such artificial systems with membrane protein channels and sensors 

have been achieved so far121,195. As a model system, we expressed MscL using the 

cascaded transcriptional activation circuit. MscL is a bacterial membrane protein that 

senses an increase in membrane tension and opens a pore of 2.5 nm diameter to allow 

influx/efflux of molecules down the concentration gradient. It is thought to serve as the 

Figure 3.2: deGFP synthesis in bulk reactions and in liposomes. (A) Kinetics of expression. Plasmid 
P70a-deGFP fixed at 5 nM, P70a-S28 fixed at 0.2 nM, and P28a-deGFP fixed at 5 nM. Inset: 0–3 hours 
magnified. (B) deGFP synthesis in liposomes using both the P70a plasmid and P28a cascade. Scale 
bar: 5 µm. 
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emergency release valve during osmotic downshock without which bacteria can lyse due 

to elevated osmotic pressure.         

 We and others have shown that an increase in osmotic pressure or membrane 

tension can directly gate MscL72,196,197. Integrating active MscL into the membrane of 

synthetic cells by CFE is important for several reasons. First, it provides increased 

mechanical robustness to the vesicles against bursting by equilibrating osmotic pressure. 

It is a necessary step towards constructing synthetic cells robust enough to be used 

outside laboratory conditions. Second, the channel diameter is ideal to pass small 

nutrients molecules and feed the synthetic cells, while keeping the TXTL machineries 

inside. Third, it demonstrates that TXTL supports the expression of mechanosensitive 

membrane proteins that could be used as a means to test MscL mutants. When 

expressing MscL using the transcriptional activation cascade, the delay in MscL 

expression (about 15 minutes) is advantageous because it corresponds to the amount of 

time needed to prepare the liposomes. We first expressed MscL-eGFP to visualize MscL 

localization. We observed the accumulation of MscL-eGFP at the membrane over time 

as expected (Figure S2 in published manuscript180). In order to test MscL function, we 

developed a simple dye-leakage assay where TRITC-labeled dextrans of different 

molecular weights (3, 10, and 70 kDa) and TXTL reaction producing wild type MscL were 

co-encapsulated using the emulsion method to make liposomes (Figure 3.3A). We 

expressed the native MscL without a fluorescent protein tag as MscL fusion proteins have 

a higher activation tension threshold72.         

 In our experiments, we relied on the osmotic pressure from a hypo-osmotic feeding 

solution (630 mOsm) relative to the encapsulated TXTL reaction (700 mOsm). In the 

absence of MscL expression, 5 mM of 3000 Da TRITC-dextran remained encapsulated 
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in the vesicle after 2 hours (Figure 3.3B). In contrast, MscL expression led to dye-leakage 

after 20–30 minutes (Figure 3.3C). When a larger 10000 Da TRITC-dextran was used, 

we observed complete dye-leakage after 60 minutes in MscL-expressing vesicles 

(Figures S3A and S3B in published manuscript180). Larger dextran molecules at 70000 

Da were completely retained after 120 minutes with or without MscL expression (Figure 

S3C in published manuscript180), with no leakage observed after 12 hours of incubation 

(data not shown). We also tested the leakage of two proteins, deGFP (27 kDa) and BSA-

TRITC (60 kDa). Both were also completely retained inside the liposomes in MscL-

expressing vesicles after 2 hours of incubation (Figure S3D in published manuscript180). 

No leakage was observed after overnight incubation (data not shown).  

Figure 3.3: Leakage of a 3 kDa TRITC-dextran in liposomes in the absence or presence of MscL. 
(A) Schematic of the encapsulation of a cell-free reaction containing 3 kDa TRITC-dextran (5 mM), 
P70a-S28 (0.2 nM), and P28a-MscL (5 nM) into liposomes via the water-in-oil emulsion transfer 
method. (B) Fluorescence images of liposomes containing 3 kDa TRITC-dextran over a 2-hour period 
with only P70a-S28 added to the cell-free reaction. (C) Fluorescence images of liposomes containing 
3 kDa TRITC-dextran over a 40-minute period with P70a-S28 and P28a-MscL added to the cell-free 
reaction. Scale bar: 5 µm. 
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3.3.3 Co-expression of G-GECO and MscL enables calcium detection upon osmotic 

shock 

Our next challenge was to use a genetically-encoded reporter and demonstrate that we 

can couple a mechanical input to biosensing. We cloned the genetically-encoded calcium 

ion (Ca2+) biosensor G-GECO that is composed of a circularly permuted GFP fused to 

the calmodulin (CaM)-binding region of myosin light chain kinase M13 at its N-terminus 

and CaM at its C-terminus198. G-GECO is dim in the absence of Ca2+ and bright when 

bound to Ca2+ with a Ca2+-dependent fluorescence increase of  23–26 fold (Figure 

3.4A)187. We cloned G-GECO under the P70a promoter and verified that it can sense 

Ca2+ in a plate reader assay (Figure S4A in published manusript180). To eliminate traces 

of Ca2+ present in TXTL reactions estimated to be up to 1 mM Ca2+, we added 1 mM 

EGTA to the TXTL reactions so that G-GECO can report an increase in calcium level 

when externally added to the reactions. Both G-GECO and MscL-eGFP can be produced 

together in a single TXTL reaction, as shown by the increased fluorescence level by G-

GECO after adding 1 mM Ca2+ at 120 minutes after TXTL started (Figure S4B in published 

manuscript180). To create mechanosensitive-biosensing vesicles, we employed double 

emulsion templated vesicles generated by droplet microfluidics162,199. We have previously 

used this approach and showed that small molecules from the feeding solution can enter 

encapsulated vesicles containing integrated synthesis, assembly, and translation (iSAT) 

reactions129. We have also shown that Ca2+ can enter a double emulsion droplet with an 

ultrathin oil layer as the middle phase when the droplet is under hypo-osmotic shock200. 

However, Ca2+ as a charged ion cannot across a lipid bilayer. When G-GECO was 
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expressed in the presence of 1.5 mM Ca2+ inside a vesicle, fluorescence was readily 

detected after 90 minutes, demonstrating that G-GECO can be used to detect increased 

calcium concentration in a synthetic cell (Figure 3.4B). As expected, if Ca2+ is added to 

Figure 3.4: Mechanosensitive and biosensing synthetic cell system. (A) Schematic depicting the 
reversible transformation between the fluorescent and nonfluorescent states of G-GECO protein in 
presence of calcium and EGTA. (B) Fluorescence images of G-GECO expression with calcium addition 
inside vesicles (1 nM P70a-G-GECO, 1.5 mM calcium chloride was added to TXTL reaction after 1.5-
hour incubation prior to encapsulation). (C) (i and ii) Three plasmid expression under different external 
conditions. Concentrations of P70a-S28, P28a-MscL and P70a-G-GECO in cell-free reaction were fixed 
at 0.2 nM, 1.4 nM and 0.6 nM respectively. The outer solutions for all conditions contained 10 mM 
calcium chloride. (D) Box plot showing the relative fluorescence intensities from vesicles in hypo 
osmotic media with different external calcium concentrations. Each box corresponds to intensity values 
from ten vesicles. Plasmid concentrations of P70a-S28, P28a-MscL and P70a-G-GECO were 0.4 nM, 
1.3 nM and 1 nM respectively. For both (C) and (D), the lipid vesicles were introduced into hypo-osmotic 
solution immediately after encapsulation following a 1.5-hour incubation period. EGTA was used at a 
concentration of 1 mM in all cell-free reactions. Imaging for (D) was carried out after 2-hour incubation 
in the hypo-smotic medium. The osmolarity difference between iso-osmotic and hypo-osmotic solutions 
was measured at 100 mOsm. All experiments were repeated three times under identical conditions. 
Scale bars: 50 µm. 
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the outside (at 10 mM) of G-GECO expressing vesicle, no G-GECO fluorescence was 

observed because Ca2+ is impermeable to phospholipid membrane (Figure 3.5A). 

