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Abstract 

Engineering Advanced Materials using Type III Secretion in Salmonella enterica 

by 

Anum Azam 

Doctor of Philosophy in Bioengineering 

University of California, Berkeley 

Professor Danielle Tullman-Ercek, Chair 

 

Secretion is emerging as a useful strategy for producing and purifying proteins of 

biotechnological interest from bacteria. The T3SS in Salmonella enterica is an ideal path to protein 

export because (a) the organism is genetically tractable; (b) the T3SS is non-essential for bacterial 

metabolism; and (c) the T3SS allows for target proteins to cross both bacterial membranes in one 

step. In this dissertation, we describe our work in characterizing the mechanisms of action that 

govern type III secretion, and adapting the system for new, synthetic functions. 

First, we investigated the roles of two biophysical factors in protein secretion by the T3SS: 

free energy of unfolding (∆G) and refolding kinetics of target proteins, since the secretion pathway 

includes a protein-unfolding step. These experiments demonstrated that the T3SS preferentially 

exports proteins whose G values and folding rates fall within a specific range. This study provides 

insight for predicting which proteins are suitable for secretion by the T3SS, and how the system 

specificity may be engineered. 

We also engineered a hyper-secreting strain of S. enterica for the high-titer production (100 

mg/L) of a variety of heterologous proteins.  To design the hyper-secreting strain, we investigated 

a single T3SS protein, SipD. We found that SipD has two distinct roles on different sides of the 

cell envelope, which have opposite effects on protein secretion. We have proposed a physical and 

chemical mechanism for this phenomenon, and we are currently using our hyper-secreting S. 

enterica strain to secrete enzymes, cytochromes, antimicrobial peptides and biopolymer proteins. 

In secreting biopolymer proteins, we observed a 35-60% enhancement in the homogeneity 

of full-length forms of secreted pro-resilin, tropo-elastin, and silk proteins, as compared with 

proteins purified from the cytosol. We introduced several modifications to resilin-based peptides 

to make materials of sufficiently high quantity and yield for the production of antimicrobial 

hydrogels with reproducible rheological properties. The hydrogels permitted the growth of 

mammalian cells but inhibited growth of bacterial cells. The ease of this process lends support for 
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using bacterial secretion to produce and purify other proteins that are traditionally difficult to 

express and isolate, and which may find use in multifunctional protein-based materials. 

Finally, we modified the self-assembling T3SS filament protein, PrgI, as a scaffold for 

inorganic nanostructure synthesis. In T3SS assembly, about 120 copies of PrgI spontaneously 

assemble into a growing filament structure that extends outwards from the cell membrane. We 

engineered the flexible N-terminus of PrgI to specifically bind metal ions and particles, and used 

the resulting assemblies as a template to create metal-plated nanowires of tunable length and 

composition in vitro and on live cells. These cell-tethered metallic antennae could be used to 

controllably drive current from the cell cytosol to external electrodes via a non-native protein 

electron transfer chain localized in the cell membrane. 
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Chapter 1: Introduction 
 

1.1 Protein-based materials 
 

Proteins, which are essential biomolecules composed of amino acid chains, are the building 

blocks of all cells. Proteins participate in every life process. Some proteins are enzymes that 

catalyze biochemical reactions necessary for metabolism, while structural proteins assemble 

scaffolds to give shape to cells and organelles. Hundreds of proteins are required for cellular 

processes such as immune responses, molecular transport, signaling, DNA replication, and 

adhesion. Still others regulate nutrient digestion and sequestration for cells. 

Given their diverse roles, it is unsurprising that proteins comprise a vast biochemical 

landscape. Protein structure arises primarily from amino acid sequence, and differences among 

amino acid sequences in proteins result in their ability to fold into unique three-dimensional 

structures. These structures enable protein activity by way of mechanisms that have been 

extensively catalogued: binding pockets, allosteric regulation, transient interactions, etc. Many 

natural proteins have been studied so that the physical and chemical basis for their mechanical, 

electrical, optical or chemical properties can be understood. Next-generation functional materials 

may benefit from the incorporation of biochemical motifs present in natural proteins. 

Naturally-occurring structural proteins in particular, such as silks, elastins, resilins, keratins 

and collagens, are thoroughly characterized due to their remarkable mechanical properties and 

high-level organization (Figure 1-1) (Bracalello et al., 2011; Xiao et al., 2013; Mallepally et al., 

2015). These protein families form 

strong, resilient three-dimensional 

structures in animals. They are 

distinguished by long-range 

ordered molecular secondary 

structures that result from repetitive 

primary amino acid sequences. 

These ordered structures stimulate 

self-assembly and structural 

hierarchy (Xiao et al., 2013). The 

resulting proteins enable the 

formation of flight and jumping 

organs in insects, arterial walls in 

humans, and hair, nails, wool and 

hooves in mammals, among other 

diverse structures (Rabaud et al., 

1992; Elvin et al., 2005). Clearly, 

well-conserved “biomaterial proteins” have utility as building blocks for high-performance, 

programmable, synthetic materials (Xiao et al., 2013; Balu et al., 2014). 

There are many advantages to using protein-based materials. In addition to having 

predictable, consistent structural characteristics and mechanical properties as mentioned 

previously, proteins have unmatched molecular recognition properties (Frederick et al., 2007). 

Therefore, proteins can be engineered to have tunable behaviors and assembly, by rational design 

or directed evolution. Biomolecular recognition also increases the resolution at which proteins can 

be manipulated; nanoscale-level, three-dimensional control is difficult to achieve using traditional 

Figure 1-1. Natural biomaterial proteins have repetitive amino acid 

sequences that result in unique mechanical and biochemical properties. 
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planar top-down methods that suffer from high diffraction limits and harsh chemical environments, 

such as lithography or reactive ion etching (Betancourt and Brannon-Peppas, 2006). Proteins are 

especially useful in systems that require biological interfacing, such as implants or tissue culture 

substrates, because they can be designed to prevent immune response, cytotoxicity and biofouling 

(Schmidmaier et al., 2002). Furthermore, incorporation and editing of numerous protein and 

polypeptide sequences at once for materials testing is enabled by easy genetic engineering 

techniques. Fermentative methods for high-titer protein production and purification in a variety of 

microbial, insect, and mammalian hosts have been developed (Kangwa et al., 2015; Jarvis, 2003; 

Yang et al., 2007). 

Unfortunately, the same biochemical characteristics that cause biomaterial proteins in 

particular to be useful and desirable also limit their recovery by traditional methods for protein 

production. Biomaterial proteins harbor long, repetitive, and hydrophobic amino acid sequences 

that, when expressed recombinantly, are targets for proteolytic degradation by native proteases 

(Elvin et al., 2005; Vendrely et al., 2008). This complicates purification by chromatographic 

methods because the recovery of full-length protein is diminished and contaminated by degraded 

fragments. Additionally, biomaterial proteins often have flexible secondary structures that, at high 

concentrations, lead to intracellular aggregation and limit host growth (Annabi et al., 2014; 

Vendrely et al., 2008(. Further purification steps are required to recover high-quality proteins from 

the heterogeneous mixture of aggregates, contaminants and well-formed proteins, which increases 

the process cost, and decreases the process yield dramatically. 

These challenges in protein production present an opportunity for scientists to develop 

advances in microbial culturing that circumvent proteolysis and protein aggregation. One strategy 

for overcoming these problems is the active, continuous transport of biomaterial proteins across 

the cell membrane. This approach limits cell toxicity and the degradation/aggregation fate of target 

proteins by removing them from the intracellular milieu. It abolishes the need for a complex 

purification protocol, because the extracellular fraction can be recovered with few contaminants 

by simple whole culture centrifugation. Moreover, product transport across the cell membrane 

permits continuous culturing conditions, driving further protein expression forward as full-length 

proteins are exported. Therefore, active cross-membrane protein transport mechanisms provide a 

high-throughput engineering platform for directing the transfer of heterologous biomaterial 

proteins out of the cell. 

 

1.2 Protein export systems: choosing the right one 
 

All living organisms have protein export systems. Gram negative bacteria, however, 

contain the highest number of systems for transporting proteins across the inner, outer, or both 

membranes at once. These include eight systems that are known to mediate protein transport across 

or insertion into the inner membrane, and eight more that mediate transport across or insertion into 

the outer membrane (Costa et al., 2015, Tseng et al., 2009). Three of these protein export systems, 

termed ‘secretory pathways,’ can export proteins across both membranes and the periplasm in one 

single energy-coupled step; another secretory pathway can export proteins in discrete steps, first 

across the inner membrane and then across the outer membrane (Figure 1-2). Because Gram 

negative bacteria are the preferred production hosts for the majority of recombinant protein 

products due to their comparatively simple genetics and fast growth rate, we will discuss only 

Gram negative secretory pathways here. However, for proteins that require post-translational 

modifications or have complex folds that make them better suited for production in the native 



3 

organism, mammalian cells, yeast, insect cells, or other hosts, other secretory pathways must be 

examined. 

Figure 1-2. Bacteria have evolved diverse protein secretion systems. 

 

Type I secretion makes use of the ATP-binding cassette (ABC) transporters, which can 

translocate proteins that vary in size from 10 to 900 kDa (Delepelaire, 2004). ABC transporters 

are highly conserved integral membrane proteins with two channel-forming domains and two 

cytoplasmic ATP hydrolysis domains that energize the process. Proteins destined for secretion by 

ABC transporters have a leader sequence that is recognized by the membrane complex, and 

proteins are unfolded before being secreted. 

The general secretory pathway (Sec, or type II secretion) is conserved across all domains 

of life. The main constituents of the Sec pathway in bacteria are the SecYEG translocase complex 

and the cytoplasmic ATPase, SecA (Natale et al., 2008; Chen et al., 2010). Another set of proteins, 

the signal recognition complex and receptor, act as GTP-dependent chaperones that feed secretion-

targeted proteins into the SecYEG complex, which transports them across the inner membrane 

(Chen et al., 2008). From here, proteins are exported across the outer membrane through main 

terminal branch (MTB) complexes, which are secretins that form large dodecameric ring structures 

with gated pores in the membrane and have associated ATPases. Proteins that are secreted via the 

Sec/MTB system are unfolded or partially unfolded. 

Another form of type II secretion that transports proteins across the inner membrane is the 

twin-arginine targeting translocase, or Tat system (Natale et al., 2008). Tat translocases secrete 

fully folded proteins with the N-terminal (S/T)RRXFLK leader motif using the protein motive 

force (PMF) as an energy source. After being transported across the cytoplasmic membrane, 

proteins exported by the Tat system are exported to the extracellular space via outer membrane 

MTB complexes. 

Type III secretion systems (T3SSs) comprise a class of protein export systems in pathogens 

that transport proteins across both the inner and outer membrane in one step. The native function 

of T3SSs is the secretion of virulence factors directly from bacterial cytoplasm into host cell 

cytoplasm in an infection (Carleton et al., 2013; Abby and Rocha, 2012). Flagellar export systems 

are also T3SSs, and some flagellar systems can also secrete virulence factors (Abby and Rocha, 

2012). Proteins that are targeted for secretion by the T3SS are called effector proteins and include 

a cryptic, N-terminal secretion tag. Most effectors have a cognate chaperone protein, which binds 

to the effector protein and transports it to the membrane in a partially unfolded state. At the 
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membrane, a T3SS-associated ATPase unfolds effectors and threads them into the T3SS basal 

body to be secreted. 

Type IV secretion systems (T4SS) are structurally similar to and probably share an 

evolutionary background with bacterial conjugation systems (Fronzes et al., 2009). Effector 

proteins and genetic material can be transferred via type IV secretion in Gram negative bacterial 

pathogens. T4SS, like T3SS, span the inner and outer membranes as well as the eukaryotic cell 

membrane in one large macromolecular complex (~3 megadaltons) composed of up to 12 proteins 

(Low et al., 2014). Secretion is powered by the activities of three ATPases. Very recent 

reconstructions of the system using cryo-electron microscopy techniques reveal that T4SS have a 

two-fold symmetric inner membrane complex connected with a concentric outer membrane 

channel by a central stalk – a very different architecture from T3SS, and therefore a different 

translocation mechanism (Low et al., 2014). The mechanistic details of substrate transport across 

the cell envelope remain to be determined. Nevertheless, data thus far indicate that type IV 

secretion systems are integral to the virulence of bacterial species that harbor them (Fronzes et al., 

2009). 

 Type V secretion systems, also known as autotransporters, are highly varied in structure 

and function (Dautin and Bernstein, 2007). Type VI secretion systems are one-step membrane-

embedded “nanomachines” that have been found in a quarter of all proteobacterial genomes but 

remain poorly understood (Bingle et al., 2008). These systems both export proteins and other 

biomolecules, but much work must be done to fully characterize their components and uncover 

their mechanisms of action. 

We chose the T3SS as a platform for heterologous protein secretion for several reasons. 

Unlike the other secretion systems mentioned here, it is both well-conserved in genetically 

tractable hosts (enteropathogenic Escherichia coli, Salmonella spp., Shigella spp., Yersinia spp., 

and others) and not essential for bacterial growth and proliferation. Therefore, successfully 

engineering the T3SS for use as a protein export system in one organism has extensive applicability 

in many systems, while having minimal metabolic consequences in any system. In fact, 

reengineering a vestigial virulence mechanism in a pathogen to perform a useful biotechnological 

function improves the organism as a production host. Many of the genes involved in construction 

and regulation of the T3SS in common pathogens are conveniently grouped together on plasmids 

or pathogenicity islands (Lostroh and Lee, 2001). Genes encoding native virulence factors can be 

knocked out without dramatically disturbing the regulation of the system, allowing for secretion 

of a single heterologous protein of interest (Sha et al., 2004; Zhang et al., 2002). Finally, the system 

allows for relatively rapid protein secretion (~20 molecules/second) from the cytoplasm to the 

extracellular space in a single, energy-coupled step, which is advantageous over two-step systems 

that expose proteins to the reducing periplasmic environment (Widmaier et al., 2009). 

 

1.3 T3SS physiology in Salmonella enterica 
 

Our model T3SS-containing organism is Salmonella enterica subspecies enterica, serovar 

Typhimurium. Salmonella Typhimurium includes a collection of variants that vary in their host 

range and degree of host adaptation, and some serotype Typhimurium variants can cause disease 

in humans, livestock, rodents, and birds (Lostroh and Lee, 2001; Zhang et al., 2002). All S. enterica 

encode multiple T3SS systems, which are each activated in different environmental conditions 

associated with stages of progression in an infection. Salmonella Typhimurium contains five 

pathogenicity islands that encode virulence factors, and two of these pathogenicity islands encode 
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T3SSs (Lostroh and Lee, 2001). (There is cross-talk among the pathogenicity islands; non-T3SS 

encoding pathogenicity islands do encode a few T3SS effectors.) Salmonella Pathogenicity Island 

1 (SPI-1) is induced the in the small intestine upon bacterial contact with an epithelial host cell, 

and Salmonella Pathogenicity Island 2 (SPI-2) is induced intracellularly at a later time to further 

influence host cell functions. We will limit our discussion to the SPI-1 T3SS because it has been 

used previously to secrete heterologous proteins to the extracellular space (Widmaier et al., 2009). 

SPI-1 encodes all necessary genetic components to assemble the T3SS apparatus in the 

membrane, as well as several effector proteins, which allows the pathogen to insert itself into 

epithelial cells (Figure 1-3) (Carleton et al., 2013). This interesting phenotype is called “invasion.” 