However, addition of a calcium ionophore A23187 allowed rapid entry of Ca2+ and G-

GECO fluorescence was readily observed in as little as 10-minute post A23187 addition 

(Figure 3.5B). To couple mechanical input to sensing the external environment, we co-

expressed G-GECO (under P70a promoter) and MscL (under P28a promoter) in TXTL 

for 2 or 3 hours and then encapsulated the reaction into double emulsion templated 

vesicles. Under iso-osmotic condition, we did not observe G-GECO fluorescence for over 

10 hours, our longest observation time point (Figure 3.4C(i)). In contrast, hypo-osmotic 

condition of 100 mOsm osmotic difference between inside and outside the vesicle 

robustly led to an increase in G-GECO fluorescence as Ca2+ was able to enter the lipid 

bilayer membrane through MscL (Figure 3.4C(ii)). To our knowledge, this is the first 

demonstration of an AND-gate composed of a mechanical input (i.e. hypo-osmotic 

Figure 3.5: Calcium-dependent increase in G-GECO fluorescence inside lipid vesicles. (A) 
Images showing the native fluorescence of cell-free expressed G-GECO after 3 hours of 
incubation. (B) Increase in fluorescence as observed upon addition of 1 µM A23187 (calcium 
ionophore). The time points indicate incubation of vesicles after the addition of A23187 and the 
simultaneous control experiment without the ionophore. All cell-free reactions contained 1 mM 
EGTA. The calcium concentration in the outer solution was 10 mM. P70a-G-GECO plasmid was 
added at a concentration of 1.5 nM. Scale bar: 50 µm. 



 

71 
 

pressure) and an external chemical input (i.e. Ca2+) that lead to a specific fluorescence 

response. The synthetic cell system is also sensitive to the concentration of calcium 

added to the external solution (Figure 3.4D and Figure S6 in published manuscript180). 

The detection time for calcium intake was as short as 20 minutes when hypo-osmotic 

shock was applied post synthesis of MscL and G-GECO inside liposomes for one hour in 

iso-osmotic solution.  

3.4 Conclusion 

In summary, we have generated a DNA-programmed cell-sized synthetic cell that senses 

osmotic pressure and external calcium concentration. We demonstrated two different 

circuit architectures for TXTL that exhibit different reaction kinetics that are preserved 

across length scale from bulk reactions to micron-sized encapsulated droplets or vesicles. 

The ability to endow synthetic cells with mechanosensitive functions to sense external 

small molecules using genetically-encoded biosensors allows for rapid sensing, rather 

than relying on fluorescence reporter synthesis using chemical inducers that most studies 

have used201,202. Recapitulating TXTL for synthetic cell engineering can be used for 

reconstituting cellular processes and functions3. It can also serve as a powerful platform 

for chemical applications, such as biosensing and novel synthetic pathways for 

chemicals.
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Chapter 4: Reconstitution of a Membrane-
Associated Protein using Inducible Gene 

Circuits in Mechanosensitive Synthetic Cells 
* Part of this chapter has been published in Garamella, Majumder et al. ACS Synthetic Biology, 

2019203. The author in collaboration with co-first author of the manuscript came up with the 

design of the final genetic circuit used in Figures 4.6, 4.7 and 4.8. All encapsulation experiments 

in liposomes shown in Figures 4.3-4.8 were carried out by the author. The author generated all 

figures used in the manuscript. All plasmids were provided by Vincent Noireaux.  

 
4.1 Introduction 
 
4.1.1 Adaptive synthetic cell for mechanically activated reconstitution of membrane-
associated protein 
 
Building genetically encoded microscopic compartments capable of mimicking functions 

of real living cells has become a conceivable, yet challenging, goal of synthetic 

biology126,204,205. While the top-down approach consists of stripping down a living cell to a 

minimum set of components206, the bottom-up approach attempts to build a functioning 

cell by assembling components from scratch3,195,207–209. Bottom-up synthetic cells are 

micron-sized compartments, programmed with elementary gene networks or purified 

proteins, that recapitulate specific cellular functions in isolation. In such settings, 

fundamental questions can be addressed by quantitative molecular construction. Apart 

from being at the cutting edge of biological engineering, synthetic biology, and biophysics, 

bottom-up synthetic cells are also particularly interesting for developing applications 

geared toward biotechnologies and medicine210. Integrating components into truly active 
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cell analogues remains, however, a major bottleneck in synthetic cell research126. A major 

approach to bottom-up synthetic cells consists of encapsulating a cell-free expression 

system into cell-sized liposomes162,211–213. Such systems can be programmed with gene 

networks to isolate and engineer single biological functions180,195,209. Transcription-

translation (TXTL) has become a versatile and effective tool for prototyping biomolecular 

systems over a broad range of physical scales, from gene circuits to synthetic cells214. 

The major advantage of TXTL is to dramatically reduce the design-build-test cycle from 

days or weeks, for in vivo experiments, to hours. The all E. coli TXTL used in this work is 

highly programmable, having access to the full set of E. coli sigma factors, allowing the 

construction of complex gene circuits from both plasmid and linear DNA183. Our goal is to 

demonstrate that TXTL-based synthetic cells can cooperatively link, like in real living cells, 

DNA information, metabolism, and self-assembly.  

Herein, we describe results that build upon the work presented in Chapter 3 

involving the E. coli mechanosensitive channel of large conductance (MscL) and a 

calcium sensing recombinant protein, G-GECO180. We advance beyond biosensing by 

developing a synthetic cell capable of responding to environmental stimuli and 

subsequently synthesizing proteins responsible for cell mechanical robustness, 

specifically the production of the E. coli cytoskeleton protein MreB. The synthesis of GFP 

or MreB is controlled by the lac repressor and a Lac01/σ28 amplifier, creating an AND 

gate consisting of the IPTG inducer and the hypo-osmotic conditions. We further show 

that when MreB is expressed, it readily associates with the inner membrane of the 

liposomes, forming a cortex-like structure. The pattern of the structure changes based on 

the extent of induction which is mediated by the amount of plasmid used in the TXTL 

reactions. Our overall experimental design is to encapsulate, in phospholipid vesicles, 
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TXTL reactions expressing MscL and couple its mechanosensitivity in response to hypo-

osmotic conditions to the influx of chemical inducers which, in turn, change the phenotype 

of synthetic cells (Figure 4.1). The TXTL system supplies both a cytosolic environment 

and the machinery to express proteins from plasmid DNA. While we made a 

mechanosensitive vesicle as described in Chapter 3180, in this work, we explored ways to 

couple mechanosensitivity with gene expression. This is desirable to look into the effect 

of protein-protein interaction with temporal control through an external stimulus. Since 

protein production in CFE is governed by the complexity of the gene circuit, effect of 

changing concentration of the expressed protein can be monitored over time. Given 

known interaction of MreB with cell membranes and its role in maintaining rod like shapes 

in bacteria, the choice of protein is suited to be studied in a mechanosensitive synthetic 

cell.  

4.1.2 Design of synthetic cell with inducible gene circuit 

Figure 4.1: Schematic depicting the proposed synthetic cell. Transition of synthetic cell from its 
native state to an active state (development of cell-like cytoskeletal cortex) in response to mechanical 
and chemical stimuli. 
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The interior of the liposome contains a TXTL reaction and plasmid DNA, while the exterior 

feeding solution contains a chemical inducer that regulates gene expression by either 

binding mRNA or sequestering a repressor. When this liposome is in an iso-osmotic 

environment, the inducer cannot cross the bilayer membrane. However, upon hypo-

osmotic conditions, the channels open and the membrane becomes permeable to the 

inducer. Subsequently, the E. coli cytoskeleton protein MreB is expressed and associates 

with the inner membrane of the liposome. Such synthetic cell system has not been 

achieved previously because it requires engineering and coordinating several processes 

in micron-sized compartments. First, tight and inducible genetic regulation has to be 

achieved in liposomes. Second, the bilayer has to be functionalized with stress-

responsive membrane proteins to enable selective and adaptive permeability. Third, the 

output of the circuit has to be specific to the applied stress. In our pursuit of this goal, we 

designed and tested three synthetic cell prototypes. We describe our motivations for each 

iteration. All the DNA circuits were first tested in batch mode TXTL reactions to optimize 

and characterize plasmid stoichiometry before encapsulation in cell-sized liposomes.  

4.2 Materials and Methods 

4.2.1 Materials 

All reagents unless otherwise mentioned were purchased from Sigma-Aldrich (St. Louis, 

MO). Lipids were purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Synthetic DNA 

was purchased from Integrated DNA Technologies (Coralville, IA).  

4.2.2 DNA Constructs 

The plasmids P70a-σ28, P28a-deGFP, P70a-T7RNAP, and T7p14-deGFP have been 

described previously183. P28a-Venus-MreB was obtained by inserting Venus-MreB28 into 
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a P28a backbone between SalI and BamHI. T7p14-MscL was obtained by cloning MscL 

into a backbone. Specifically, MscL was obtained via PCR from E. coli K12 and inserted 

into a T7p14 backbone between restriction sites XbaI and XhoI. The switch/trigger pair 

used was first described by Green et al. as toehold switch number 10 in their set of 

forward-engineered toehold switches in Table S3.20215. The plasmid P70a-switch-σ28 

was constructed by inserting a gBlock gene fragment (IDT) into the plasmid P70a-σ28 

between NheI and BamHI. The plasmid T7p14-trigger was cloned by inserting a gBlock 

gene fragment (IDT) of the trigger sequence into T7p14-deGFP between BglII and XhoI. 

T7p14-switch-deGFP was obtained by inserting a gBlock gene fragment (IDT) of the 

switch-deGFP sequence into T7p14-deGFP between XbaI and XhoI. The single stranded 

trigger DNA (ssDNA) fragment was ordered from IDT and resuspended in water at 500 

μM. The LacO1 and TetO1 plasmids were constructed using synthetic regulatory parts216.  

4.2.3 TXTL Reactions  

The myTXTL kit (Arbor Biosciences) was used. TXTL reactions are composed of an E. 

coli lysate, an amino acid mixture, an energy buffer, and the desired DNA templates. The 

preparation of the lysate used for TXTL has been extensively described in prior 

works183,217. The lysate represents roughly one-third of the total reaction volume and 

contains the endogenous machinery required for both transcription and translation. The 

amino acid mixture is an equimolar blend of the 20 canonical amino acids, with the total 

amino acid concentration in the final reaction fixed between 2 and 4 mM. When linear 

DNA was used, Chi6 was added to the reaction at 2 μM to prevent degradation218. 

4.2.4 Bulk Expression Assay 
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Fluorescence from batch mode TXTL reactions was measured using the reporter protein 

deGFP (25.4 kDa, 1 mg/mL = 39.4 μM), a more translatable version of GFP in TXTL219. 

Fluorescence was measured at 3 min intervals using monochromators (Ex/Em 488/525 

nm) on Biotek Syngery H1 plate readers in Nunc polypropylene 96-well, V-bottom plates. 

End point reactions were measured after 8-12 h of incubation. To measure protein 

concentration, a linear calibration curve of fluorescence intensity versus eGFP 

concentration was generated using purified recombinant eGFP obtained from Cell 

Biolabs, Inc. or purified in the lab. All reactions were incubated at 29 °C in either a 

benchtop incubator, for end-point measurements, or in the plate readers, for kinetic 

measurements.  

4.2.5 Liposome preparation  

Liposomes were prepared using a microfluidic device suitable for encapsulating complex 

biochemical solutions as illustrated in detail in a previous publication162. Briefly, W/O/W 

double emulsions were made using the cell-free solution as the inner phase and a buffer 

solution (20 mM K-HEPES pH 7.5, 70 mM potassium chloride, 1.3% glycerol, 10% 

poly(vinyl alcohol), 1% Pluronic F-68, 10 mM magnesium chloride and 170 mM glucose) 

as the outer aqueous phase. A mixture of DOPC, DOPE, cholesterol and Liss-Rhod PE 

in the ratio of 60:9.9:30:0.1 by mole was prepared in a glass vial which was then subjected 

to a steady stream of argon gas to remove residual chloroform from the mixture and 

generate a pseudo dry lipid film on the glass surface. The glass vial was then placed 

under vacuum for 2 h at room temperature to ensure minimal traces of residual chloroform 

before resuspending in 1 mL of oil phase (hexane and chloroform in a ratio of 64:36 by 

volume). 750 μL of formed double emulsion solution was collected in an epi tube and 
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incubated at 29 °C for 1 h following which 250 μL of buffer containing 20 mM K-HEPES 

pH 7.5, 10% PVA and 10 mM IPTG or 100 μM trigger DNA was added to get a final outer 

solution with osmolality ∼100 mOsm/kg less than the inner cell-free solution. This osmotic 

difference was chosen as we had previously observed the MscL activation at similar 

osmolarity differences. The osmolarities were measured prior to liposome encapsulation 

using a vapor pressure osmometer (Vapro, Wescor). The osmolality of the cell-free 

reaction was previously measured to increase with time by about 1.5-2% depending on 

the type of protein being expressed. Following the incubation for 1 h and subsequent 

addition of buffer containing IPTG or trigger DNA, the now formed liposomes were gently 

filled into imaging chambers on a glass slide, sealed and allowed to incubate at 29 °C for 

6 hours.  

4.2.6 Imaging 

All images of liposomes were taken with an inverted spinning disk confocal microscope 

setup. An Olympus IX-81 scope connected to an Andor iXon3 CCD camera were used to 

image the liposomes. Solid state lasers with ALC tuning (488 nm for deGFP and 561 nm 

for Liss-Rhod PE) were used to excite the liposomes, respectively. All image analysis was 

carried out in ImageJ. In order to quantify fluorescence intensities when using the 

fluorescent trigger or following IPTG induction of deGFP synthesis, three large 

rectangular regions of interest were randomly made inside the lumen of each liposome 

and the average intensity calculated. Thereafter the same three regions were translated 

to the outside of the liposomes to record the average background intensities. The final 

background corrected intensities as calculated were normalized and plotted in Origin Pro. 

For the line scan plot, three lines of equal length were drawn across a single liposome 
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and the average values of the intensities were calculated after background subtraction. 

The intensity values for the liposome corresponding to the positive control scenario was 

normalized with respect to its maximum value while the other two liposome intensities 

were normalized by dividing by the maximum value of the liposome under hypo-osmotic 

condition subjected to IPTG induction. In order to normalize the line plot intensities with 

respect to the diameter of each liposome, the smallest liposome diameter was chosen as 

the reference line. The intensities for all the liposomes were then parsed into the total 

number of data points available for this reference liposome. A MATLAB code was written 

to carry out the above procedure. The plots for the Supplementary Figures were 

generated in Origin Pro. All error bars indicate the standard deviation of all data collected 

for each condition. 