Most SPI-1 gene products have been characterized in terms of their involvement in invasion, and 

as a result, many important T3SS proteins have been identified. T3SS proteins can be organized 

by their localization, function, biochemical activity, effect on host cells, etc. Table 1-1 lists T3SS 

structural, regulatory and chaperone proteins from S. enterica. Table 1-2 lists T3SS effector 

proteins from S. enterica. 

 

  

Figure 1-3. SPI-1 regulation. 
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Table 1-1 S. enterica SPI-1 T3SS proteins 

Localization Protein Functional component Reference(s) 

host cell membrane 
SipB translocon Hersh et al., 1999 

SipC translocon Tucker et al., 2000 

extracellular SipD needle tip Lara-Tejero et al., 2009 

  PrgI needle filament Sukhan et al., 2003 

OM/periplasm InvG secretin/OM ring Daefler and Russel, 2008 

  PrgJ inner rod protein Sukhan et al., 2003 

  InvH pilotin Daefler and Russel, 2008 

IM PrgK small IM protein Kimbrough and Miller, 2000 

  PrgH larger IM ring protein Kimbrough and Miller, 2000 

  SpaP export apparatus Collazo and Galán, 1996 

  SpaR export apparatus Collazo and Galán, 1996 

  SpaS substrate switching Ferria et al., 2015 

  InvA export apparatus Galán et al., 1992 

 SpaQ export apparatus Collazo and Galán, 1996 

cytoplasm SpaO C-ring homolog Collazo and Galán, 1996 

  OrgA sorting platform 

Klein et al., 2000; 

Lara-Tejero et al., 2013 

  OrgB sorting platform 

Klein et al., 2000; 

Lara-Tejero et al., 2013 

  InvC ATPase Eichelberg et al., 1994 

other InvI central stalk Collazo et al., 1995 

  InvE gatekeeper Kubori and Galán, 2002 

  InvJ needle length regulator Kubori et al., 2000 

  OrgC ? Day and Lee, 2003 

 

T3SSs from all species have the same 

distinctive structure: a syringe-like apparatus made 

up of >20 proteins, many of which oligomerize, 

lodged in the inner and outer bacterial membranes 

(Figure 1-4) (Sato and Frank, 2011). The cell 

envelope-embedded basal body is about 25 nm 

wide and constructed from ring-structured protein 

complexes that are connected by a thin rod (Kubori 

et al., 2000). The main extracellular component of 

the T3SS protrudes from the outer membrane to 

form a needle-like filament structure that is 80 nm 

in length and 3 nm in diameter. It is through this 

homomultimeric needle structure that unfolded 

proteins targeted for secretion travel from the cell cytosol to the extracellular space (Sukhan et al., 

2003). The basal body is constructed first using several helper proteins and Sec secretion to insert 

Figure 1-4. Schematic (Sato and Frank, 2011) and 

TEM images of isolated needle complexes showing 

T3SS structures. 
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the outer membrane secretin, then the inner rod and needle (Kimbrough and Miller, 2000). In S. 

enterica, the needle proteins are secreted from the nascent structure and added to the distal end of 

the filament until assembly is complete. Then, the tip and translocon proteins are secreted and 

localized to the needle tip, forming a pore in the host cell membrane (Lara-Tejero et al., 2009). 

Finally, effectors can be secreted and endocytosed in the host cell (Carleton et al., 2013). 

 

Table 1-2 S. enterica SPI-1 associated effector proteins 

Effector Chaperone Biochemical activity Reference(s) 

AvrA ? protease (by sequence homology) Wu et al., 2012 

SptP SicP tyrosine phosphatase Lin et al., 2003 

SipA InvB actin bundling Lilic et al., 2003 

SipC SicA possibly actin bundling Cain et al., 2008 

SipB SicA membrane fusigenesis Hersh et al., 1999 

SopA ? E3 ligase for host inflammation Zhang et al., 2006 

SopB/SigD ? inositol phosphate phosphatase Marcus et al., 2002 

SopC ? unknown Raffatellu et al., 2005 

SopD ? unknown Raffatellu et al., 2005 

SopE5 ? GTP/GDP exchange factor Raffatellu et al., 2005 

SopE2 ? GTP/GDP exchange factor Raffatellu et al., 2005 

SspH1 ? unknown Haraga and Miller, 2006 

SspH2 ? unknown Bhavsar et al., 2013 

 

 

 

Under native conditions, contact with host cells results in SPI-1 activation and T3SS 

construction.  Heterologous protein secretion in liquid cultures can be achieved in the absence of 

host cell contact by two known methods. First, type III secretion can be induced by simulating the 

low oxygenation, high osmolarity growth conditions of the human gut environment (Widmaier et 

al., 2009). Using this method, T3SS promoters are active in about 30% of cells. Alternatively, the 

gene encoding transcription factor HilA can be overexpressed from an inducible plasmid to build 

T3SSs in ~90% of cells (Metcalf et al., 2014). Heterologous protein secretion is possible by 

incorporating plasmid-borne genes encoding the target protein that is transcriptionally fused with 

Figure 1-5. Two-plasmid system for (1) upregulating T3SS transcription factor HilA, and (2) expressing heterologous 

proteins and targeting them for secretion. 



8 

a secretion tag borrowed from a native effector (in our case, the N-terminal region of SptP), and a 

cognate chaperone protein, under the control of the native pSicA promoter (Figure 1-5) (Widmaier 

et al., 2009). 

 

1.4 Considerations for engineering the T3SS 
 

We chose the T3SS as an engineering platform for the export of heterologous proteins from 

bacterial cytosol because: (a) S. enterica is a genetically tractable, well-characterized host; (b) the 

T3SS is not required for cell metabolism; and (c) type III secretion does not necessitate protein 

trafficking and a separate energetic step in the periplasm. However, the system was evolved for 

function in the specific environment of establishing an infection in the small intestine, and several 

characteristics of this native system present a challenge when repurposing it for heterologous 

protein export in standard culture conditions in the lab. 

The most restrictive difficulty in adapting the native T3SS for heterologous protein 

secretion is achieving a high secretion titer. As mentioned in the previous section, using high 

osmolarity/low oxygenation culture conditions to induce type III secretion recruits only 30% of 

cells, for several reasons. One reason for low T3SS induction levels is that in the small intestine, 

it is more advantageous for only a small population of cells to serve as the offensive vanguard that 

invades host cells, allowing the rest of the bacteria to follow and establish the infection by 

manipulating host functions from within. In fact, the native pSicA promoter that we use to control 

transcription of the target protein has been characterized to have relatively low activity (Widmaier 

et al., 2009). This is perhaps related to another reason for low induction levels, which is that the 

natural system is tightly spatiotemporally regulated both transcriptionally and translationally. 

Heterologous protein expression from a plasmid-borne system eliminates much of this regulation, 

which may diminish the amount of protein that can be secreted. 

Using a non-engineered strain to secrete heterologous proteins using the pSicA export 

plasmid with type III inducing growth conditions, in which 30% of cells in culture express the 

T3SS, results in a secretion titer of <1 mg/L over eight hours for most proteins (Metcalf et al., 

2009). By contrast, most industrial processes to produce biologics of value require a titer of at least 

100 mg/L. We have considered several tactics for engineering a 100-fold higher secretion titer in 

S. enterica: increasing the cell population that expresses the T3SS; increasing the number of T3SS 

expressed per cell; and increasing the number of proteins secreted per T3SS per cell. As mentioned 

in the previous section, the transcription factor HilA can be overexpressed from a plasmid to triple 

the number of cells that express T3SS, which results in a ten-fold increase in secretion titer for 

some proteins. Another method for increasing the T3SS-expressing cell population – the 

exogenous addition of translocon protein SipD to T3SS-induced cultures – is described in detail 

in Chapter 3. Literature values estimate the number of secretion systems per cell at ten to 100, and 

the rate of secretion as relatively fast, about 20 molecules per second (Kubori et al., 2000). 

Additionally, experimental evidence shows that about 90% of expressed proteins are not secreted, 

even in HilA-upregulated strains. Chapter 3 also includes some work in strain modifications that 

can effect a higher secretion titer on a per cell basis, resulting in cells that secrete >90% of 

expressed proteins. These improvements to the wild type strain and growth conditions allow for 

secretion of heterologous proteins at titers greater than 100 mg/L for most proteins. 

Another challenge in using type III secretion for heterologous protein export is in the 

specificity of the system for secretable proteins. It is difficult to predict which proteins can be 

secreted by the T3SS, but many proteins that express well in S. enterica do not successfully secrete. 
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For example, green fluorescent protein (GFP) gets stuck in the basal body of the T3SS. 

Heterologous proteins are targeted for secretion by the T3SS via an N-terminal secretion tag, which 

in our system is the first 159 amino acids of the effector protein SptP (Radics et al., 2014). For 

most proteins, we do not expect the SptP tag to impact protein folding because of its flexible loop 

structure (though many of our genetic constructs include a protease cleavage site between the tag 

and the target protein) (Stebbins and Galán, 2000). Therefore, the success of secretion of different 

heterologous proteins is dependent on several biochemical factors that are unique to each protein. 

However, common quantitative measures such as protein size, alpha helix/beta sheet propensity, 

amphipathic index, charge etc. do not reveal a clear trend in a large sample set of proteins. In 

Chapter 2, we hypothesized that proteins that are unable to achieve a fully unfolded state prior to 

insertion in the T3SS basal body fail to be secreted. We describe our work in elucidating the role 

of the free energy of unfolding and the rate of refolding of proteins in secretability of proteins by 

the T3SS using a T4 lysozyme mutant library, maltose binding protein and GFP as model proteins. 

Understanding the role of these and other factors that influence secretion titer will help determine 

whether the T3SS is an appropriate secretion mechanism for any specific heterologous protein 

target, and to lay the foundation for future efforts in engineering the system to selectively secrete 

proteins of interest. 

The T3SS is further problematic for high-titer secretion or other functions because of the 

lack of characterization of many T3SS proteins, which is ongoing in many labs around the world. 

The dearth of information about protein structures and functions, binding sites, regulation etc. can 

be frustrating when trying to optimize or re-engineer the system for new applications. We take a 

learn-as-you-go approach in which we rationally engineer the Salmonella T3SS given the available 

knowledge, and in doing so sometimes uncover new information about the biology or biochemistry 

of the system. Fortunately, the proteins involved in Yersinia spp. and Shigella spp. are better 

studied, and in many cases they are homologous to proteins in the Salmonella T3SS. Frequently, 

differences among homologs enable useful protein discovery and engineering projects. For 

example, the functional equivalent to SipD in Yersinia is a cytoplasmic two-protein complex, 

which provided some hints about SipD’s dual behavior in our system as described in Chapter 3 

(Nilles et al., 1997). Another example is extrafilamentous localization of the N-terminal region of 

oligomerized PrgI, the T3SS filament protein in Salmonella, compared with the buried localization 

of the N-terminal region of other homologs (Loquet et al., 2012). We exploited this interesting 

anomaly for metal-templating applications, as described in Chapter 5. Future efforts in engineering 

the S. enterica T3SS will be aided by increased interest in SPI-1 from the microbiology community 

at large, as well as work in the C. Voigt laboratory at MIT to refactor the operon. 

Furthermore, the T3SS-inducing culturing conditions are so stringent that the secretion 

phenotype is unattainable if the wild type strain is fermented. HilA upregulation partially 

ameliorates this issue, but the current plasmid-based system is not workable on a large scale 

because it requires the addition of IPTG, an expensive molecule. Additionally, SPI-1 activation 

only occurs when Salmonella are grown in rich media. Bacterial protein production at the industrial 

standard typically requires growth to extremely high optical densities in minimal media via large 

scale fermentation to be cost-effective. Future efforts in strain engineering to improve the T3SS 

for industrial protein production should address these limiting concerns. 

Various methods to engineer the T3SS for high-titer, protein-specific secretion in 

industrially relevant growth conditions might be employed depending on the application in mind. 

We have employed only rational mutagenesis techniques for probing the biophysical limits of the 

native system and enabling T3SS applications in organic and inorganic materials development. 
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However, more extensive rational engineering for T3SS proteins might involve saturation 

mutagenesis at residues that are known to be important in substrate binding or protein-protein 

interactions, or computational redesign using powerful protein modeling tools such as Rosetta. In 

addition to these techniques, little work has been done on T3SS proteins using a directed evolution 

approach. With the development of a high-throughput screen, a more selective, efficient, and 

customizable protein transport system might be evolved for a variety of functions that take 

advantage of the benefits of the native T3SS. 

 

1.5 Conclusions and outlook 
 

Secretion is clearly a powerful strategy for increasing the efficiency of protein production. 

Above, we highlight some of the advantages and challenges in engineering the T3SS for selective, 

high-titer heterologous protein secretion. With increased demand for protein-based therapeutics, 

materials, and industrial enzymes, there is increased need for new methods for bacterial protein 

production. Engineering a secretion machine that moves proteins across the lipid biplayer is not a 

trivial process, but the potential reward in efficient protein production justify such efforts using 

directed evolution and rational approaches. 

This dissertation describes the substantial progress we made to optimize the T3SS, and 

provides insight to approaches that can be taken to engineer other complex cellular pathways and 

structures for diverse synthetic functions. We first investigate the biophysical limits of the native 

system to understand thermodynamic and kinetic factors that contribute to successful heterologous 

protein secretion, primarily using thirty T4 lysozyme point mutants as model proteins. We increase 

the secretion titer of the native system by a hundred-fold by studying one translocon protein that 

simultaneously behaves as a “gatekeeper” and a “trigger” for secretion. We then extend the utility 

of the system for the production of useful biomaterial proteins, and to demonstrate the power of 

this approach, we build new antimicrobial hydrogels using secreted resilin-based proteins. Finally, 

we engineer the structure of the T3SS filament itself to take on the added functionality of 

selectively binding metals, producing wire-like cell-tethered appendages. It is our hope that future 

work in engineering the T3SS reveals more possibilities for its use in biotechnological 

applications, and extends our knowledge of how the system works to better combat its pathogenic 

effects. 
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Chapter 2: Thermodynamic constraints limiting heterologous T3SS 

protein secretion 
 

2.1  Background: factors affecting protein secretion by the T3SS 
 

Secretion is emerging as a useful strategy for the production of heterologous proteins with 

high biotechnological value, as outlined in Chapter 1. Traditional methods require cell lysis and 

several chromatography steps to extract the protein of interest from the cellular milieu, followed 

by protein-specific refolding procedures (Vallejo and Rinas, 2004). In contrast, exporting proteins 

from microbial hosts into the growth media can simplify downstream purification steps and reduce 

process costs dramatically. Proteins destined for the type III secretion pathway are co-

translationally chaperoned by other T3SS proteins to the membrane, where they are unfolded in 

an ATP-dependent manner and threaded into the T3SS needle (Galán and Collmer, 1999). 

Heterologous proteins have been successfully secreted by the T3SS by appending an N-

terminal secretion tag from a native effector to the protein of interest, and co-expressing it with a 

cognate chaperone (Widmaier et al., 2009; Metcalf et al., 2014; Azam et al., 2015). Our lab has 

detected secretion of 72 heterologous proteins out of 98 total proteins (73% success rate). This set 

includes biopolymer-forming proteins, enzymes, antibody fragments, and other proteins from a 

variety of organisms, including bacteria, insects, and mammals. However, many factors influence 

success of heterologous protein secretion by the SPI-1 T3SS, and different proteins that are 

compatible with type III secretion exhibit variable secretion titers. Protein characteristics that 

influence secretability may be physical, biochemical, thermodynamic, kinetic, or some 

combination of these elements. Easily identifiable, static features such as protein size, charge, 

amino acid composition or folded secondary structure do not correlate with secretion titer in our 

dataset. Currently, no highly effective predictive model for assessing the secretability of a protein 

by the T3SS exists. 

Computational methods based on bioinformatics approaches to identify native effector 

proteins from T3SS-expressing organism genomes have been met with mixed success. For 

example, BPBAac is a prediction tool based on position-specific amino acid composition features 

in N-termini (Wang et al., 2011); the SIEVE server is a web tool that uses machine learning to 

predict secreted effectors (Samudrala et al., 2009; McDermott et al., 2011); and BEAN 2.0 is a 

Web app that was designed to identify T3SS effectors based on sequence-structure joint features 

(Dong et al., 2013). Several databases that compile effector sequences from many bacterial species 

exist, including T3SEdb and the BEAN 2.0 database. While informative for increasing our 

understanding of native secretion tags and their contribution to the secretability of effectors, none 

of these approaches can be easily applied to determine the likelihood of success for heterologous 

proteins transcriptionally fused to a secretion tag. It is likely that even native T3SS effectors are 

secreted due to a variety of inconsistent factors, including N-terminal amino acid sequence, 

chaperone binding, protein structure and mRNA secondary structure (Löwer and Schneider, 2009). 

Given that the secretion process is dynamic for the protein of interest and the structural and 

regulatory elements of the T3SS, and that obvious physical and biochemical protein characteristics 

are not indicators of the protein secretability, we turned our attention to factors that are more 
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difficult to measure. We hypothesized that the free energy of unfolding (G) plays a role in the 

secretability of proteins by the T3SS. To determine the relationship between G and secretability, 

we investigated the secretion of chromophore-forming green fluorescent protein (GFP) and 

variants, maltose binding protein (MBP) in its ligand-bound and unbound states, and several T4 

lysozyme (T4L) single mutants with known G values. We also began investigating the kinetics 

of type III secretion by employing well-characterized T4L single mutants with known rates of 

refolding that share a G value. We created fusions of each of these T4L variants to the SptP 

targeting sequence comparing the resulting secretion titers. 

 

2.2 Results 
 

2.2.1 Secretion of GFP mutants 

 

One frustrating problem in developing a high-throughput screen for type III secretion is 

that GFP and its variants, the most common fluorescent proteins, are not compatible with the 

system. This is because the protein gets stuck in the narrow T3SS needle, disabling all the T3SS 

that the cell builds (Radics et al., 2014). We hypothesized that chromophore maturation might 

contribute to the inability of the T3SS to secrete GFP. The chromophore of GFPmut2, a p-

hydroxybenzylidene-imidazolidone, is composed of modified amino acid residues 65-67 (Ala-

dehydroTyr-Gly) of GFP (Figure 2-1). The imidazolidone ring is formed by the backbone 

cyclization of SYG resulting from a nucleophilic attack of the amino group of G67 onto the 

carbonyl group of A65, and the elimination of a water molecule. This is followed by oxidation of 

a T66 C-C bond to give a delocalized pi-system, completing the fluorophore (Campanini et al., 

2005, Ma et al., 2010). These major modifications to peptide backbone structures likely inhibit the 

T3SS protein-unfolding mechanism (Sen et al., 2014). 

Figure 2-6. GFP chromophore maturation (adapted from Ma et al., 2010). 
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To test this, we created 

three GFP mutants by mutating 

chromophore amino acids: 

mutant 1 (GFPAAA), mutant 2 

(GFPGSG), and mutant 3 

(GFPGGG). None of these 

variants result in a fully 

matured, fluorescent 

chromophore. The genes 

encoding each GFP variant 

were transcriptionally fused to 

the sequence for an N-terminal 

secretion tag, SptP, and 

expressed under the pSicA promoter, along with the gene encoding cognate chaperone protein 

SicP. We assayed secretion of the GFP mutants by western blotting. The three GFP variants were 

secreted, while the wild type protein was not secreted (Figure 2-3). This supports the hypothesis 

that chromophore maturation impedes secretion by the T3SS. 

However, 

chromophore maturation 

is not the only factor that 

contributes to the 

secretability of GFP-

derived proteins. We 

created an SptP-GFP-1-10 

construct, which is a 

fusion of the SptP 

secretion tag with the first 

ten strands of the GFP beta 

barrel, leaving out the last 

strand (Cabantous and 

Waldo, 2006). This 

protein does not quickly 

mature in the absence of 

the GFP11 fragment, and 

does not secrete by the T3SS (Figure 2.4). 

GFP1-10 is less soluble than its parent, and this may also be a contributing factor to 

secretability by the T3SS. To test this idea, we incorporated maltose-binding protein (MBP) into 

our GFP fusion proteins. MBP is a protein that enhances the solubility of proteins that it is fused 

to, and is commonly used to aid in the production of low solubility  proteins (Kapust and Waugh, 

1999). We tested the secretion of SptP-MBP-GFP1-10 as compared to SptP-GFP1-10 and SptP-

GFP, and interestingly, SptP-MBP-GFP1-10 successfully secretes via the T3SS (Figure 2.4). We 

also tested whether SptP-MBP-GFP is secreted, but did not observe this fusion in the secretion 

fraction (data not shown).  

Figure 2-7. GFP chromophore mutants. 

Figure 2-8. GFP chromophore mutants secrete in T3SS-inducing conditions. DH, 

the positive control, is a human protein. 
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The results of these experiments suggest that both protein solubility and chromophore 

maturation play a role in T3SS protein secretion, but that incompatibility with the secretion system 

can be due to other factors as well. 

 

2.2.2 Secretion of MBP with and without ligand binding 

 

The GFP variant secretion experiment 

indicates that protein unfolding is required for 

secretion through the T3SS. This is in 

opposition to a model in which some fraction of 

proteins destined for secretion do not fold at all, 

but remain mostly unfolded in the cytoplasm, 

perhaps while bound to a T3SS chaperone, and 

then are secreted through the needle. To further 

test the importance of being able to unfold a 

target heterologous protein prior to secretion, 

we tested the secretion of SptP-MBP, titrating in 

the ligand maltose. MBP has a Kd of 1200 nM 

for maltose, and the subsequent change in G 

from 13.3 kcal/mol to 17.2 kcal/mol upon 

binding to 100 mM maltose makes the protein 

more difficult to unfold (Park and Marqusee, 

2005). Maltose is transported through the cell 

membrane via an ATP-binding cassette (ABC)-type transporter, and cells can use it as a carbon 

source for growth (Ehrmann et al., 1998). At higher concentrations of maltose addition to T3SS-

induced cultures, we observed a decrease in MBP secretion, suggesting that MBP-maltose binding 

was inhibiting secretion (Figure 2.5).  

 

2.2.3 Generation of SptP-T4 lysozyme mutants 

 

The results of the MBP-maltose secretion experiment 

pointed to a relationship between G of proteins of interest 

and their secretability by the T3SS. To investigate this link 

further, we chose to investigate the secretion of T4L and 30 of 

its well-characterized variants. T4L is an enzyme from 

bacteriophage T4 that breaks down peptidoglycans in bacterial 

cell walls (Figure 2-6) (Baase et al., 2010). The wild type 

enzyme contains a single disulfide bond that can be removed 

by mutating the cysteines to enable high recombinant 

expression in E. coli, and the cysteine-free enzyme is denoted 

here as T4L*. Single and double amino acid mutations to 

T4L* have been found to modulate its G considerably, without disrupting the protein’s folding 

pathway or final structure (Cellitti et al., 2007). 

Figure 2-9. Secretion of GFP (left), GFP1-10 (center) 

and MBP-GFP (right). Only MBP-GFP can be secreted 

by the T3SS. 

Figure 2-10. Structure of T4L. PDB code 

2LZM. 
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SptP-T4L* and each of the 30 single and double amino acid mutants that were made using 

the Quikchange mutagenesis method were found to be secretable in standard T3SS-inducing 

conditions. The secretion fractions and whole culture lysates were assayed using western blots in 

technical triplicate. The data was normalized by protein expression level, final optical density of 

cultures and a control protein run on each SDS-PAGE gel (used as an internal control to 

standardize among western blots). Table 2-1 compiles each T4L* mutant that was made, listed 

with the available data on its G and rate of refolding. G refers to the free energy of unfolding 

of a protein, and G is the difference in free energy of unfolding for a protein variant and the 

wild type protein – in this case, T4L*. 

 

2.2.4 Role of G of target proteins in type III secretion 

 

The normalized secretion titers for 

all T4L* mutants were plotted 

against their G values (Figure 2-

7).  This revealed a range of G 

values in which high secretion titers 

were more likely, between -3 

kcal/mol and -0.5 kcal/mol. 

However, the trend was relatively 

weak, as many mutants fell in that 

range and several of them did not 

have higher secretion titer than the 

baseline on average. We postulated that the reported G values and the folding of the proteins 
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Figure 2-12. T4L* mutant titers plotted by free energy of 

unfolding. 

Figure 2-11. Addition of maltose to MBP-secreting S. enterica strains limits MBP secretion. Structures of apo-

MBP (open) and bound MBP (closed) from Park et al. 2005. 
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may be affected by the SptP fusion and that kinetic effects may play a role in determining secretion 

titer. 

  Mutation Gα (kcal/mol) Rate of Refolding (1/s) Reference 

T4L*1 A42G -3.2 N/A Cellitti et al., 2007 

T4L*2 V87A -2.8 6.2 Cellitti et al., 2007 

T4L*3 I100A -3.4 N/A Gassner et al., 1999 

T4L*4 A42G / V87A N/A N/A Cellitti et al., 2007 

T4L*5 I27A -3.9 N/A Cellitti et al., 2007 

T4L*6 I50A -2 16.1 Cellitti et al., 2007 

T4L*7 L99A -5 3.6 Gassner et al., 1999 

T4L*8 L121A -4.2 9.3 Cellitti et al., 2007 

T4L*9 T4L* 0  Cellitti et al., 2007 

T4L*10 F104M -0.4 33.4 Gassner et al., 1999 

T4L*11 L99A/F153A -8.4 N/A Gassner et al., 1999 

T4L*12 M102K -6.9 N/A Baase et al., 2010 

T4L*13 N132M 1.5 N/A Gassner et al., 1999 

T4L*14 S44E 0 N/A Baase et al., 2010 

T4L*15 S117V 5.3 N/A Baase et al., 2010 

T4L*16 A73S -0.4 N/A Baase et al., 2010 

T4L*17 A130S -1 N/A Baase et al., 2010 

T4L*18 V75T -1.3 N/A Baase et al., 2010 

T4L*19 A42S -2.3 N/A Baase et al., 2010 

T4L*20 V149A -3.2 18 Gassner et al., 1999 

T4L*21 I27M N/A N/A Gassner et al., 1999 

T4L*22 F104A -2.7 19.6 Gassner et al., 1999 

T4L*23 L33M -2 19.1 Gassner et al., 1999 

T4L*24 A129M -1.9 19.3 Gassner et al., 1999 

T4L*25 V111A -1.3 18.3 Gassner et al., 1999 

T4L*26 L66M -1 17.9 Gassner et al., 1999 

T4L*27 L121M -0.8 18.3 Gassner et al., 1999 

T4L*28 L99M -0.7 17.7 Gassner et al., 1999 

T4L*29 L84M -1.9 8.7 Gassner et al., 1999 

T4L*30 I100M -1.6 10.3 Gassner et al., 1999 

T4L*31 M106A -1.9 1.09 Gassner et al., 1999 

T4L*32 V87M -2.3 13.5 Gassner et al., 1999 

T4L*33 V103A -2.2 13.6 Gassner et al., 1999 

T4L*34 L7A -2.3 28.6 Cellitti et al., 2007 
αG refers to the difference in G between the mutant and T4L*. 

All values are for the T4L* mutant without the SptP secretion tag.  
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2.2.5 Role of kinetics of unfolding and refolding of target proteins in type III secretion 

 

To more clearly determine the 

role of G in heterologous protein 

secretion by the T3SS, we plotted the 

secretion titers for T4L* mutants that had 

the same rate of refolding, 53 ms ± 3 ms 

(Figure 2-8). At this relatively fast rate of 

refolding, we observed that mutants with 

G values between -2 and -1 have the 

lowest secretion titer, compared with 

secretion titers of more or less 

thermodynamically stable mutants. This 

result underscores the biophysical 

context dependence of T3SS substrates. 

 

 

2.3 Discussion 
 

To gain widespread use as a vehicle for industrial scale protein production and purification, 

several characteristics of the T3SS must be well-understood so that the system can be engineered 

to be compatible with different proteins of interest. Two of the most important characteristics are 

heterologous protein secretion titer and selectivity of the T3SS for heterologous proteins, and work 

in our lab to dissect the molecular and environmental elements that contribute to these features is 

ongoing. These preliminary experiments using GFP mutants, MBP and maltose, and T4L* mutants 

give us insight into some of the rules that govern selectivity of the T3SS for secretion of different 

proteins. The next chapter will address our efforts to increase the secretion titer for the system for 

all secretable proteins. 

From the GFP mutant experiments, we find that it is likely that proteins that are unable to 

unfold into a linear amino acid chain due to backbone modifications or energetic restrictions do 

not secrete as well by the T3SS. GFPmut2 has a chromophore sequence of AYG. When these 

residues were mutated to AAA, GSG and GGG, to eliminate the side chain chemistry that is 

required for chromophore maturation, the proteins were able to secrete by the T3SS. These GFP 

mutants probably achieve a folded conformation, but do not undergo the cyclization and oxidation 

reactions required to form the chromophore (Barondeau et al., 2003). Irreversible protein folding 

due to post-translational modifications or formation of a peptide knot might therefore clog the 

T3SS. 

Solubility of proteins also plays a role in protein secretion. Of course, poorly soluble 

proteins express poorly. However, our experiments using GFP1-10 and MBP-GFP-10 suggest that 

increasing solubility of proteins can also help them to secrete successfully via T3SS, and that 

chromophore formation is not the only factor contributing to the inability to secrete GFP, since we 

cannot detect the secretion of GFP1-10. N-terminally fusing MBP to GFP1-10 rescued the 

secretion phenotype. There are a number of potential explanations for this. Total expression of 

Figure 2-13. Secretion titers for T4L* mutants with the 

same rate of refolding plotted against G. 
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MBP-GFP1-10 is higher than GFP1-10. Additionally, co-translational and post-translational 

chaperone binding and protein trafficking to the membrane may be improved by the addition of a 

large soluble domain and reduce intracellular aggregation. 

To determine whether ligand binding affects protein secretion titers, we titrated a range of 

maltose concentrations in cultures expressing SptP-MBP. Increased maltose concentrations 

decreased MBP secretion titer linearly. We hypothesized that this was a result of conformational 

changes in MBP after ligand binding, and that maltose-bound MBP was more difficult to secrete. 

The free energy of unfolding for maltose-bound MBP is higher than for MBP that is not bound to 

maltose. 