4.3 Results 

4.3.1 Prototype I: using riboswitches to regulate protein synthesis  

Toehold switches are a class of synthetic riboregulators that have been developed to 

have both a high degree of orthogonality and a high dynamic range215. They typically 

function using the secondary structures available to mRNA, with the ribosome binding 

site (RBS) and start codon masked in an RNA hairpin. Upstream of this hairpin is a 

“switch” sequence, which can be bound by a “trigger” transcript. When bound by the 

trigger, the hairpin unfolds and the RBS becomes available for translation initiation. These 

switches can be engineered to work with arbitrary sequences, allowing for the creation of 

a large set of toehold switches in a potential synthetic cell184. Given their versatility and 

ability to be used as regulators in simultaneous translation of orthogonally expressed 

proteins, we aimed to implement toehold switches in our first generation of 



 

80 
 

mechanosensitive, genetically adaptive synthetic cell prototype. Using the strong T7 

promoter, we cloned toehold switch and trigger sequences previously tested215 into 

separate plasmids, T7p14-switch-deGFP, which uses the switch to control the expression 

of deGFP, and T7p14-trigger, which expresses the 30-nucleotide trigger sequence 

corresponding to the specific switch. In bulk TXTL reactions (2 μL) expressing T7 RNAP 

Figure 4.2: Kinetics of toehold switch-mediated deGFP expression with two different gene 
circuits. (A) deGFP expression via the toehold switch cascade using the T7 promotor to express both 
switch and trigger sequences from plasmid DNA. (B) deGFP expression via an amplified toehold switch 
cascade in which the P70a promoter is used to express switch-σ28, and deGFP is expressed via the 
P28a promoter. Concentrations of switch and trigger plasmids were kept the same as a) and the 
concentration of P28a-deGFP plasmid was fixed at 5 nM. 



 

81 
 

from the P70aT7RNAP plasmid, this switch gave an ON/OFF ratio of 75-80 while 

expressing 5-6 μM active deGFP protein (Figure 4.2A).  

To improve the ON/OFF ratio and to increase protein expression, we designed an 

amplified toehold switch using sigma factor 28 (σ28) from E. coli. The promoter 

corresponding to σ28, P28a, has a high affinity for the E. coli RNAP/σ28 holoenzyme 

characterized by a high protein expression with relatively low levels of σ28 as only 1-2 

μM σ28 is needed for optimal expression. Using such a strong sigma factor also 

minimizes the load on the system such that other proteins can be produced. Instead of 

using the trigger sequence to allow translation of deGFP, we placed σ28 under the control 

of the switch using a P70a-switch-σ28 plasmid and expressed deGFP using the P28a-

deGFP plasmid183. In doing this, we do not waste TXTL resources expressing large 

quantities of switch-σ28 mRNA, since only a small amount is needed to drive expression 

via P28a. The trigger RNA was still produced using a T7 cascade. With this scheme, the 

ON/OFF ratio increased over 2-fold, up to a ratio of 176, while deGFP expression 

increased by a factor of 6 to 39 μM (Figure 4.2B). Our next step was to demonstrate that 

this amplified toehold switch functioned without expressing the trigger RNA from a 

plasmid, but by adding to the reaction an oligonucleotide that could be used as an inducer. 

Testing the amplifier with ssDNA in batch mode TXTL reactions, we searched for a 

stoichiometric regime where we could observe a strong and specific induction. We found 

the optimal concentrations to be 50 μM trigger ssDNA and 1 nM P70a-switch-σ28 plasmid 

(Figure 4.3A). Using 5 nM P28a-deGFP plasmid along with the afore-mentioned 

concentrations of trigger ssDNA and P70aswitch-σ28, we expressed 31 μM deGFP while 

maintaining an ON/OFF ratio of 140. Although protein expression increased when the 

concentration of P70a-switch-σ28 was set to 4 nM, control over the amplified toehold 
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dramatically decreased, with the circuit active even in the absence of trigger ssDNA. This 

leak resulting in the production of σ28, though small, is enough to drive moderate TXTL 

expression through the P28a promoter.  

Figure 4.3: Gene expression using toehold switch triggered by ssDNA in mechanosensitive 
liposomes (A) Plot showing the end point deGFP expression of the toehold switch cascade with 
different concentrations of switch plasmid and the trigger ssDNA in TXTL reactions performed in batch 
mode reactions. (B) Schematic representing the first minimal cell model where the toehold switch 
cascade is encapsulated along with a TXTL reaction inside liposomes, orthogonally programmed to 
express MscL through the T7 promoter, which are then exposed to an outer solution containing the 
trigger ssDNA. (C) Images of liposomes expressing deGFP with the trigger ssDNA inside (iso-osmotic 
conditions) or outside (hypo-osmotic conditions) the liposomes, respectively. (D) Images of liposomes 
expressing MscL containing 50 μM TRITC-labeled trigger ssDNA that are exposed to a hypo-osmotic 
solution for 6 h. Rhodamine labeled PE lipids were used to visualize liposomal membranes. Scale bar: 
50 μm. 
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On the basis of our findings from batch mode toehold reactions, we proceeded to 

engineer our first synthetic cell prototype by encapsulating TXTL reactions in double 

emulsion templated cell-sized phospholipid bilayer vesicles. The TXTL reactions 

contained an amplified toehold switch with its activation dependent on the influx of trigger 

ssDNA through MscL generated by a T7 cascade (Figure 4.3B). As a positive control, the 

trigger ssDNA was encapsulated inside the vesicles under iso-osmotic conditions and 

compared with adding the trigger sequence to the exterior solution under hypo-osmotic 

conditions. The reaction output was measured by the fluorescence of deGFP in the lumen 

of the vesicles. After 6 h, the reactions with the trigger ssDNA inside produced 9-10 times 

more deGFP than those with the trigger in the external solution under hypo-osmotic 

condition (Figures 4.3C and 4.4A). This suggests that the trigger ssDNA might not be able 

Figure 4.4: Trigger DNA is unable to pass through MscL within relevant time scales for CFE. (A) 
Boxplot of deGFP fluorescence in the vesicle lumen when 50 µM trigger ssDNA is either inside the 
vesicle or in the external solution. (B) Boxplot of TRITC-conjugated trigger ssDNA fluorescence in the 
vesicle lumen at 0 and 6 h after encapsulation and exposure to hypo-osmotic solution. MscL is 
expressed using the T7 promoter. 10 liposomes observed were analyzed for each condition. Boxes 
indicate 20th and 80th percentile values for each condition. 
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to enter the vesicles through MscL under hypo-osmotic conditions.     

 To confirm this, fluorescently labeled trigger ssDNA was encapsulated and the 

leakage through MscL was monitored under hypo-osmotic conditions (Figure 4.3D). No 

statistically significant change in the fluorescence intensities after 6 h was observed, 

confirming that the 30-nt trigger ssDNA is too large to pass through the ∼2.5 nm diameter 

pore220 (Figure 4.4B). Given the ionic strength of the buffer in which the liposomes were 

incubated in, we assumed the persistence length of ssDNA to be between 2-5 nm221,222. 

This suggests that the trigger sequence could potentially pass through the pore in hypo-

osmotic conditions without considering reptation, which would require much longer time 

scales.  

4.3.2 Prototype II: Simulating bacterial induction in TXTL with lac operon  

The second synthetic cell prototype was based upon one of the most studied genetic 

signaling pathways in bacteria: the lac operon. Generally, this pathway regulates E. coli’s 

ability to consume lactose in the absence of glucose. We used the synthetic regulatory 

part, PL-LacO1, consisting of a strong σ70 promoter and two lac operators216. The lac 

repressor gene lacI and the reporter gene deGFP were cloned under the synthetic 

promoters PL-TetO1 and PL-LacO1, respectively; synthesis of MscL remained under the 

control of the T7 promoter. TXTL reactions containing these plasmids were encapsulated 

inside liposomes while IPTG, which inhibits repression by LacI, was added to the external 

feeding solution (Figure 4.5A). Initially, no deGFP fluorescence was observed inside the 

vesicles. After 6 h, there was a 5-fold increase in fluorescence intensities of vesicles 

exposed to hypo-osmotic conditions, while an increase of less than a factor of 2 was 

observed in vesicles kept at iso-osmotic conditions (Figure 4.5B). These data suggest 
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that gene expression is induced by IPTG entering the vesicles through MscL and this 

predominantly occurs in response to osmotic pressure differences between the internal 

and external solutions.          

 In the absence of MscL and in hypo-osmotic conditions, a slight induction close to 

background level was observed when IPTG was added in the external solution (Figure 

Figure 4.5: IPTG induction of deGFP in response to hypo-osmotic shock. (A) Schematic depicting 
the second model of the proposed synthetic cell co-expressing an inducible gene circuit and MscL 
constitutively. IPTG, the inducer, is in the outer solution. (B) (i) Fluorescence images showing 
expression of deGFP inside liposomes exposed to outer solutions with IPTG and different osmotic 
conditions at 0 and 6 h. (ii) Box plot of deGFP fluorescence in the vesicle lumen under the different 
osmotic conditions. Ten liposomes were measured for each condition. Rhodamine labeled PE lipids 
were used to visualize liposomal membranes. Boxes indicate 20th and 80th percentile values for each 
condition. Scale bar: 50 μm. 
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4.5B). In the absence of IPTG, a slight leak of the PL-LacO1 induction system was 

observed (Figure S3 in published manuscript203). Both tests suggest that the leak 

observed in the iso-osmotic condition (Figure 4.5B(ii)) is primarily due to the construct 

design and not due to the small amount of IPTG influx under iso-osmotic conditions. The 

PL-LacO1 promoter offers strong gene repression but is too weak in TXTL. As is, 

however, the magnitude of the circuit output is too weak to induce the expression of MreB 

at a concentration sufficiently high to assemble at the inner membrane of liposomes 

because the critical concentration for polymerization of MreB is estimated to be around 

1.5 μM223 (Figure 4.6A). 

4.3.3 Prototype III: Combining IPTG induction with gene amplifier circuit  

To overcome the problem of low rate of protein synthesis post induction with IPTG, we 

developed an amplifier, again using the σ28 cascade. The σ28 gene was cloned under 

the PL-Lac01 promoter and deGFP was placed under the control of the P28a promoter. 

LacI now repressed the production of σ28, without which deGFP could not be expressed. 

The standard PL-Lac01 promoter showed linear protein expression in bulk reactions 30 

minutes after the beginning of the reaction when 200 μM IPTG was added from the start 

(Figure 4.6A,B). The case where the reaction was allowed to incubate for 1 h before the 

addition of IPTG was also tested to ensure that the circuit can indeed be induced when 

LacI is already blocking the promoter site. This was important to simulate delayed 

induction of the proposed cell-like liposomes post assembly due to an externally triggered 

osmotic shock. When this was done, protein expression was identical to a reaction without 

IPTG for 90 min, when deGFP fluorescence could be measured. Once protein expression 

began, the synthesis rates in both cases were the same, around 0.1 μM/h. In the amplified 
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PL-Lac01 circuit with IPTG present from the start, there was a greater delay (60 min as 

opposed to 30 min) between the onset of the reaction and the measurement of deGFP 

fluorescence as σ28 needs to be expressed prior to deGFP. The delay in reactions 

induced after 60 min was likewise longer than in the unamplified circuit, with protein 

production not evident until 60 min from induction. 

Figure 4.6: Amplifier circuit allows higher sensitivity to IPTG and increase in final yield of deGFP. 
(A) Schematic of the unamplified inducible gene circuit. (B) Kinetics of deGFP expression in batch mode 
TXTL reactions using the circuit shown in (A) with no IPTG; induction at time T = 0 h; and delayed 
induction at time T = 1 h. (C) Schematic of an amplified inducible circuit using the σ28 cascade. (D) 
Kinetics of deGFP expression in batch mode TXTL reactions using the circuit shown in (C) with no 
IPTG; induction at time T = 0 h; and delayed induction at time T = 1 h. (E) Plot of end point deGFP 
expression with and without IPTG induction after 14 h for the gene circuits shown in (A) and (C). 
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Again, the rates of protein expression were the same in this linear regime, around 

5 μM/h (Figure 4.6C,D). After both circuits were incubated until completion (>12 h), the 

amplified circuit produced 38.5 μM deGFP compared to 1.3 μM for the unamplified circuit. 

The amplified inducible circuit also gave a large ON/OFF ratio (presence vs absence of 

200 μM IPTG) of 298 compared to 11 for the unamplified circuit, making it ideal for the 

purposes of this work (Figure 4.6E). We have shown thus far that gene expression can 

be regulated via mechanosensing and biosensing.  

4.3.4 Induction of MreB synthesis using hypo-osmotic shock results in membrane 

association in liposomes  

Given the overarching goal of designing a functional minimal cell, we aimed to advance 

beyond expressing a reporter protein in the third prototype of synthetic cells. A fluorescent 

MreB fusion protein (Venus-MreB) was placed under the control of P28a which, in turn, 

was placed under the control of PL-LacO1. Thus, Venus-MreB would only be expressed 

in the presence of IPTG (Figure 4.7A). After 6 h of incubation under hypo-osmotic 

conditions, vesicles containing the T7p14-MscL plasmid showed fluorescence at the lipid 

bilayer while those not expressing MscL did not (Figure 4.7B). The positive control, in 

which IPTG was encapsulated along with the TXTL reaction in iso-osmotic conditions, 

showed the same localization of MreB at the membrane, confirming that the observation 

made in hypo-osmotic conditions with IPTG outside was caused by the influx of inducer 

through the transiently opened MscL. The concentration of fluorescence at the membrane 

suggests that MreB is associated with the inner membrane and forms a strikingly different 

fluorescence pattern than that of deGFP only (Figure 4.7C).  
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MreB is known to localize at phospholipid bilayers when expressed in vitro224,225. 

In hypo-osmotic condition, we did not observe polymerization of MreB in the case without 

MscL as any leaky expression is likely below the critical concentration for MreB to 

polymerize. In contrast, in MscL-expressing vesicles, the formation of a ring-like structure 

Figure 4.7: MreB synthesis and pattern formation in liposome membranes in response to hypo-
osmotic shock. (A) Schematic depicting the third proposed synthetic cell system co-expressing an 
amplified gene circuit encoding the gene for VenusMreB and MscL constitutively. The liposomes were 
placed in a feeding solution containing 200 μM IPTG, except for the control experiment (IPTG inside 
liposomes). (B) IPTG induction of synthetic cells in outer solutions containing IPTG and different osmotic 
conditions over a time duration of 6 h and a positive control experiment with IPTG inside the liposomes. 
(C) Line scans of liposomes normalized with respect to their diameters and the maximum intensity 
among all liposomes observed. Five liposomes for each condition reported were analyzed. Error bars 
indicate standard deviation of the normalized data. Rhodamine labeled PE lipids were used to visualize 
liposomal membranes. Scale bars: 50 μm. 
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was prominent in ∼90% of the liposomes exposed to the hypo-osmotic shock post 

synthesis. While the intensities varied owing to different levels of induction and IPTG 

influx, they were always slightly lower than the control scenario with IPTG encapsulated 

inside liposomes which can be attributed to delayed influx of IPTG though MscL and 

depletion of resources while incubating in iso-osmotic conditions prior to the hypo-osmotic 

shock. No physical deformation of the membrane was observed supposedly because the 

tension at the membrane is too high. Nevertheless, the assembly of a cortex-like MreB 

structure would presumably provide the vesicles with stronger mechanical resistance to 

external mechanical stresses, similar to the effect of what an actin cortex has in a 

mammalian cell226. On further investigation, we found interesting patterns for MreB 

association with the liposomal membrane based on the concentration and quality of 

plasmids used for cell-free expression. Previous studies have demonstrated variability in 

protein expression with single gene studies within a population of liposomes. Additionally, 

we found that the quality of plasmid (whether extracted with mini-prep or midi-prep) also 

affects the expression dynamics of MreB. At high concentrations of Venus-MreB plasmid 

(15 nM), we observed the formation of curved filaments homogenously associated with 

the membrane post induction (Figure 4.8). In contrast, low plasmid concentration results 

Figure 4.8: Formation of ring-like networks on liposomal membranes. Left, image of liposome with 
high plasmid concentration of Venus-MreB (15 nM) post induction. Right, liposome image with 5 nM 
plasmid after induction. Scale bar: 25 µm 
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in uniform fluorescence in the vesicle lumen confirming the concentration dependent 

kinetics of MreB polymerization and association with the membrane.  