We made 30 T4L* mutants that were previously described to have different G values to 

ascertain whether thermodynamic stability plays a role in how well proteins are targeted for 

secretion by the T3SS. After assaying the secretion titer of these mutants, we observed that some 

mutants with G between -3 kcal/mol and -0.5 kcal/mol had very high secretion titers, but others 

in that range showed little fold improvement over the baseline. We suspected some influence of 

folding kinetics in this discrepancy, and so we examined the relationship between secretion titer 

and G for variants that have the same rate of refolding, as a proxy for the relative rates of folding 

within the cell. Interestingly, for variants that refold in 54 ms, we observed that T4L* variants with 

G between -2 and -3 kcal/mol secrete at lower titers than at higher or lower G. We need to 

examine more variants in order to determine if this observation is repeated at other refolding rates, 

and to explore more fully the relationship between the thermodynamics of unfolding, kinetics of 

folding, and type III secretion titer for a protein of interest. Moreover, we plan to purify each of 

the T4L* mutants and confirm via circular dichroism that G trends remain the same despite the 

addition of the SptP secretion tag. 

 

2.4 Methods 
 

2.4.1 Plasmid construction 

 

Standard restriction enzyme-based molecular cloning techniques were employed for all 

cloning. Linearized vectors were obtained using PCR with Pfu DNA polymerase, followed by 

DpnI digest of the resulting PCR products. We used the pSicA vector backbone from previous 

studies (Metcalf et al., 2014; Widmaier et al., 2009) for all export plasmids, and HindIII, NheI, 

and XbaI as our restriction enzymes for the insertion of genes. This plasmid contains the pSicA 

promoter, the gene encoding SptP chaperone protein sicP, and the N-terminal region of SptP on 

the 5’ end of the target protein gene. The pSicA plasmid has a chloramphenicol resistance cassette 

and a ColE1 origin of replication. The Quikchange mutagenesis method was used to make all T4L* 

single and double amino acid mutations. Lists of PCR primers and plasmids used in this study are 

available in Appendix I. 

 

2.4.2 Strains and bacterial growth conditions 
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All strains were grown in inducing media (LB-IM) at 37 °C and 120 rpm as described in 

Azam et al., 2015. T4L* strains with the hilA overexpression plasmid were induced with 1 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) at the time of subculture. MBP strains were 

supplemented with 0 to 100 mM maltose at the time of subculture. 

 

2.4.3 Western blot densitometry analysis and normalization 

 

Protein samples were prepared for sodium dodecyl sulfate polyacrylamide electrophoresis 

(SDS-PAGE) by boiling for 6 minutes in 4X Laemmli buffer with 8% SDS. The samples were 

then loaded onto 12.5% polyacrylamide gels and subjected to 130 V for 70 minutes. For samples 

analyzed by Coomassie staining, the gels were stained according to the method of Studier (Studier, 

2005). For samples analyzed by western blotting, the samples were then blotted from the gels to 

polyvinylidene fluoride membranes following standard procedures. Western blots were completed 

using primary anti-FLAG and anti-histidine antibodies (Sigma) and secondary anti-mouse 

horseradish peroxidase-conjugated antibody (Fisher Scientific) against the incorporated 1X C-

terminal Flag tags and 6X-N-terminal his tags on all proteins of interest. Detection was performed 

with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) over a total 

exposure time of 10 minutes on a Bio-Rad Chemidoc Imager, and blots were auto-corrected for 

contrast. Secretion fractions and whole cell culture lysate fractions were analyzed for protein 

content by area integration densitometry analysis with ImageJ software. 

To normalize protein concentration in the T4L* experiments, signal from the secretion 

fraction was normalized by signal from the whole culture lysate and the final OD600 for each 

culture. Each sample was further normalized by FLAG-tagged protein control that was run on each 

western blot at the same concentration alongside the T4L* experimental samples, to be able to 

compare samples across several blots in each trial. A total of six western blots was run for each 

trial: 3 blots from the secretion fraction and 3 from the whole culture lysates for a total of 30 T4L* 

mutant samples. 
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Chapter 3: Understanding the dual role of S. enterica protein SipD for 

high-titer secretion 

 

3.1 Background: SipD, the T3SS translocon protein 
 

Effector proteins are secreted from native T3SS when the membrane-anchored needle 

structure comes into contact with a host cell. The signal transduction event that activates effector 

secretion is hypothesized to be physical in nature, and its mechanism continues to be an area of 

active research (Lunelli et al., 2011). In other T3SS-expressing organisms, some evidence suggests 

the involvement of translocon proteins – structural proteins that cap the T3SS needle and interact 

with host cells – in triggering effector secretion (Roehrich et al., 2013). However, a mechanism 

for this signal transduction event has thus far proven elusive. 

The translocon proteins in S. enterica, SipB, SipC, and SipD, are encoded on SPI-1 in the 

sicA operon immediately preceding several effector proteins and their chaperones (Myeni et al., 

2013). SipD is secreted by a nascent T3SS filament, binds to the tip of the structure, and makes 

contact with an endothelial cell membrane in the invasion phase of S. enterica infection 

(Rathinavelan et al., 2014). Immediately following the invasion event, SipB and SipC are secreted 

and bind to SipD to form a pore in the host cell membrane and complete the construction of the 

T3SS protein complex. Expression and secretion of other effectors increases dramatically 

following the secretion of the translocon proteins in the native T3SS (Myeni et al., 2013; Lunelli 

et al., 2011; Rathinavelan et al., 2014). However, translocon knockout strains are deficient in 

invasion of endothelial cells, but not in effector secretion (Lunelli et al., 2011). How SipD export 

and localization are related to effector regulation and secretion is unknown. 

This chapter describes our discovery of a dual regulatory role for SipD and its application 

in engineering a hyper-secreting strain with 100-fold improved secretion titers for heterologous 

proteins over wild type S. enterica. Our data suggests that SipD may be involved in inhibiting 

protein secretion. However, this inhibition is relieved by SipD secretion through the assembled 

T3SS. Knocking out sipD also relieves the inhibition on T3SS. Moreover, exogenous addition of 

purified SipD to T3SS-induced cultures also has an amplifying effect on secretion titer. We found 

that exogenous SipD interacts with cells and leads to increased secretion. We mapped the putative 

positive and negative regulatory domains of T3SS secretion to different structural domains of 

SipD. This dual, location-dependent, orthogonal role is unique in proteins and suggests that T3SS 

structure and function may be more complicated than current models propose, potentially 

including multifunctional proteins and RNA regulation as well as cell membrane remodeling. 

Gaining a clearer understanding of the role of SipD in S. enterica enabled us to create a hyper-

secreting strain that can be used to produce >100 mg/L titers of a variety of functional heterologous 

proteins that are incompatible with traditional production methods, such as antimicrobial peptides, 

biopolymer proteins and cytochromes. 

 

3.2 Results 
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3.2.1 Intracellular expression of sipD negatively regulates secretion 

 

We determined that SipD plays a 

regulatory role in preventing premature 

protein secretion by the T3SS of S. enterica 

in addition to its structural role. As described 

in the previous chapter, to assay type III 

protein secretion, we tested S. enterica strains 

that were transformed with an export plasmid 

encoding the heterologous protein to be 

secreted, which was fused to an N-terminal 

domain of the native effector gene sptP. The 

N-terminus of SptP forms a flexible loop 

structure that is known to be the chaperone-

binding sequence (Widmaier et al., 2009). 

These strains were grown in T3SS-inducing 

conditions, with limited oxygen and in high-

salt media, or with hilA overexpression. After 

several hours of growth, cells were removed 

by centrifugation. Relative concentrations of 

secreted proteins were determined by probing 

the culture supernatant, or secretion fraction, 

by sodium dodecylsulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) or western 

blotting. 

 We assessed the secretion competency of several strains in which sipD was knocked out 

and/or overexpressed, and compared these strains with wild type secretion competency. The sipD 

strain secretes both heterologous proteins as well as native effector proteins at significantly higher 

levels than wild type S. enterica (Figure 3-1). These results support previous reports of increased 

effector protein concentrations from the media in sipD strains, but were still somewhat surprising 

given the substantial evidence that sipD strains are no longer invasive (Rathinavelan et al., 2011; 

Lunelli et al., 2011), which reinforces that S. enterica protein secretion does not have a tight 

correlation with host cell invasion. To characterize the effect of increasing intracellular SipD 

concentrations, we overexpressed SipD in wild type and sipD strains from low-copy arabinose-

inducible promoters on plasmids that were transformed with and without export plasmids, and 

assessed the secretion competency of these strains. Interestingly, increased intracellular 

concentrations of SipD eliminated secretion of heterologous and native effectors in both strains 

(Figure 3-1). To determine which domain of SipD was responsible for the secretion inhibition, we 

Figure 3-14. Intracellular SipD negatively regulates protein 

secretion. Coommassie-stained SDS-PAGE gel of secretion 

fractions of T3SS-induced cultures shows that knocking out 

SipD increases protein secretion by the T3SS compared with 

wild type, but intracellular overexpression of SipD as well as 

N- and C-terminal truncations inhibits secretion in wild type 

and sipD strains. Lanes: 1, wild type; 2, sipD; 3, wild 

type::pBAD33-sipD; 4, sipD::pBAD33-sipD. (b) 

Coommassie-stained SDS-PAGE gel comparing protein 

secretion in wild type strains overexpressing SipD N- and C-

terminal truncations. Lanes: 1, wild type; 2, wild 

type::pBAD33-sipD; 3, wild type::pBAD33-sipD134-343; 4, 

wild type::pBAD33-sipD1-96. 
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overexpressed just the N-terminus or 

C-terminus of SipD from the same 

arabinose-inducible promoters on 

plasmids co-transformed with export 

plasmids. The overexpression of sipD 

and sipDΔ1-96, which encodes a SipD 

mutant that is missing two N-terminal 

helices, resulted in decreased secretion 

of heterologous proteins as well as 

native effector proteins compared to 

wild type cells. Conversely, 

overexpression of sipD134-343 did not 

decrease secretion titer (Figure 3-1). 

This data suggests that, in addition to 

its role in needle structure and 

translocation, the C-terminus of SipD 

also negatively regulates effector protein secretion from cells, thus preventing premature secretion 

of effector proteins from occurring in the type III secretion cascade.  

However, SipD does not behave like a canonical transcription factor (Figure 3-2). To 

understand the effect of changing the concentration of SipD intracellularly in wild type and sipD 

strains, we tracked the activities of seven SPI-1 

promoters in a variety of conditions. Sequential 

upregulation of SPI-1 genes leads to expression of the 

structural, regulatory and secreted components of the 

T3SS (Temme et al., 2009). These native promoters 

were cloned into plasmids upstream of green 

fluorescent protein (GFP) gene gfp, and cell 

fluorescence from intracellular GFP concentrations 

was monitored over time during growth of T3SS-

induced cells using flow cytometry. Using these 

transcriptional fusions, we determined that promoters 

in the hilA/invF cascade were activated in more cells 

in sipD strains, compared with the wild type strain 

(Figure 3-3). The genes in this network control 

transcription factors including HilA, InvF, SicA, the 

translocon proteins, several other chaperones, and 

effector proteins. The activities of promoters that are 

not in the hilA/invF cascade, such as pHilD and 

pPrgH, were unaffected. 

Figure 3-15. Flow cytometry experiments in wild type and sipD 

strains, with and without SipD overexpression from the pBAD 

promoter. 
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Figure 3-16. Flow cytometry experiments in wild 

type and sipD strains with and without addition of 

exogenous SipD to cultures, where blue lines are 

+SipD and orange lines are -SipD . 
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T3SS promoters do not behave significantly differently in wild type and sipD strains in 

which sipD was or was not overexpressed, with the exception of pHilD. SipD overexpression 

decreases activity from the pHilD promoter, but the mRNA transcript levels are not affected (data 

not shown). 

 

3.2.2 Extracellular SipD increases secretion in a concentration-dependent manner 

 

To distinguish the effects of 

extracellular SipD (that is, SipD that has 

been secreted from the cell) from 

cytoplasmic SipD, we expressed and 

purified SipD from E. coli cultures, and 

titrated increasing concentrations of the 

protein in T3SS-induced cultures. 

Increasing concentrations of exogenous 

SipD added to cultures resulted in 

proportionally increasing secretion titers 

as assessed by western blotting, to a final 

concentration of 11.7 M exogenous 

SipD, after which there was no 

additional effect (Figure 3-3, Figure 3-

4A). Adding 6 M exogenous SipD to 

T3SS-induced cultures improved the 

secretion phenotype by 20-fold for 

model protein CB-DH, a domain of 

human protein intersectin (Figure 3-4B). 

Concurrent overexpression of 

transcription factor hilA, which we have 

previously shown to increase 

heterologous protein secretion titer 

(Metcalf et al., 2014), acts additively 

with exogenous SipD addition to 

cultures to further improve the secretion 

titer of CB-DH to 45-fold higher than 

wild type. This also suggests that 

exogenous SipD is increasing secretion 

via a different pathway from hilA overexpression. Additionally, exogenous addition of SipD to 

T3SS-induced cultures improved the ratio of total secreted proteins to total expressed proteins by 

approximately eight-fold, such that almost all the produced protein is exported to the supernatant 

(Figure 3-5). 

Figure 3-17. Exogenous SipD addition increases secretion titer in 

T3SS-dependent manner. A) Anti-FLAG western blot showing 

secretion of CB-DH in cultures to which increasing concentrations 

of exogenous SipD was added. Lanes show SipD concentrations of 

3 mM to 0 mM. B) Western blots of secretion fractions of cultures 

to which 1 mM exogenous SipD was added show a 10- to 15- fold 

increase in titer for CB-DH. C) Fluorescence and bright field 

microscopy images from Alexa 488-labeled SipD association with 

T3SS-induced cells. Timepoints are hourly. D) Final timepoint 

microscopy images from Alexa 488-labeled SipD association with 

T3SS-induced S. enterica prgI. 
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The increase in 

secretion titer and efficiency 

directly results from soluble 

extracellular SipD interacting 

with cells that are expressing 

the T3SS. Due to the detection 

limit of western blotting and the 

tight regulation of SPI-1, it 

takes three hours for T3SS-

expressing cells to secrete 

detectable quantities of protein 

from the time that cells are 

placed in T3SS-inducing 

conditions, as measured by 

western blotting (Widmaier et al., 2009). The association of fluorescently labeled SipD with cells 

also occurred three hours after T3SS-induction. This is in spite of the fluorescently labelled SipD 

protein being added at the start of the induction, suggesting a dependence on the expression of 

T3SS proteins in the cells (Figure 3-4C). Cells that were not induced for type III secretion did not 

incorporate fluorescent SipD. Diminished fluorescence was observed for prgI strains, in which 

the gene encoding the major component of the T3SS needle structure, prgI, was knocked out 

(Figure 3-4D); this suggests that a portion of exogenously added SipD associates with PrgI or 

another structural protein that is dependent on PrgI.  
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Figure 3-18. In 5 ml cultures to which 0.25 mg exogenous SipD is added, 

the majority of expressed target proteins are secreted, as assessed from 

densitometry analysis from secretion fraction and whole culture lysate 

western blots. 

Figure 3-19. The N-terminal domain of SipD is responsible 

for the increased secretion titer phenotype. A) Western blot 

showing that T3SS cultures to which 1 mM exogenous 

SipD1-96 was added secrete at equal levels as T3SS cultures 

to which no protein was exogenously added, while cultures 

to which exogenous 1 mM SipD134-343 was added secrete at 

equal levels as cultures to which full-length SipD was added. 

B) Schematic of SipD structure, color coded and annotated 

by function, adapted from Lunelli et al. 

1       2       3        4          3       4 

SipD 

Figure 3-7. There is limited 

expression even in sipD strains 

overexpressing SipD. Lanes: 1, 

WT::pSicA-CB-DH; 2, sipD::CB-

DH; 3, WT::pBAD-sipD; 4, sipD / 

pBAD-sipD. 



30 

The exogenous addition of truncated SipD domains to cultures reveals that the first 133 N-

terminal amino acids are necessary and sufficient to achieve the increased secretion titer phenotype 

(Figure 3-6A). Adding equal molar concentrations of SipD134-343 and SipD achieved an equal 

increase in secretion titer in T3SS-induced cultures, but the addition of equal molar concentrations 

of any other SipD domains that did not include N-terminal amino acids of SipD, such as SipD1-

96, resulted in wild type secretion levels (Figure 3-6). 

Moreover, the intracellular regulatory function of SipD is epistatic over its extracellular 

structural/signaling role. The addition of exogenous SipD did not change the secretion titer of cells 

overexpressing sipD (Figure 3-7). This observation points to a hierarchical event sequence in type 

III secretion, in which SipD acts as a negative regulator for type III secretion of effector proteins 

prior to being secreted, and as a positive regulator post-secretion. 

 

3.2.3 Increase in secretion by extracellular SipD is independent of de novo transcription 

and translation 

 

We further hypothesized that the 

exogenous addition of SipD to T3SS-

induced cells increases their secretion titer 

either post-transcriptionally or post-

translationally or both. To explore this 

idea, we halted transcription or translation 

of wild type S. enterica cells, as well as 

those in which the T3SS had been 

synthetically upregulated by 

overexpression of the transcription factor 

HilA, using sublethal concentrations of 

rifampicin (100g/ml) or tetracycline (8 

g/ml) respectively (McClure and Cech, 

1978; Chopra and Roberts, 2001). These 

cells were positive for the hyper-secretion 

phenotype (Figure 3-8), suggesting that 

proteins that are targeted for secretion 

build up in the cell before they can be 

secreted, and that the secretion is activated 

by a post-translational signal. Therefore, it 

is likely that (a) secretion of effector 

proteins can also occur post-translationally instead of co-translationally, and (b) the natural post-

secretion effect of SipD on secretion levels is post-translational. Additionally, this observation 

leaves open the possibility that effector secretion activation occurs as a result of a conformational 

or steric change in SipD structure to permit more rapid protein trafficking through already-

established T3SS in the cell (Rathinavelan et al., 2014). 

 

Figure 3-8. Coommassie-stained SDS-PAGE gels and anti-

FLAG western blot showing secretion fractions of T3SS-induced 

cultures to which 1 mM SipD and 8 m tetracycline or 100 M 

rifampicin were added. IPTG was added to 1 mM to induce 

overexpression of T3SS transcription factor HilA. 
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3.2.4 Exogenous addition of a SipD mutant that does not interact with PrgI increases 

secretion titer 

 

We hypothesized that adding a SipD mutant that does not interact 

with PrgI to T3SS-induced cultures would cause cells to secrete at wild type 

levels, eliminating the hyper-secretion phenotype. We disabled SipD 

interaction with PrgI by mutating three C-terminal residues of SipD that are 

known to bind PrgI: D320R, V323K and S327R (Rathinavelan et al., 2014). 

Surprisingly, the exogenous addition of SipDD320R/V323K/S327R does not reduce 

secretion to wild type levels. In fact, cultures to which SipDD320R/V323K/S327R 

was added secrete three times as much heterologous protein as cultures to 

which an equal concentration of SipD was added (Figure 3-9). The secretion 

titer of cultures to which the non-invasive triple mutant was added is 20-fold 

more than wild type S. enterica, and indicates that the hyper-secretion 

phenotype is unrelated to direct interactions with PrgI, the only protein that 

is known to bind with SipD. 

  

3.2.5 Addition of exogenous SipD to sipD strains improves secretion titer by 100-fold 

 

To test the effects of combining both secretion titer-

improving strategies – addition of exogenous SipD to 

cultures and knocking out sipD – we assayed the secretion 

of several proteins from sipD strains to which 0.25 mg 

exogenous SipD was added. These included magainin-1, an 

antimicrobial peptide from frog skin whose expression is 

growth limiting in non-secreting S. enterica (Zasloff et al., 

1988); ADF-3, pro-resilin, and 2X-tropoelastin, which are 

silk, resilin, and elastin monomer proteins (Azam et al., 

2015); and equine cytochrome c, an electron-carrying 

soluble hemeprotein (Londer 2011). All proteins are 

secreted from wild type S. enterica at <1 mg/L. Using the 

hyper-secreting strain, magainin-1 was secreted at 98 mg/L, 

ADF-3 was secreted at 91 mg/L, pro-resilin was secreted at 

125 mg/L, 2X-tropoelastin was secreted at 121 mg/L, and 

cytochrome c was secreted at 109 mg/L (Figure 3-10, Figure 

3-11). Cytochrome c Fe(III) citrate reduction activity was 

measured using the ferrozine assay. Cytochrome c was 

secreted by wild type S. enterica at such low levels that it 

could not be detected over background using the activity 

assay and was very lightly visible using western blotting, but 

secretion from the sipD strain with the addition of exogenous SipD increased protein activity by 

100-fold using the ferrozine assay and blotted clearly, implying that a detectable proportion of the 

secreted protein was active (Riemer et al., 2004). As for the biopolymer proteins, members of this 

Figure 3-9. Secretion of 

CB-DH with addition of 

SipD and non-binding 

(nb) SipD. 

Figure 3-10. Adding exogenous SipD to sipD 

strains has additive effect on increase in 

secretion titer of heterologous proteins. Error 

bars indicate standard deviation for n=3. 
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class are notoriously difficult to produce and purify at high 

titers using traditional methods due to their repetitive 

sequences and propensity for growth-limiting intracellular 

aggregation. Therefore, type III secretion can be used as a 

strategy to generate proteins that are difficult to express and 

purify at high titers due to their challenging biochemical 

characters, high toxicities, or complicated folding 

pathways. 

 

3.3 Discussion 

 

Many data that initially seem contradictory 

regarding the activities of the translocon protein SipD 

during the course of SPI-1-driven T3SS infection actually 

point to a sophisticated hierarchical organization 

controlling its diverse, disparate roles and localizations. 

SipD acts as a negative regulator for type III secretion of 

native and heterologous proteins prior to being secreted, 

and as an activator post-secretion. In the context of 

multifunctional T3SS effectors that are secreted to have 

dissimilar activities in the host cell (i.e., binding to and 

reorganizing actin networks, etc.) this is perhaps 

unsurprising, but no other T3SS structural protein has yet 

been observed to effect orthogonal activities in the cell, or have different regulatory roles on 

opposite sides of the cell envelope. Possibly, titrating away the negative regulatory domain from 

the cytoplasm via SipD secretion liberates downstream effector proteins to be secreted in the native 

system. However, we have also determined a secretion-independent positive regulation role for 

extracellular SipD, as observed by the effects of exogenous addition of the N-terminal domain of 

protein to T3SS-induced cultures. As such, the localization of SipD could serve as a signal on the 

secretion competency of Salmonella’s T3SS. 

This N-terminal domain, SipD134-343, comprises a flexible region of the protein 

interspersed with three short alpha helices for which no function has previously been described. 

Structures determined for SipD eliminate this region entirely due to the difficulty of protein 

crystallization with flexible peptide sequences (Lunelli et al., 2011; Rathinavelan et al., 2014). 

However, there is evidence indicating that this domain may serve as an intra-molecular chaperone 

that prevents premature oligomerization of the residues in the C-terminal coiled-coil region (amino 

acids 295-322), which are involved in interactions with the PrgI needle and/or other SipD 

molecules (Johnson et al., 2007). The C-terminal residues may form oligomeric structures at the 

T3SS needle tip that, upon interaction with PrgI, shift the conformations of the N-terminal domains 

to regulate the secretion of other effectors (Lunelli et al., 2011). Corroborating this evidence, other 

Figure 3-11. A) Anti-FLAG western blot for 

FLAG-cytochrome c showing secretion 

fractions from sipD strains in which HilA 

was upregulated via addition of 1 mM IPTG, 

and to which 1 mM exogenous SipD was 

added. B) Results from ferrozine Fe(III) 

citrate reduction assay performed on raw 

secretion fractions. Whole culture lysate 

(WCL) was used as a positive control. Error 

bars indicate standard deviation for n=3. 
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studies show that the N-terminal domain of SipD unfolds independently from the rest of the 

molecule prior to binding to PrgI (Espina et al., 2006; Espina et al., 2007). In this study, we 

experienced difficulties in purifying recombinant SipD1-96 due to its propensity to aggregate 

without the self-chaperoning N-terminal domain, leading to low yields as compared with SipD134-

343 and wild type SipD. 

In other T3SS-expressing organisms, including the well-studied Yersinia and 

Pseudomonas, small chaperone proteins LcrG and PcrG account for negative regulation of effector 

protein secretion once intracellularly bound to their respective translocon proteins, LcrV and PcrV 

(Williams and Straley, 1998; Matson and Nilles, 2001). In Yersinia, the small protein LcrG 

negatively regulates effector secretion in addition to serving as a chaperone for T3SS tip protein 

and positive regulator LcrV. The lcrG strain exhibits decreased LcrV secretion, and LcrV binds 

tightly to LcrG, which removes the block on effector secretion by sequestering LcrG. The 

homologous PcrV/PcrG system in Pseudomonas behaves similarly. 

However, no LcrG or PcrG homolog has been described for Salmonella or Shigella, and 

an absence of an intramolecular chaperoning domain in LcrV and PcrV suggests a divergent 

assembly process at the needle tip between the Salmonella/Shigella and Yersinia/Pseudomonas 

species. We believe that the N-terminal domain of SipD has a positive regulation function as well 

as a chaperoning function and that the C-terminal domain independently performs the negative 

regulation function attributed to the LcrG/LcrV complex in Yersinia.  Nonetheless, the regulatory 

activity of SipD that we described here does not preclude the involvement of other T3SS elements. 

Notably, the multifunctional nature of LcrV in three distinct locations (i.e., inside the bacterial 

cytoplasm, at the tip of the secretion needle, and inside the host cell) depending on its binding 

interaction with LcrG lends support to a complex role for SipD in Salmonella secretion and 

virulence, as has previously been reported in Shigella (Bröms et al., 2007; Roehrich et al., 2013). 

Whether the increased secretion phenotype that occurs with the addition of exogenous 

SipD to cultures is a result of the protein binding to cell surfaces remains to be clarified, but several 

indirect observations point to this explanation. First, we do not recover detectable amounts of SipD 

from the secretion fraction of wild type cells despite discerning large amounts of SipA, SipB and 

SipC, which are putatively produced and secreted at the same levels as SipD, indicating that SipD 

may be interacting with the outside of the cell (Raffatellu et al., 2005). This proposition is bolstered 

by our SipD pulldown assays, in which the protein is repeatedly recovered in large concentrations 

from the cell fraction, but without a protein binding partner. Possibly, SipD may be acting like a 

quorum sensing molecule for signaling among cell populations to trigger a regulatory cascade 

resulting in effector secretion activation. Further studies using high resolution microscopy and 

detailed structural biology models are required for a full understanding of the nature of 

extracellular SipD interaction with the cell. 

This work describes the discovery of a dual role for SipD, the T3SS needle tip protein in 

S. enterica, and our work to engineer a hyper-secreting strain for the high-titer production of 

proteins of biotechnological interest. We hypothesize that SipD behaves as an intracellular 

regulator inhibiting premature production and secretion of effector proteins and activation of 

downstream T3SS promoters. After SipD is secreted by T3SS-induced cells, it localizes to the tip 
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of the secretion needle, supporting the secretion of the translocon proteins and their correct 

insertion in host cell membranes. This serves to diminish the pool of intracellular SipD, which 

allows for increased effector secretion. 

As demonstrated in this work, the secretion titer resulting from application of the T3SS and 

other microbial secretion systems can be enhanced with an improved understanding of the 

functions of all of the proteins in the system. Furthermore, additional characterization of T3SS 

proteins may reveal new targets for pharmaceutical development to reduce illness and death 

resulting from S. enterica infections.  

 

3.4 Methods 
 

3.4.1 Plasmid construction 

 

Except for the CB-DH, ADF3, pro-resilin and 2X-tropoelastin export plasmids, which were 

created using standard restriction enzyme-based molecular cloning techniques in a previous study 

(Azam et al., 2015), the Golden Gate type II endonuclease strategy was employed for all cloning. 

Gene inserts were prepared using PCR with the BsaI restriction site flanking the 5’ and 3’ ends. 

Inserts were thermocycled with Golden Gate-compatible vectors, T4 DNA ligase, T4 DNA ligase 

buffer and BsaI using standard procedures as described in (Engler and Marillonnet, 2013) and 

DpnI digested overnight. After the digestion, 5 l of the reaction was transformed directly into 

chemically competent E. coli DH10B cells via CaCl2 transformation. To create the SipD 

D320R/V323K/S327R strain, the pET28b(+)-SipD was mutated using the Quikchange method. 

All transformants were sequenced at Quintara Inc. (Richmond, CA). A full list of vector plasmids 

and PCR primers used in this study are available in Appendix I. 

 

3.4.2 Strains and bacterial growth conditions 

 

All strains were grown as described in Azam et al, 2015. T3SS-inducing conditions. 

Overnight cultures were subcultured in LB media with 17 g/L NaCl for 8 hours while shaking at 

120 rpm. 

 

3.4.3 Recombinant SipD purification 

 

E. coli BL21 DE(3) pLysS cell pellets were lysed by sonication, and the insoluble fractions 

were removed by centrifugation. The soluble fraction of the cell lysates were passed through a Ni-

NTA affinity column (GE Healthcare) at 4 °C under native conditions. Proteins were eluted with 

500 mM imidazole. Samples were desalted using PD-10 columns (GE Healthcare) and then buffer 

exchanged into phosphate buffered saline (PBS). SipD purity was assessed by confirming a single 

band at 35 KDa with SDS-PAGE, and purified SipD concentrations were determined by 

absorbance at 280 nm using the extinction coefficient for SipD. The identity of the protein was 

confirmed multiple times with tandem mass spectrometry. 
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3.4.4 Native and heterologous protein secretion assay 

 

Protein samples were prepared for sodium dodecyl sulfate polyacrylamide electrophoresis 

(SDS-PAGE) by boiling for 10 minutes in 4X Laemmli buffer with 8% SDS. The samples were 

then loaded onto 15% polyacrylamide gels and subjected to 130 V for 70 minutes. For samples 

analyzed by Coomassie staining, the gels were stained according to the method of Studier (Studier, 

2005). For samples analyzed by western blotting, the samples were then blotted from the gels to 

polyvinylidene fluoride membranes following standard procedures. Western blots were completed 

using horseradish peroxidase-conjugated anti-FLAG and anti-His antibodies (Sigma) against the 

incorporated 1X-C-terminal Flag tags and 6X-N-terminal His tags on all proteins of interest. 