4.4 Conclusion 

While generating a synthetic cell model capable of expressing multiple proteins with 

temporal and spatial variation is desirable to better understand and mimic cellular 

processes, it is important to reconstitute intercellular and extracellular interactions toward 

enabling the synthetic cells to respond to external, time-varying stimuli. The synthetic cell 

developed here is one such example and can be expanded further by leveraging 

orthogonal TXTL reactions to mediate simultaneous or sequential induction with different 

membrane impermeable molecules, thus providing modularity in the number of different 

systems that can be reconstituted within the same compartment. Prior to this work, 

liposomes were programmed with DNA to execute inducible gene circuits128,201,209, 

express cytoskeleton proteins from E. coli225 and, in separate experiments by these 

authors, to generate mechanosensitive biosensors180. To our knowledge, the work 

described here is the first work that couples an external stimulus to inducible gene 

expression by way of mechanosensitivity. Our experiments provide information on how 

to integrate multiple biological mechanisms into a synthetic cell system involving 

membrane properties and inducible gene expression. The experimental approach 

presented in this work could be used to learn the dynamics of multi-protein interactions 

or step-by-step assembly in order to better understand the complexities of real cells.
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Chapter 5: Conclusion and Future Work 
5.1 Summary 

Recent advances in cell-free expression (CFE) systems and the development of 

cell membrane models have enabled the studies of a wide variety of membrane proteins. 

These reconstitution studies are primarily focused on expanding the repertoire of 

functional proteins that can be expressed using CFE in vitro. Through the work carried 

out in this dissertation, I have developed reconstitution platforms that better simulate the 

biological context of the proteins of interest at an organelle or cell-like level. I 

demonstrated the modularity of such platforms to address fundamental questions of 

organization and protein interactions and coupled reconstituted protein functions to cell-

like macroscopic behaviors.  

 We found that the SUN proteins reconstituted into artificial lipid bilayers with a 

uniform orientation of insertion. Staining with ER tracker dyes revealed the presence of 

microsomes in our lysates. Ultracentrifugation and Western blot analyses demonstrated 

the localization of cell-free expressed SUN proteins in the microsome fraction, consistent 

with previous studies111,227. Using this experimental system, we determined the topology 

of SUN1 and SUN2 proteins and discovered previously unknown membrane spanning 

and membrane-associated regions. The reconstituted SUN proteins retained the ability 

to bind to KASH peptides, hinting at the possibility of homo-oligomerization of the SUN 

proteins in the membrane (studies have suggested that KASH protein binding promotes 

oligomerization154,178). The SUPER template beads were preferred over liposomes for 
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their robustness to multiple incubation periods and wash cycles. Overall, this platform in 

conjunction with simple biochemical assays and fluorescence microscopy can be used to 

decipher the topologies and functions of other membrane proteins.  

 In Chapter 3, we used liposomes as model membranes and encapsulated a CFE 

system instead of carrying out bulk reactions. Like cells, the encapsulated liposomes 

could be exposed to different solutions for studying functions of reconstituted membrane 

proteins. By using well characterized gene circuits in E. coli CFE, we developed an optical 

detection technique for monitoring the activity of MscL, a mechanosensitive channel, in 

response to osmotic stresses. In cells, activation of mechanosensitive channels is 

dependent on changes in local membrane tension which are affected by interactions with 

the coupled cytoskeleton. Membrane tension in liposomes can be externally controlled by 

mechanical stretching or osmotic gradients. Therefore, liposomes serve as ideal models 

for studying gating properties of mechanosensitive membrane proteins. The so-called 

synthetic cells were capable of sensing changes in physical and chemical environment. 

It is important to note that the developed system is modular in its use of CFE. By 

employing different gene circuits one can envision the production of a set of proteins 

whose activity could be coupled to a fluorescence-based output. This would allow the 

screening of a wide range of mutants and other proteins with similar functions without 

expressing them in cells, on a much shorter time scale.  

 Finally, in Chapter 4, I attempted to use mechanosensitivity of synthetic cells to 

mediate cell-like signaling culminating in induced gene expression. This was motivated 

by the necessity to reconstitute multiple proteins with temporal and spatial control. MreB 

is a well-studied actin-like protein in bacteria and its effect at different concentrations on 



 

94 
 

membranes was previously demonstrated223,224. By monitoring induced gene expression 

of MreB in response to osmotic shock, we found direct association of MreB with liposomal 

membranes. Further, different geometric patterns like rings and cortex-like structures on 

liposome membranes were observed based on the concentrations of the MreB plasmid 

encapsulated along with CFE.  Through this study, we developed synthetic cells with gene 

circuits capable of inducing gene expression in response to osmotic stress. Such 

platforms can be used to study physical and chemical changes in liposomes as a result 

of multi-protein interactions in a time-dependent manner.  

 In summary, in this dissertation, I have exploited the potential of CFE in studying 

nuclear membrane proteins and carried out bottom-up in vitro reconstitution at a cellular 

scale with mechanosensitive and membrane-associated proteins. The knowledge gained 

through this investigation can help in the development of new assays with CFE for 

complementing cell biology studies and extend the paradigm for reconstitution of complex 

cellular pathways through construction of synthetic cells.  

5.2 Future work and perspectives 

5.2.1 Study of SUN-SUN and SUN-KASH interactions. 

Our finding that SUN1 possesses three transmembrane domains (TMDs) stands 

in discord with previous reports, which concluded that SUN1 is a type II membrane protein 

with a single TMD based on in situ proteinase K digestions performed in HeLa cells 

expressing mouse SUN1 tagged with HA at their N-termini and EGFP followed by a Myc 

epitope at their C-termini158,177. The effect of proteinase K was subsequently assessed by 

Western blot analysis following Myc immunoprecipitation as well as by 

immunofluorescence microscopy. Even though two of the SUN1 hydrophobic regions 
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(HRs) could not be ruled out as being membrane-associated in these experiments, the 

authors concluded that SUN1 was a type II membrane protein with a single TMD. Since 

EGFP–SUN11-364–His6 contains this HR and retains EGFP fluorescence in the presence 

of pronase, our results suggest that the first HR is in fact a TMD. We propose that the 

second HR peripherally associates with the luminal leaflet of the INM, where it may serve 

as a docking-site for an as-of-yet unidentified SUN1-binding partner present within the 

perinuclear space of the NE. The presence of multiple TMDs in SUN1 and not in SUN2 

may be relevant during meiosis, when SUN1-containing the linker of nucleoskeleton and 

cytoskeleton (LINC) complexes associate with the telomeres of meiotic chromosomes to 

mediate their microtubule-dependent movement during homolog pairing via cytoplasmic 

dynein141,157,228. The additional TMDs may help buffer the shear and tensile forces applied 

to telomere-associated SUN1-containing LINC complexes by dyneins, which walk along 

microtubules oriented parallel to the nuclear envelope229. It will be interesting to determine 

whether the additional TMDs in SUN1 are required for this process.  

The physiological relevance of the ability of the nucleoplasmid domain (ND) of 

SUN2 to peripherally associate with the nucleoplasmic leaflet of the inner nuclear 

membrane (INM) remains unknown. One intriguing possibility is that the peripheral 

membrane association of SUN2 may regulate its homo-oligomerization, as has been 

observed with HIV-1 Gag and matrix proteins230 as well as Ras GTPases231. Another may 

be related to the targeting of SUN proteins to the INM following their synthesis in the 

ER/outer nuclear membrane (ONM). In order to gain access to the INM, newly 

synthesized SUN proteins utilize nuclear targeting sequences to move across nuclear 

pore complexes (NPCs) through a poorly defined mechanism140,175. Recently, the size of 

the ND of SUN proteins was estimated to be less than 10 nm in diameter232, which is near 
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the upper size limit for the transport of the NDs of INM proteins through the NPC233,234. 

Thus, the additional TMDs and HR identified in SUN1 and SUN2 may serve to reduce the 

footprint of their NDs so that they can properly target the INM.  

It is worth noting that unlike His6–GST–EGFP, which evenly coats the surface of 

the SUPER templates, ANM (artificial nuclear membrane; SUPER template beads with 

reconstituted SUN proteins)-inserted EGFP–SUN1FL–His6 and EGFP–SUN2FL–His6 

appear to form clusters within the membranes. These clusters may represent higher-order 

SUN protein oligomers, such as those previously suggested for SUN1154,159,229. 

Alternatively, these SUN protein clusters may highlight the existence of membrane 

nanodomains within the ANMs235, which can be explored by altering the composition of 

lipids used to generate the SUPER templates. Moreover, the ND SUN constructs appear 

to be able to form fluorescent patches in ANMs similar to the FL SUN proteins. However, 

the ability of EGFP–SUN1ND and EGFP–SUN2ND to form these patches is not 

necessarily mutually exclusive with the previously proposed mechanisms of LD (luminal 

domain)-mediated higher-order SUN protein clustering151,154,229.  

Based on our results, we suggest that both the LDs and NDs of SUN proteins can 

separately homo-oligomerize within the perinuclear space of the nuclear envelope and 

nucleoplasm, respectively. It will be interesting to test this hypothesis experimentally in 

future studies. ANMs will allow for testing proposed mechanisms for regulating LINC 

complex assembly and/or disassembly in cells, which have been difficult to address 

experimentally. For example, the modulation of the oligomeric states of the coiled-coil 

(CC)-containing regions present within the LDs of SUN proteins was recently proposed 

as a potential target for the regulation of LINC complex assembly152 because the homo-
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oligomerization of the SUN2 LD is essential for KASH peptide-binding178. Since these 

studies were performed using purified fragments of the LD of SUN2, it is essential that 

they be repeated using FL SUN proteins inserted into ANMs. Further evidence of the 

interaction of these CC domains among different SUN proteins was found from our ANM 

studies. When we expressed EGFP-SUN1LD on ANMs already reconstituted with 

mCherry-SUN2FL, we found association of SUN1LD with the membrane which was quite 

intriguing. Since SUN1LD does not interact with the SUPER template beads when 

expressed alone, this result suggests possible heteromeric interaction of the CC domains 

of SUN1 and SUN2 proteins which has not been reported before (Figure 5.1). 

Alteration in the levels of intracellular Ca2+ also represents a potential regulator of 

LINC complex assembly, as the recently identified cation loop present within the SUN 

domain is required for the SUN–KASH interaction178. While deciphering the effects of 

altered intracellular Ca2+ levels on the engagement of SUN and KASH proteins within the 

Figure 5.1: Interaction between luminal domains of SUN1 and SUN2 proteins. Image of a bead 
incubated with CFE expressing SUN1LD only on the right (top). Images of beads reconstituted with 
SUN2FL first (centre) and then with EGFP on the left or SUN1LD on the right (bottom). Scale bar: 5 µm 
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perinuclear space remains a significant technical challenge, the solvent-exposed LDs of 

FL SUN1 and SUN2 on the surface of ANMs provides a simplified system for testing the 

effect of manipulating calcium levels on LINC complex assembly. Preliminary studies 

show calcium-dependent increase in KASH binding of ANMs with SUN1FL (Figure 5.2). 

The effect is less prominent with SUN2FL. In addition, ANMs may help quantitatively 

assess the ability of KASH peptides from different nesprins to interact with SUN proteins. 

This will be especially interesting for the KASH peptides of KASH5 and lymphoid-

restricted membrane protein, which unlike the KASH peptides of nesprins 1–3 lack the 

intermolecular SUN–KASH disulfide bond-forming conserved cysteine present at position 

-23141.  

Despite being non-essential for the SUN–KASH interaction, it was recently shown 

that the conserved cysteine residues present in SUN and nesprin proteins are required 

for actin-dependent nuclear anchorage, yet dispensable for microtubule-dependent 

Figure 5.2: Calcium dependent binding affinity between SUN1FL and KASH peptide. (A) Images 
of beads with reconstituted SUN1FL-KASH interactions in the presence or absence of calcium for both 
wild type and mutant KASH peptides. (B) Box plots depicting statistical data of the relative fluorescence 
intensities from 5 beads for each condition. Final concentration of KASH peptides: 500nM. Scale bar: 5 
µm 
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nuclear movement179. Therefore, KASH peptides containing this conserved cysteine 

residue may display differential SUN protein-binding kinetics compared to those that do 

not. Furthermore, ANMs may finally provide the long sought-after experimental system 

for defining the mechanism of LINC complex regulation by the luminal ATPase torsinA236, 

owing to the lack of a need for protein purification. Besides SUN1 and SUN2, mammals 

express three additional testis-specific SUN proteins (SUN3, SUN4 and SUN5)148. While 

immunoprecipitation experiments show that SUN3 can associate with nesprin-1 and 

nesprin-3237, the ability of SUN4 and SUN5 to interact with KASH proteins remains 

unknown.  

Nevertheless, ANMs provide an ideal experimental platform for future explorations 

of the ability of these poorly studied SUN proteins to form LINC complexes. The use of 

ANMs is by no means limited to SUN and KASH proteins. ANMs can provide a simple 

and powerful experimental platform for structure/function analyses of any membrane 

protein, nuclear or otherwise. By bridging the gap between in vitro studies using purified 

proteins and in vivo imaging-based biochemical studies, ANMs open the door to a 

previously inaccessible set of experiments designed to provide mechanistic insights into 

protein behavior, which is invaluable in this post-genomic age. Akin to other attempts to 

use modular approaches for building synthetic cells or reconstituting cellular 

processes3,204, future efforts will be aimed at reconstituting the nuclear lamina and its 

interaction with the nucleoplasmic domain of SUN proteins within an ANM.  

Finally, it might be possible to use ANMs as templates for the reconstitution of an 

artificial nuclear envelope through a ‘layer-by-layer’ double-membrane assembly 

approach using poly L-lysine as an electrostatic polymer linker, which has been previously 
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shown to allow the formation of lipid multilayers via vesicle rupture onto existing supported 

lipid bilayers238. Owing to the ability of the nesprin KASH peptide to directly interact with 

the SUN protein SUN domain150,178, ruptured nesprin-containing ER-derived microsomes 

generated by CFE would presumably coat the ANM containing the reconstituted SUN 

protein such that the nesprin N-terminus would extend into the solution while its C-

terminus would face the ANM. 

5.2.2 Understanding TorsinA dynamics and its role in Dystonia 

TorsinA is a membrane-embedded AAA+ ATPase that is known to localize to the 

nuclear envelope and the ER. An autosomal dominant loss-of-function point mutation in 

TorsinA, ΔE, causes the childhood-onset neurological disease dystonia239. Previous 

studies have shown the shift in localization of TorsinA form the ER to the nuclear envelope 

depending on its interaction with other activator proteins like LULL1 and LAP1240,241. In 

the nuclear envelope, TorsinA is known to interact with SUN2, nesprin-2G and nesprin-

3241 which are components of the LINC complex. One aspect of impaired nuclear 

mechanotransduction in dystonia patients could be associated with the reduced efficiency 

of interaction of TorsinA- ΔE with SUN2 in the inner nuclear membrane241. TorsinA 

function in the nuclear envelope is also believed to be connected to lipid metabolism 

mediated by hyperactivity of phosphatidic acid phosphatase (lipin) in dystonia patients, 

as recent discoveries have shown242. Using the ANM approach, SUPER template beads 

can be used to study TorsinA dynamics with different mutants and other interacting 

proteins which will be difficult to probe in cells. Since the membrane composition can be 
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experimentally controlled, the effect of lipin-based phosphatidic acid metabolism on 

TorsinA activity can also be tested in our in vitro setup.  