Detection was performed with SuperSignal West Pico Chemiluminescent Substrate (Thermo 

Scientific) for whole culture lysate samples over a total exposure time of 10 minutes on a Bio-Rad 

Chemidoc Imager. For secretion fraction samples, detection was performed with SuperSignal West 

Femto Chemiluminescent Substrate (Thermo Scientific). Blots were auto-corrected for contrast. 

 

3.4.5 SipD bacterial association using fluorescence microscopy 

 

Purified SipD was conjugated with an 8M excess of NHS ester-modified Alexa 488, and 

buffer exchanged using a PD-10 column to remove excess label. Bacteria were subcultured 1:100 

in T3SS-inducing conditions with 1 mM Alexa 488-SipD, and an aliquot was retrieved and washed 

three times by centrifugation in PBS at hourly timepoints. Samples were viewed using a Nikon Ni-

U upright microscope with a 40X objective lens. Images were captured using an Andor Clara-Lite 

digital camera. Fluorescence images were collected using C-FL Endow GFP and RFP HYQ band 

pass filters. The camera exposure time was 70 ms for all samples. 

 

3.4.6 Ribosomal translation arrest 

 

Overnight cultures of S. enterica SL1344*::pLac-hilA pSicA-CB-DH were subcultured 1:5 

for 1 hour at 225 rpm and 37°C. The cells were spun down at 4000 x g for 10 minutes and washed 

twice in LB. From the same subculture, a fresh culture of cells was started at an OD of 0.6 with 1 

mM of SipD and 1 mM of IPTG. Rifampicin (100g/ml) or tetracycline (8 g/ml) were added in 

to arrest transcription and translation respectively. The cells were then spun down after 4 hours. 

The supernatants were concentrated 25-fold by spin concentration using a 30 kDa MWCO 

membrane, and analyzed by SDS-PAGE and western blotting. 

 

3.4.7 Promoter activities characterization by flow cytometry 

 

At the time of subculture, 1 mM SipD was added exogenously to T3SS-induced wild type 

and sipD cultures harboring native SPI-1 promoter-gfp fusion plasmids. The promoters 

investigated were: pHilD, pHilA, pInvF, pInvF-1, pInvF-2, pPrgH, and pSicA. At hourly 

timepoints, 10 l aliquots from each culture were added to 90 l PBS with 200 kanamycin. 

Samples were stored at 4 C overnight. The next day, 2-20 l aliquots from the samples were 

added to 180 l PBS, to final OD=0.01, in transparent 96-well flat-bottom plates. Plates were 
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loaded in an EasyCyte flow cytometer and viable cell populations were gated. The same gating 

parameters were used for all samples. For each sample, 250,000 events were collected. Data was 

analyzed using FloJo software. GFP-expressing cells were counted and fluorescence was 

expressed in terms of geometric means of cell fluorescence and percent of cells that were 

fluorescent. All experiments were conducted in biological triplicate on different days. 

 

3.4.8 Ferrozine Fe(III) reduction assay 

 

The assay was performed on raw secretion fractions from cultures expressing SptP-

cytochrome c in microaerobic conditions with 10 mM Fe(III) citrate as described in Jensen et al., 

2010. Fe(II) concentration was monitored by UV/vis spectroscopy at 563 nm. 
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Chapter 4: A generalizable strategy for biopolymer protein secretion 

and applications 

 
Reproduced with permission from Azam, A., Li, C., Metcalf, K.J., and Tullman-Ercek, D. “Type 

III secretion as a generalizable strategy for the production of full-length biopolymer-forming 

proteins.” Biotechnology and Bioengineering, 9999, pp. 1-8, 2015. 
 

4.1 Background: production and utility of biopolymer-forming proteins 

 

Nature has evolved proteins to be directly employed in functional biological materials, 

from protective coatings to sticky membranes, and the exquisite control over the structure and 

properties of these protein-based materials is of growing interest to bioengineers (Abkevich, et al., 

1996; Pál et al., 2006). In particular, proteins such as resilin, elastin, and silk have extremely 

resilient and elastic properties that are better on a mass basis than human-designed materials 

(Bracalello et al., 2011; Li et al., 2010; Partlow et al., 2014; Renner et al., 2012a; Tjin et al., 2014). 

These proteins offer a starting point for the design of biomaterials for applications in artificial 

tissues, drug delivery platforms and adhesives (McGann et al., 2013; Renner et al., 2012a). By 

introducing genetic-level mutations into elastomeric polypeptide sequences, the resulting materials 

can be precisely tuned for desired chemical, mechanical, and bioactive properties (Li et al., 2010; 

Lutolf and Hubbell, 2005; Nettles et al., 2010). However, rapidly testing a large library of such 

engineered polypeptides is difficult, owing to the need to produce large quantities of each 

polypeptide in order to make materials at dimensions amenable to characterization. Furthermore, 

purification of full-length forms of large elastomeric polypeptides is challenging in a microbial 

host (Fahnestock et al., 2000). 

Despite considerable progress in the last decade, protein production methods must still be 

highly optimized for each protein of interest. Bacterial production is desirable due to ease of 

genetic manipulation, rapid growth to high optical densities, and high production rates, but 

traditionally relies on cytosolic accumulation, such that extensive purification steps are required 

to separate the desired product from the intracellular milieu. Elastomeric proteins can be a 

particular challenge to produce at high yield and purity due to their repetitive nature, high 

hydrophobicity, cytotoxicity and propensity for degradation within the cytoplasm (Lyons et al., 

2012; Renner et al., 2012b; Starrett et al., 2012). For example, high level expression and 

purification of resilin, silk and elastin proteins from Escherichia coli yield titers on the order of 

10-100 mg/L per 12 hours, but at varying levels of homogeneity (Elvin et al., 2005; van Eldijk et 

al., 2012; Xia et al., 2012). In such cases, the purification process must also be optimized. This is 

problematic for the engineering of peptide-based materials because a single amino acid change is 

sufficient to require reoptimization (Calloni et al., 2005; Lyons et al., 2007). In industry, it is 

common to express the proteins of interest at levels that result in the formation of bacterial 

intracellular inclusion bodies, which are typically greater than 80% pure and easy to extract from 
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the cellular contents. However, this simplified purification comes at a cost: the need to solubilize 

and refold the protein of interest (Carrió and Villaverde, 2002; Buchner and Rudolph, 1991). The 

latter often requires substantial optimization, which is likely a barrier to its widespread application 

within many research laboratories. Furthermore, a nonhomogeneous protein preparation can 

impact the mechanical properties of the materials. Thus there remains a strong need for a 

generalized, higher-throughput method for producing all varieties of hybrid and engineered 

materials-forming polypeptides at sufficiently high titer and purity to enable downstream materials 

characterization.  

As an alternative to microbial production, elastomeric peptides have been successfully 

produced in yeast, plant and worm-based systems (Fahnestock et al., 2000; Scheller et al., 2001; 

Teulé et al., 2012). These non-bacterial expression hosts suffer from similar problems, often 

resulting in low and highly variable yields for new target proteins, or heterogeneity in the desired 

protein due to intracellular truncation, intraclonal variability and undesirable recombination events 

(Love et al., 2012). One feature that these systems have in common is the translocation of the 

peptide out of the cellular cytoplasm, which can minimize aggregation as well as protein truncation 

and degradation. This advantage is unsurprising given that elastomeric proteins are secreted in 

their native systems.  

By employing protein secretion in a bacterial host, production may be enabled for proteins 

that are difficult to isolate via cytosolic expression due to aforementioned issues with product 

purity, yield, aggregation, and/or truncation. Bacteria have several secretion systems that can be 

applied for production purposes. Type III secretion is particularly promising: Gram-negative hosts 

secrete few native proteins and the T3SS is easily repurposed because the system is not required 

for cell growth or maintenance.  

The S. enterica T3SS from SPI-1 is compatible with the secretion of spider silk peptides 

(Widmaier et al., 2009) and enables an alternative production platform for spider silks and 

similarly difficult-to-express or difficult-to-purify proteins. While encouraging, secretion of spider 

silks by the original T3SS-based system resulted in titers that impeded the generation or testing of 

macroscale materials (3 mg/L), whether proteins or protein-polymer hybrid materials. Here, we 

applied our laboratory’s recent advances in SPI-1 T3SS-based secretion of heterologous proteins 

(Metcalf et al., 2014) to produce modular resilin-, elastin-, and silk-based proteins. We achieve 

titers of 5-30 mg/L and >90% purity after a single-step purification for each biopolymer-forming 

protein tested. Such yields enable the creation and testing of a variety of materials with engineered 

properties. We demonstrate the power of this method by cross-linking various secreted pro-resilin 

and elastin-based proteins in vitro. The resulting materials have highly reproducible properties, 

likely due to the increased homogeneity of the secreted proteins. More broadly, our process may 

enable protein engineering efforts with other difficult-to-express proteins, for which simplified 

expression and purification via secretion would enhance analysis, as compared with traditional 

cytosolic expression and purification. 

 

4.2 Results 
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4.2.1 Secretion of biopolymer proteins by the T3SS 

 

To create strains of S. enterica subsp. Typhimurium for high-titer protein secretion, we 

transformed wild-type derivative strain SL1344 with two plasmids: an export plasmid encoding 

the biopolymer-forming protein, which is fused to an N-terminal T3SS-targeting and chaperone-

binding sequence from the gene sptP, and a plasmid that confers increased titers of heterologous 

protein secretion by upregulating T3SS transcription factor HilA (Lostroh and Lee, 2001; Metcalf 

et al., 2014). We used a recursive cloning strategy to generate the genetic constructs encoding 

secretable target proteins (Anderson et al., 2010). The genes encoding the biopolymer-forming 

proteins each include the SptP targeting domain and one module encoding an elastomeric peptide 

(Appendix I). We selected elastomeric domains from the resilin, elastin, and silk families to 

demonstrate the general nature of our approach. The resilin constructs are composed of the pro-

resilin sequence, derived from exon 1 of the Drosophila melanogaster gene CG15920 (Elvin et 

al., 2005). Each pro-resilin protein (RES) includes 15 slightly different copies of the elastic repeat 

motif GGRPSDSYGAPGGGN. Two elastin constructs were generated, both based on human 

tropo-elastin (hTE) but comprising elastomeric domains of different lengths (2XTE and 8XTE). 

This stable, repetitive elastomeric domain of hTE is the only domain that contains both 

hydrophobic and crosslinking sequences (Tamburro et al., 2003) (Figure 4-1). Finally, two types 

of dragline silk proteins (ADF3 and ADF4) were chosen from the European garden spider Araneus 

diadematus; these were 

previously shown to be 

secreted by T3SS (Widmaier et 

al., 2009). All amino acid 

sequences are provided in 

Appendix II. In addition to the 

T3SS targeting and 

elastomeric peptide domains, 

we appended one or more other 

genetic modules to the 

constructs, including a poly-

histidine tag for purification by 

nickel affinity 

chromatography, and a FLAG 

tag to enable detection of 

secreted proteins via western 

blotting.  

The biopolymer-forming proteins were expressed in S. enterica in T3SS-inducing 

conditions, and after eight hours, secretion fractions were obtained by culture centrifugation 

Figure 4-20. In vitro cross-linking strategies for elastin-derived biopolymers. 

a) Soluble tropo-elastin can be cross-linked into insoluble elastin. b) Elastins 

were formed from secretion fractions of cells expressing and secreting SptP-

6XH-8XTE after incubation overnight with LOX (2, 3) and 1% glutaraldehyde 

(4, 5). (1) shows 8XTE reacted with heat-killed LOX. c) Soluble pro-resilin can 

be cross-linked using a photochemical method catalyzed by [Ru(II)(bpy)3]2+. 
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followed by collection of the 

supernatant fraction. We observed an 

approximately two-fold increase in 

secretion titer of elastin-derived 

proteins and an up to 20-fold increase 

in secretion titer for pro-resilin and 

silk-derived proteins with HilA 

coexpression, compared with 

equivalent strains that did not contain 

the HilA upregulation plasmid, as 

assessed by quantitative western 

blotting and dot blotting (Figure 4-2 - 

4-4) (Metcalf et al., 2014). Target 

proteins have a high level of 

expression, of which 25-40% are 

secreted (Widmaier and Voigt, 2010); 

proteins remaining in the cytosol exist 

in soluble and insoluble states (Figure 

4-2B). Soluble expression levels for 

ADF3, 8XTE, and RES are 256 mg/L, 

261 mg/L, and 293 mg/L, respectively, when harvested from the cellular fraction (averages from 

duplicate experiments in T3SS-inducing conditions with HilA overexpression, standard deviation 

<13% in all cases, data not shown). As shown in Figure 4-2, secreted protein titers are just under 

one order of magnitude lower, but nonetheless are sufficiently high to enable materials production 

and characterization, a goal previously out of reach with this production system.  

Figure 4-21. Secretion titers for target proteins of interest. A) 

Western blots of secreted fractions for T3SS-induced cultures show 

increased secretion of elastomeric polypeptides for which HilA 

expression was also induced by the addition of IPTG to the cultures. 

B) Secretion titers were calculated using a quantitative dot-blotting 

method with samples in biological triplicate. Error bars show 

standard deviation. 

55 
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Figure 4-22. A) Intracellular biopolymer-forming protein levels. Proteins of interest (POI) refers to pro-resilin (RES), 

2X-tropo-elastin (2XTE) and a silk protein (ADF-3). Expression titer was assessed by running an -FLAG western 

blotting procedure on whole cell lysates of type III secretion-induced and non-induced S. enterica SL1344 strains with 

and without induction of HilA expression. All samples are normalized by cell culture density. B) Some biopolymer 

forming proteins are found in the insoluble fraction in the cell, as shown by these fractions from a RES-expressing culture 

on SDS-PAGE. The red arrow indicates RES. The identity of the protein in the band that is circled was confirmed to be 

RES by mass spectrometry. 
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Figure 4-23. Extracellular biopolymer-forming protein levels. Immunoblotting performed on samples from 

S. enterica SL1344 grown under type III secretion inducing and HilA expression inducing conditions for 

silk proteins ADF-3 and ADF-4 (top), pro-resilin (center) and tropo-elastin (four proteins with different 

lengths shown). Supernatants of each culture were collected after 6 hours of growth, and the proteins were 

concentrated via TCA precipitation and subjected to immunoblotting against the FLAG tag to assay 

secretion titer. All samples are normalized to final cell culture density as measured by OD600. (TE, tropo-

elastin; 2XTE, 2X-tropo-elastin; 8XTE, 8X-tropo-elastin; RES, pro-resilin; ADF-3 and ADF-4, spider silk 

proteins from Araneus diadematus). 
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4.2.2 Purity of secreted proteins compared with those harvested from cell cytoplasm 

 

Since the majority of applications for 

materials-forming proteins require a pure 

species, and such proteins are often difficult to 

purify, we compared the relative purities of the 

RES, 8XTE and ADF3 proteins from the 

secretion and cell pellet fractions of T3SS-

induced cell cultures. The target proteins were 

purified via gravity-flow nickel affinity 

chromatography. Samples were buffer-

exchanged, run on an SDS-PAGE gel, and 

visualized by Coomassie staining (Figure 4-5A). 

The simple, one-step chromatography method 

was sufficient to obtain >90% purity for each 

target protein from the secretion fraction, with no 

optimization or altered procedure for the 

different products (Figure 4-5B). Applying the 

same purification method to the soluble cell pellets resulted in 35-65% purity for all proteins tested, 

due to the presence of truncation products that co-purified with the full-length protein. Western 

blots of the pro-resilin-based polypeptides purified with one column step from cell lysate also 

Figure 4-5. Relative purities of elastomeric polypeptides 

purified from secretion fractions and cell lysates. A) 

Resilin protein RES; elastin protein 8XTE; and silk 

protein ADF3 were expressed in S. enterica in T3SS-

inducing conditions with co-expression of the pLac-HilA 

plasmid, and secretion fractions were collected by 

culture centrifugation after six hours of growth. The 

target proteins were purified from the secretion fractions 

(sec) as well as cell pellets (pel). Equal concentrations of 

each target protein were run on an SDS-PAGE gel and 

visualized by Coomassie staining. B) The purity of target 

proteins purified from secretion fractions compared with 

those from the cell lysates were determined from 

densitometry analysis of the SDS-PAGE gel shown in A. 
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Figure 4-6. Post-purification analysis of elastomeric 

protein samples. The western blots compare the purity of 

pro-resilin (RES) from the cell pellet (pel) and the secretion 

fractions (sec); both fractions were purified using nickel 

chromatography. At left is a membrane probed with an -

FLAG antibody, while the image on the right shows a 

membrane probed with an -His antibody. The red arrow 

indicates the expected size of the RES protein. 
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showed a heterogeneous protein population over a 30 kDa size window (Figure 4-6). Contaminants 

are observed when probing with either an anti-Flag or an anti-histidine antibody, suggesting 

significant intracellular accumulation of truncated polypeptide in the cytosol. For the RES sample, 

we further examined several of the bands at lower molecular weights by mass spectrometry. The 

majority of the peptides identified in these bands are from the resilin sequence, indicating that 

these contaminants are indeed truncated or degraded versions of the resilin product. The blots also 

reveal that the apparent molecular weight of the full target proteins purified from cell lysates and 

those from the secretion fractions are the same. The purity of the secreted fraction after one column 

purification step implies that it is likely co-translationally secreted just as natively secreted proteins 

are (Cornelius, 2006), but alternatively it may be effectively sequestered by the chaperone that 

binds to the SptP N-terminal region of the fusion prior to secretion. It is remarkable that the same 

trends in purity were observed for resilin, elastin, and silk, and these results lend support for the 

use of type III secretion as a general platform for producing and purifying traditionally 

uncooperative biopolymer-forming proteins for which cytosolic production would be plagued by 

difficulties in achieving pure protein products. 

 

  Figure 4-7. SDS-PAGE of resilin cross-

linking reaction products. A 1 mg/ml protein 

solution purified from the supernatant of 

cells expressing and secreting RES was 

cross-linked using the [Ru(II)(bpy)3]2+ 

photo-crosslinking method. Sample was 

removed from exposure to the light source at 

intervals from 0.5 s to 30 s after the addition 

of APS and run on an SDS-PAGE. Higher 

order cross-links appear to form even at 0.5 

s, and by the 6s mark, all the sample has been 

cross-linked as evidenced by the 

disappearance of all lower order molecular 

weight species. Insoluble material does not 

enter the separation gel. 

Figure 4-8. A,B) TEM images of photochemically cross-linked resilin 

at 10 mg/ml. C, D) SEM images of dehydrated resilin cross-sections 

at 100 and 20 mg/ml, respectively. Large cracks appear in the lower 

concentration material. E) Photograph of resilin thin film and 3D 

material (inset), cross-linked at 80 and 100 mg/ml.. F) TEM of 

enzymatically cross-linked elastin, from 10 mg/ml 8XTE solution in 

0.1 M sodium borate, 0.15 M NaCl, pH 8.0 at 37 °C with 0.5 g LOX. 



45 

 

4.2.3 Mechanical properties of cross-linked secreted resilin and elastin proteins 

 

To confirm that secreted, 

purified elastomeric proteins 

retained their native structural 

characteristics, we selected 

resilin- and elastin-based proteins 

for cross-linking at various 

concentrations and examined the 

resulting materials. Secreted pro-

resilin proteins were cross-linked 

using a ruthenium-catalyzed 

photochemical strategy (Figures 

4-7 – 4-8) (Fancy and Kodadek, 

1999). We cross-linked elastin-

based proteins using standard 

chemical and enzymatic methods. 

We also created hybrid pro-

resilin/tropo-elastin fusion 

proteins (RES-2XTE) and cross-linked them using both the photochemical and enzymatic 

methods. At sufficiently high concentrations (e.g. >75 mg/ml for resilin samples), we observe 

morphology that is characteristic of elastin- and resilin-containing tissue samples (Figure 4-8).  

We subjected the resilin samples to oscillatory rheology to confirm that the mechanical 

properties are comparable to native resilin. The repetitive SXXYGXP motif gives rise to a high 

elasticity, low stiffness and a very high fatigue lifetime upon cross-linking (Li et al., 2011). When 

we tested the samples in the linear viscoelastic regime to determine the storage moduli (G’), the 

loss moduli (G”), and the bulk moduli (B), all the resilin samples displayed characteristic 

elastomeric behaviors (Figure 4-9A, Figures 4-10 – 4-11). The values we obtained for these moduli 

are comparable to published values for native and recombinant resilin, and the rheological 

behavior is typical for a network of cross-linked polymers (Li et al., 2011). 

For comparison, we also characterized the materials formed from cross-linking the 

elastomeric proteins purified from the cell lysates of T3SS induced cultures. The expression of 

these proteins was identical to their secreted counterparts, but they were not secreted, and truncated 

forms of the proteins were co-purified. The rheology data for the lysate-derived samples showed 

the same trends for the various moduli, but with less reproducibility (Figure 4-9B). The average 

G’ values were lower for all samples cross-linked from proteins purified from lysates. Importantly, 

the variance among different samples with the same concentrations was two orders of magnitude 

higher for the samples comprising proteins purified from lysate, which we attribute to the presence 

of truncated forms of the target polypeptide during the material synthesis procedure. The improved 

mechanical properties of the materials formed from secreted proteins as compared to those purified 

Figure 4-9. Rheological characterization of resilin-based materials. A) 

Storage moduli (G’) of photo-crosslinked resilin purified from the culture 

supernatant showed higher gel stiffness at higher pro-resilin 

concentrations. Samples had constant storage moduli over a 104 range of 

frequencies, indicating high material resilience. B) G’ of resilin samples 

cross-linked from pro-resilin purified from cell lysates. The trends match 

those of samples cross-linked from pro-resilin purified from supernatants,, 

but individual samples are less consistent. Error bars show standard 

deviation in measurements on three independently produced materials. 
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from the cytoplasm most likely result from having a more homogenous, pure population of pro-

resilin due to the initial protein purification event by type III secretion. 

 

4.2.4 Rapid-throughput peptide-based materials production via secretion 

 

Protein-based hydrogels are ideal for incorporation into medical implants due to their 

genetic tunability and biocompatibility. A notable problem with implanted devices is the risk of 

bacterial infection, which can cause sepsis or even death, and often requires surgical intervention 

to replace the device at great cost (Costerton et al., 1999). Therefore, we chose to demonstrate the 

design flexibility of our approach by introducing two modifications to our resilin-based protein to 

create an antimicrobial protein-based hydrogel. First, we genetically fused magainin-1, a 23 amino 

acid antimicrobial peptide from the frog Xenopus laevis, to the C-terminus of our secretion-tagged 

pro-resilin construct to create RES-MAG (Zasloff, 2002). Magainin-1 has broad-spectrum activity 

against Gram-negative and Gram-positive bacteria, yeasts, viruses and protozoa, but has little 

interaction with mammalian cell membranes. Next, to demonstrate the ease with which chemical 

conjugation handles can be introduced, we incorporated N- and C-terminal cysteines to the pro-

resilin sequence (S11C and S204C), to create RESc and RES-MAGc. The cysteines enable 

conjugation with a homobifunctional maleimide-polyethylene glycol (PEG, MW7500, JenKem 

Inc.) in mild buffer conditions. We selected a PEG conjugate since PEG is an inexpensive, water-

soluble polymer commonly used in medical devices due to its low toxicity.  
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Figure 4-10. Loss moduli as a function of frequency for various 

concentrations of a resilin-based polypetide (RES) purified from the 

secretion fraction. The data show G’’ values that are an order of 

magnitude lower than G’ values for corresponding RES concentration. 

N=3, error bars show standard deviation. 

Figure 4-11. Average calculated bulk 

moduli for resilin materials cross-linked 

from a resilin-based polypeptide (RES) 

purified from the secretion fraction over a 

range of sample concentrations. 
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In general, antimicrobial 

peptides must be chemically 

synthesized for biotechnological 

applications, since their accumulation 

in microbes is toxic (Mannoor et al., 

2010); however, employing a 

secretion strategy appears to mitigate 

this effect as we observed minimal 

decrease in growth with RES-MAGc 

production as compared to non-

magainin producing strains (Figure 4-

12). We believe that secreted RES-

MAGc is dilute in the extracellular 

media, which limits its toxicity to 

growing cells. A non-secreting strain 

expressing RES-MAGc experiences a 

large growth defect, which may be due 

to intracellular accumulation of 

soluble RES-MAGc. We conjugated 

both RESc and RES-MAGc to maleimide-PEG(7500)-maleimide (MAL-PEG-MAL) polymer in 

a 1:1 molar ratio to yield hybrid hydrogel materials (Figure 4-13 – 4-14). We observed no 

significant difference between 

RES-PEG and RES-MAG-PEG 

samples either via examination 

by SEM (Figure 4-15) or in the 

value of the storage moduli 

(Figure 4-16), indicating that 

the addition of the magainin-1 

peptide did not alter the 

properties of the RES-PEG 

hydrogel. We note that both of 

the resilin-PEG materials were 

an order of magnitude more 

elastic than resilin materials 

created by photo-cross-linking 

at the same starting protein 

concentrations, with storage 

moduli of ~0.3 MPa at high 

frequencies.  
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Figure 4-12. Growth curves of Salmonella expressing and secreting 

RES and RES-MAG, in wild type strains (WT) and a non-secreting 

strain (prgI knockout, prgI KO). Error bars indicate standard 

deviation with n=3. 

Figure 4-13.  Engineering functional hybrid biomaterials. A) Schematic 

illustrating MAL-PEG(7500)MAL chemical conjugation with cysteine-

modified pro-resilin. The cysteine thiols react with the maleimides in mild 

aqueous conditions to yield thioether linkages resulting in an irreversibly 

cross-linked hydrogel biopolymer. B) Fluorescence microscopy image of 

Salmonella cells encapsulated in RES-PEG (left) and RES-MAG-PEG 

(right) hydrogels after washing. Live cells (green) outnumber dead cells 

(red) on RES-PEG, but not RES-MAG-PEG. C) Comparison of serial 

dilutions from the third wash of inoculated RES-PEG (top) and RES-MAG-

PEG (bottom) hydrogels of the same size after culturing cells overnight. 
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Integration of the magainin-1 peptide into the cell 

membrane results in bilayer strain, the formation of 

transient pores, and depolarization of the membrane 

(Zasloff, 2002), and previous studies established that 

immobilized magainin-1 has sufficient surface activity to 

reduce both Gram-negative and Gram-positive bacterial 

adhesion and viability (Haynie et al., 1995; Humblot et 

al., 2009). To investigate the antimicrobial properties of 

the RES-MAG-PEG hydrogels, we incubated them with 

Salmonella cultures. Briefly, the hydrogels were placed 

in small petri dishes in LB-Lennox media with 

chloramphenicol and incubated for several hours with 

chloramphenicol-resistant cells. We then washed the 

hydrogels and assayed for cell viability using a stain 

comprising Syto 9 and propidium iodide fluorescent dyes, which stain live and dead cells, 

respectively. Fluorescence microscopy revealed consistently higher ratios of dead to live cells in 

hydrogels containing the material with magainin-1 as compared with negative control 

(representative images shown in Figure 4-13B), suggesting that the antimicrobial peptides 

disrupted bacterial cell integrity and prevented growth of the bacteria on the hydrogel. To quantify 

this effect, we also plated serial dilutions of culture from the last hydrogel wash on LB-agar plates 

containing chloramphenicol. Remarkably, the presence of the antimicrobial peptide reduces the 

number of colony-forming units by a factor of 103 (Figure 4-13C). The integration of magainin-1 

in the hydrogels did not, however, deter the proliferation of A7r5 smooth muscle cells or human 

umbilical vein endothelial cells that were seeded on top of the materials (Figure 4-17). 

 

 

Figure 4-14. Hydration of resilin-PEG 

hydrogels. Cross-linked 1:1 RES-PEG 

hydrogels swell to ~30 times their volume when 

submerged in 70% ethanol, media or buffers. 

The hydrated RES-PEG hydrogel on the right 

is about 3 cm in diameter, and when 

dehydrated, assumes the same dimensions as 

the sample on the left. 

a b 

Figure 4-15. Characterization of resilin-PEG hybrid hydrogels. A) SEM images of RES-PEG and RES-MAG-PEG 

materials. In this RES-MAG-PEG sample, 50% of the resilin-based polypeptides were modified with the magainin-1 

peptide and the protein:PEG ratio was 1:1. B) Photograph of hydrated RES-MAG-PEG hydrogel; here, 50% of the 

resilin-based polypeptides were modified with magainin-1. 
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4.3 Discussion 
 

We showed that the T3SS of pathogenic bacteria may be harnessed to produce highly pure, 

full-length biopolymer-forming proteins that can be chemically conjugated with synthetic 

polymers to make hybrid materials, as exemplified by our resilient antimicrobial hydrogels. 

Though several excellent protocols for the production of biopolymer-forming proteins at high 

concentrations have been developed, each approach is time-consuming, requires multiple 

purification steps and is highly specialized for the target protein. A more generalizable method to 

isolate pure, full-length protein should limit costly expression and purification optimization for 

these difficult-to-express targets. Our proposed alternative production platform employs bacterial 

Figure 4-16. Rheological analysis of hybrid resilin-PEG hydrogels in the linear 

viscoelastic domain. G’ for RES-PEG and RES-MAG-PEG samples cross-linked with 

1:1 and 1:3 ratios of MAL-PEG(7500)-MAL. The RES and RES-MAG protein 

concentrations were 100 mg/ml. 

Figure 4-17. Micrographs of cell spreading after two weeks of growth on RES-

MAG-PEG hydrogels. A7r5 and HUVEC adhesion and growth on hydrogels in 

which 50% of resilin proteins were modified with magainin-1. Scale bars are 5 µm. 
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secretion, which takes advantage of the rapid growth and genetic tractability of bacteria as well as 

a simplified purification process to enable high-throughput protein engineering and materials 

characterization. While the approach is not a replacement for conventional expression systems for 

all proteins, it is appropriate for those that are toxic to the bacterial host, or exhibit truncation and 

degradation that lead to difficulties with purification. For such target proteins, the advantages of 

this bacterial secretion-based platform can be expanded. For example, toxin-free protein 

preparations may be achieved by knocking out native type III effector proteins, without disrupting 

secretion of the target protein. Notably, high-titer production of genetically modified polypeptides 

offers the potential to incorporate lysines, cysteines, and unnatural amino acids to serve as 

chemical handles for a variety of reactive groups in the synthesis of hybrid peptide-synthetic 

polymers materials. Moreover, amino acid modifications are a primary means of tuning materials 

properties of the proteins, including biodegradability, biocompatibility, strength, resilience, and 

conductivity. For example, RGD peptides could be easily incorporated to encourage mammalian 

cell adhesion to a biomaterial. The T3SS offers a useful route to rapidly producing – and thus 

engineering – such protein-polymer materials. Moving beyond biomaterial products, this platform 

can become an attractive alternative method to cytosolic expression for a broad set of target 

proteins, particularly if the SPI-1 T3SS is engineered for improved substrate selectivity and higher 

secretion titers. 