By cloning a few TorsinA mutants with N-terminally tagged EGFP, we have tested 

their reconstitution on SUPER template beads using our HeLa CFE (Figure 5.3). It has 

been shown before that TorsinA monotopically associates with the ER in its lumen243. 

This was evident from the green fluorescence observed on beads with the wild type 

protein. The loss-of-function mutant TorsinA-ΔE also seemed to interact with the 

membrane. The mutant with the deleted monotopic association domain, however, did not 

show any fluorescence on the beads. This confirms the absence of other hydrophobic 

regions in TorsinA which could lead to potential membrane interactions. A positive control 

for membrane insertion which converted the monotopic association domain into a full 

transmembrane domain (TorsinA-2XL) resulted in high fluorescence intensities on the 

beads. Finally, TorsinA-EQ also associated with the membrane as expected. EQ mutation 

inhibits the ability of TorsinA to hydrolyze ATP. 

Figure 5.3: Reconstitution of TorsinA mutants on SUPER template beads. Scale bar: 10 µm 
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Thus, these preliminary studies demonstrate the potential of such an approach to 

explore the full range of torsinA functions in presence of SUN proteins (as previously 

reconstituted) and proteins like LAP1 and LULL1. Also, the formation of clusters on beads 

can be indicative of homo-oligomerization of torsinA which will be interesting to look at in 

future studies.   

5.2.3 Calcium biosensor as a screen for identifying mechanosensitive channels 

 The development of a synthetic cell capable of mechanosensing and biosensing 

opens up the possibility of testing different types of mechanosensitive channels. The use 

of CFE for reconstitution is well suited for this purpose given the complex structure and 

gating mechanisms of known mechanosensitive channels. G-GECO is a fast calcium 

biosensor and its coupled synthesis along with MscL resulted in a high sensitivity to 

calcium influx. Purified G-GECO can be used as an alternative to detect calcium. 

However purified G-GECO is chelated to calcium present in bacterial cells. Subsequent 

sequestration of calcium with EGTA is not sufficient to mediate high ON/OFF ratios of 

fluorescence upon calcium binding. As has been shown in Chapter 3, the resultant 

fluorescence intensity is also proportional to the external calcium concentration 

suggesting some linear dependency in a small concentration range. By swapping the 

gene for MscL with any other protein, the same protocol can be applied to test for 

mechanosensitive behavior. Thus, we have developed a standard technique to couple 

mechanosensation with optical detection. Although a dye leakage assay can be used to 

mediate the same effect, the heterogeneity in encapsulation using non-microfluidic 

methods of liposome generation can cause difficulties in detection. Even with microfluidic 

approaches, the choice of dye will depend on the protein being studied since pore size 



 

103 
 

may affect diffusion of different dyes across the liposome membrane. Finally, known 

mechanosensitive mammalian channels like Piezo1 have very small pore diameters with 

selectivity towards cations70. Calcium influx is ideally suited to study their gating 

mechanisms in response to osmotic shock on these synthetic cells.   

 Using different populations of such synthetic cells, a screen for various mutants 

and possible candidates for non-selective or cation-specific mechanosensitive channels 

can be established. Since membrane tension in liposomes can be correlated to the 

osmolarity difference between the inner and outer solutions, the effect of different osmotic 

gradients can also be studied in these systems. While standard orthogonal promotor-

based genetic circuits are not yet available for HeLa CFE, previous studies carried out in 

our lab suggest possible control over extent of protein expression based on plasmid 

concentrations with the same T7 promotor. The use of HeLa CFE is preferable for the 

expression of mammalian mechanosensitive channels owing to the presence of 

microsomes which might ensure better folding kinetics and successful reconstitution into 

liposomal membranes. Although a comparative study with the standard E. coli CFE with 

larger membrane proteins is yet to be done. Using our HeLa CFE, we have successfully 

expressed the large Piezo1 channel in bulk reactions (data not shown). We found 

evidence of Piezo1 localization in the microsomal fraction which is promising for future 

reconstitution studies.  

5.2.4 Shear-based activation of mechanosensitive channels 

Another application of the work presented in Chapter 3 is to examine effect of shear 

stresses on the activation of MscL and other mechanosensitive proteins. Previous 

theoretical calculations and computational models have shown the possibility of stretch- 



 

104 
 

activated gating of MscL on liposomes subjected to fluid shear forces244. Other channels 

like Peizo1 are known to be activated in blood vessels65 and in cells subjected to external 

fluid shear stresses in vitro71. But, given the interaction of cell membranes with 

cytoskeletal proteins, true response to membrane stretch cannot be easily decoupled. 

Using our synthetic cell model with calcium-based G-GECO fluorescence, one can 

envision the study of mechanosensitive behavior under fluid flow.  

Towards such an attempt, we have developed microfluidic devices capable of 

capturing CFE encapsulated liposomes within different channel widths. Subsequently, 

calcium-containing iso-osmotic solutions at different concentrations can be flowed 

through the device. The synthetic cells are attached through biotin-streptavidin 

conjugation on the bottom channel surface. At high enough flow rates, the liposome 

membranes will experience shear forces which can potentially activate the reconstituted 

MscL channel. While preliminary studies are underway, the approach is promising in 

testing shear-induced gating. A 3D reconstructed image using confocal microscopy is 

shown in Figure 5.4. Attached vesicles are shown before and after application of fluid 

flow. Tracer particles were used to visualize the flow.  

Figure 5.4: Liposomes attached to the bottom surface of a microfluidic channel. (A) No flow, (B) 
At a flow rate of 50 µL/hr. Yellow arrow indicates the direction of flow. Channel height: 65 µm. Channel 
width: 300 µm. Scale bar: 25 µm 
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As before, such a setup can be extended to study MscL mutants under varying 

flow rates and calcium concentrations and to screen for shear-sensitive non-selective or 

cation-specific channels. Both E. coli and HeLa CFE systems can be adapted for use with 

this setup.  

5.2.5 Use of gene circuits for sequential reconstitution of interacting proteins 

 Using endogenous E. coli promotors and transcription factors, the possibility of 

designing different genetic circuits with control over protein synthesis was previously 

demonstrated183. The use of lac operon along with a σ28 gene amplification circuit 

enabled induction of protein synthesis with high ON/OFF ratio using IPTG. This gene 

circuit can be used to study interactions of different proteins in a time-dependent manner. 

One can start with the expression of a protein like MreB which forms filaments inside the 

liposomes. Upon induction using osmotic shock, a second protein (like MreC) that 

interacts with MreB can be synthesized at a different time point. This will allow the 

observation of real-time protein-protein interactions and change in morphology (in this 

case) as a consequence of the synthesis of the other protein. Interactions between both 

soluble and membrane proteins can be studied using this approach. Studies of in vitro 

reconstitution of actin networks inside liposomes can be extended to temporal aspects of 

polymerization dynamics. The second choice of protein could be any actin binding protein 

which could alter the morphology of the induced synthetic cells. Another system which 

has temporal variation coupled to a visual output is the Min oscillator245,246. The effect of 

Min protein interactions as a function of changing concentrations245 can be studied by the 

encapsulation of such genetic circuits.  
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 One limitation of this approach could be the depletion of resources for sustaining 

protein synthesis when using such complicated gene circuits. However, the use of MscL 

is beneficial to this cause because of its large pore diameter. This can allow the influx of 

NTPs and amino acids supplemented in the external solution to continue protein 

synthesis post induction. 

Overall, the tools developed in this dissertation are modular and can be applied to 

a wide range of biological processes. Through the use of different CFE systems, I have 

demonstrated their utility in tackling pertinent problems in cell and molecular biology. 
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