 

4.4 Methods 
 

4.4.1 Plasmid construction 

 

Standard restriction enzyme-based molecular cloning techniques were employed for all 

cloning. Linearized vectors were obtained using PCR with Pfu DNA polymerase, followed by 

DpnI digest of the resulting PCR products. We used the pSicA vector backbone from previous 

studies (Metcalf et al., 2014; Widmaier et al., 2009) for all export plasmids, and HindIII, NheI, 

and XbaI as our restriction enzymes for the insertion of modules. This plasmid contains the pSicA 

promoter, the gene encoding SptP chaperone protein sicP, and the N-terminal region of SptP on 

the 5’ end of the target protein gene. The pSicA plasmid has a chloramphenicol resistance cassette 

and a ColE1 origin of replication. Lists of PCR primers and plasmids used in this study are 

available in Appendix I. 

Silk genes were amplified by PCR from bacterial vectors (gift of Chris Voigt, 

Massachusetts Institute of Technology), tropo-elastin genes were synthesized from DNA 

oligonucleotides, and the first exon of the CG15920 pro-resilin gene was cloned from Drosophila 

melanogaster cDNA (gift from Kristin Scott, University of California Berkeley). All PCR primers 

are listed in Table I in Appendix I. When necessary, single base mutations were made using the 

Quikchange (Agilent) method according to the provided protocol. 

All plasmids were constructed in the same way. Plasmids are listed in Table II in Appendix 

I. The plasmid backbone for each one except pAA1 is the pSicA vector. We developed a modular 

cloning method similar to the BioBricks approach (Anderson et al., 2010) for easy insertion of 



51 

genes or short DNA sequences in a sequential fashion, to make fusion proteins; specifically we 

used the restriction enzymes HindIII, NheI and XbaI. Among these, NheI and XbaI have 

compatible cohesive ends. Restriction enzymes and T4 DNA ligase (New England Biolabs) were 

used according to the manufacturer’s instructions. Briefly, we amplified the gene of interest with 

PCR and digested the gene with restriction enzymes HindIII and XbaI. We digested the pSicA 

vector with HindIII and NheI. We gel-purified the digested pSicA vector and each gene. Then, we 

ligated the HindIII overhangs together, and the NheI overhang from the pSicA vector with the XbaI 

overhang from the PCR product. This protocol was followed repeatedly for many constructs – for 

example, with each repetitive tropo-elastin construct – and in most cases the same PCR product 

was used for each additional repeat sequence until the PCR was depleted and had to be repeated. 

Ligation products were used to transform Escherichia coli DH10B. The resulting vector was 

verified by Sanger sequencing (Quintara Biosciences, Richmond, CA).  

 

4.4.2 Cysteine modifications to pro-resilin 

 

We made two point mutations in the 5’ and 3’ regions of the RES and RES-MAG genes to 

generate two cysteine substitutions in each protein sequence: S12C and S304C. An N-terminal 

poly-histidine tag directly precedes the RES and RES-MAG sequences, and we integrated the C-

terminal cysteine via a mutation in a NotI restriction enzyme site separating the pro-resilin 

sequence from the magainin-1 sequence in RES-MAG. In RES, the mutation directly precedes a 

FLAG tag. 

 

4.4.3 Strains and bacterial growth conditions 

 

All strains were grown in LB-Lennox (LB-L) at 37 °C and 225 rpm as described in 

Metcalf et al., 2014. For large-scale experiments, cultures were grown in 2.8 L baffled flasks 

under the same growth conditions.  

 

4.4.4 Recombinant pro-resilin protein purification and treatment 

 

The cell pellets were chemically lysed with Bacterial Protein Extraction Reagent 2X 

(BPERII) (Thermo Scientific) and the insoluble fraction was removed by centrifugation. The 

soluble fraction of the cell lysates was passed through a Ni-NTA affinity column (GE Healthcare) 

at 4 °C under native conditions. Columns were washed using 60 ml 10 mM Na2HPO4, 10 mM 

NaH2PO4, 20 mM imidazole, 500 mM NaCl buffer, pH 7.3.  Proteins were eluted in 3.5 ml 10 mM 

Na2HPO4, 10 mM NaH2PO4, 500 mM imidazole, 500 mM NaCl buffer, pH 7.3. Insoluble fractions 

were solubilized by resuspension in phosphate buffered saline buffer (PBS) with 0.1% CHAPS 

(Amresco) and .005% Tween-20 (Fisher Scientific), and purified with the same method. Secretion 

fractions were also purified from media using the same method after spinning down induced 

cultures at 6500xg for 20 minutes. Samples were desalted using PD-10 columns (GE Healthcare) 

and then buffer exchanged into PBS. 
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Purified proteins from the soluble cell lysate and secretion fractions were concentrated 

separately using 10 kDa molecular weight cut-off spin concentration columns (Sartorius Stedium 

Biotech) at 13,000 rpm for 15 minutes. 

 

4.4.5 Lysyl oxidase expression and purification 

 

The pLOX02 plasmid (obtained from the K. Lopez lab, CSU Bakersfield) harbors the gene 

encoding human lysyl oxidase (LOX) under the control of the T7 promoter. pLOX02 was 

transformed into BL21(DE3)pLysS cells (Novagen) and plated on LB agar plates with 50 ml/L 

ampicillin and incubated at 37 °C overnight (Herwald et al., 2010). Single colonies were grown in 

5 ml cultures of LB media containing 50 mg/mL ampicillin overnight. Three Fernbach flasks each 

containing 1 L of Terrific Broth with 50 mg/L ampicillin were inoculated with 1 ml of overnight 

culture. These were grown shaking at 225 rpm at 37 °C to an OD600 of 0.4-0.6 and induced with 

1mM IPTG. Following induction cells were further grown in the same conditions for three hours. 

The temperature was then reduced to 25 °C and cells were further grown, shaking, overnight. Cells 

were harvested by centrifugation at 8000xg, and pellets were stored at -80 °C overnight. Pellets 

were thawed and resuspended in lysis/wash buffer consisting of 16 mM potassium phosphate, pH 

7.8, 6 M urea, 200 mM NaCl and 20 mM imidazole. Cells were lysed by sonication for 30 minutes. 

The cell lysate was then centrifuged at 8000xg for 20 minutes. Following centrifugation, the 

supernatant was run through a Ni-NTA gravity column (GE Healthcare) and then washed with 100 

ml lysis/wash buffer. LOX was eluted from the resin using an elution buffer comprised of 16 mM 

potassium phosphate, pH 7.8, 6 M urea, 200 mM NaCl and 250 mM imidazole. The eluted enzyme 

was concentrated ~100X using a 9 kDa molecular weight cutoff spin column (Millipore) and 

diluted 5X before passing through a PD-10 column (GE Healthcare) to remove imidazole. Isolated 

and purified enzyme was visualized by SDS-PAGE and the correct molecular weight verified by 

using molecular markers (Fisher). 

 

4.4.6 Tropo-elastin expression and purification 

 

The SptP-6XH-TROPO-FL, SptP-6XH-2XTE, SptP-6XH-4XTE, SptP-6XH-6XTE, and 

SptP-6XH-8XTE plasmids that harbor genes encoding tropo-elastin were transformed into 

Salmonella SL1344 cells, plated on LB agar plates and incubated at 37 °C overnight. Single 

colonies were grown in LB-L media overnight. One 500 ml culture was grown in a 1 L flask and 

inoculated with 0.5 ml overnight culture. This culture was grown under T3SS+/HilA 

overexpression inducing conditions for 8 hours. Cells were spun down, supernatants were 

harvested and stored at 4 °C, and pellets were frozen at -80 °C. After resuspension in 60 ml PBS, 

the cell pellets were lysed by sonication for 30 minutes and the solution was spun down at 17000xg 

for 30 minutes. The soluble fraction was collected and passed through a Ni-NTA affinity column 

at 4 °C in native conditions. Proteins were eluted in 500 mM imidazole. Samples were desalted 

using PD-10 columns and buffer exchanged into PBS. 
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4.4.7 Peroxidase-coupled fluorometric assay for LOX 

 

LOX oxidatively deaminates peptidyl lysine residues in tropo-elastin polypeptides to form 

lysine-derived cross-linkages found in mature insoluble elastin. We used the nonpeptidyl diamine 

1,5-diaminopentane as a substrate for the continuous monitoring of purified LOX activity by way 

of released hydrogen peroxide-coupled catalysis by horseradish peroxidase (HRP) of homovanillic 

acid (HVA) to a fluorescent HVA dimer (Trackman et al., 1981). In this assay, 190 L 0.05M 

sodium borate buffer, pH 8.2, was combined with 25 g HVA, 4 g HRP and ~0.5 g LOX enzyme 

in an opaque 96 well microtiter plate format. To start the reaction, 10 L of 10mM 1,5-

diaminopentane substrate was added to the well. Three separate samples were simultaneously 

monitored using a fluorescence plate reader, as well as three samples for each control (-LOX, -

HVA, -HRP, -substrate), taking 21 readings over 20 minutes. The fluorescent product had an 

excitation wavelength of 315 nm and an emission wavelength of 425 nm. 

 

4.4.8 Biopolymer protein secretion assay 

 

Protein samples were prepared for sodium dodecyl sulfate polyacrylamide electrophoresis 

(SDS-PAGE) by boiling for 6 minutes in 4X Laemmli buffer with 8% SDS. The samples were 

then loaded onto 12.5% polyacrylamide gels and subjected to 130 V for 70 minutes. For samples 

analyzed by Coomassie staining, the gels were stained according to the method of Studier (Studier, 

2005). For samples analyzed by western blotting, the samples were then blotted from the gels to 

polyvinylidene fluoride membranes following standard procedures. Western blots were completed 

using primary anti-Flag and anti-histidine antibodies (Sigma) and secondary anti-mouse 

horseradish peroxidase-conjugated antibody (Fisher Scientific) against the incorporated 1X C-

terminal Flag tags and 6X-N-terminal his tags on all proteins of interest. Detection was performed 

with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) over a total 

exposure time of 10 minutes on a Bio-Rad Chemidoc Imager, and blots were auto-corrected for 

contrast. Dot blots were performed by applying 2 µl of the boiled SDS-PAGE samples to a 

nitrocellulose membrane (VWR), incubating at room temperature for 2 minutes, blocking in a milk 

solution for one hour, and proceeding to immunoblotting as described for western blots. Secretion 

fractions and soluble cell lysate fractions were analyzed for protein content by area integration 

densitometry analysis with ImageJ software with interpolation using a standard curve with BAP-

FLAG. 

 

4.4.9 Mass spectrometry of pro-resilin protein 

 

The Coomassie-stained bands were excised from the SDS-PAGE gel using a razor blade 

on a sterile surface. Each band was sliced into small pieces and added into a 1.7 mL Eppendorf 

tube. Each sample was immersed in 20 µL 25 mM ammonium bicarbonate in 1:1 acetonitrile/water 

and vortexed for 10 minutes, after which the supernatant was removed, three times. The samples 

were vacuum centrifuged to dryness, then submerged in 12.5 ng/µL trypsin in 25 mM ammonium 
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bicarbonate (aqueous) solution and stored on ice for 30 minutes. Excess trypsin solution remaining 

after 30 minutes was removed, and the samples were then stored in 20 µL 25 mM aqueous 

ammonium bicarbonate solution at 37 °C for 12 hours. Then, 40 µL of water was added to the 

digests, and the samples were vortexed for 10 minutes, sonicated for 5 minutes, and centrifuge 

briefly. The supernatants were extracted into fresh tubes. The gel pieces were then immersed in 20 

µL 45% water/50% acetonitrile/5% formic acid solution, vortexed for 10 minutes, sonicated for 5 

minutes, and centrifuged. The supernatants were again extracted and added to the same tubes from 

the previous extraction. The extraction from 45% water/50% acetonitrile/5% formic acid solution 

was repeated two times, and the total volume of the extracted protein solutions was reduced to 10 

µL and subjected to analysis by tandem mass spectrometry. 

 

4.4.10 Photochemical cross-linking of pro-resilin polypeptides 

 

The method of Elvin was used with slight modification (Elvin et al., 2005). The light source 

was a flashlight (Bell+Howell), maintained at 5 cm from the sample for 1-45 s. The amount of 

[Ru(II)(bpy)3]
2+ was fixed at 4 µM. A protein concentration of 40 µM (1 mg/ml) was used. Cross-

linking to high molecular weight aggregates was determined by SDS-PAGE. 

 

4.4.11 Chemical and enzyme-mediated cross-linking of tropo-elastin polypeptides 

 

Supernatant fraction of SL1344 +T3SS/HilA overexpression induction samples harboring 

SptP-6XH-8XTE was buffer-exchanged into 9 ml 0.1 M sodium borate, 0.15 M NaCl, pH 8.0. The 

sample was concentrated ~10X to 1 ml. Two 500 L aliquots of tropo-elastin solution, one 

concentrated and one not concentrated, were incubated with 1% glutaraldehyde, respectively, 

overnight at 37 °C. Two 500 L aliquots, one concentrated and one not concentrated, were each 

incubated with 50 L concentrated purified LOX (~1 mg/ml) overnight at 37 °C. One 500 L 

aliquot was incubated with no additive chemical or enzyme overnight at 37 °C as a negative 

control. In the enzyme-treated samples, proteins were subsequently reduced by the addition of 0.5 

mg sodium borohydride for 30 minutes at room temperature, while the pH was maintained between 

8 and 9. The reactions were terminated by titration to pH 2-3 with the addition of 50% acetic acid. 

The LOX cross-linking protocol was also used with SptP-TEV-6XH-RES-2XTE-FL. Contents 

were dried with nitrogen and some samples were deposited on Formvar/carbon-copper TEM grids 

(EMS). 

 

4.4.12 Hydrogel fabrication by pro-resilin conjugation with homobifunctional maleimide-

PEG 

 

Dimaleimide-PEG (MAL-PEG(7500)-MAL) was ordered from JenKem, Inc. Cysteine-

modified pro-resilin proteins with and without fusions to the magainin-1 peptide (RESc and RES-

MAGc) from secretion fractions or from cell lysates were concentrated to 70, 80 and 100 mg/ml 

in PBS and combined in 1:1 molar ratios with MAL-PEG-MAL using wells in a flat-bottom 96-
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well plate as molds. Mixtures became opaque within 2-5 minutes. The conjugation reaction 

continued for 36 hours, and the rubbery solids were removed with a pipette tip. Hydrogels were 

sterilized by shaking in 70% ethanol for 24 hours at room temperature. Hydrogel dimensions were 

1.3 cm diameter and 0.25 cm height. 

 

4.4.13 Mechanical characterization of hydrogels using rheology 

 

Oscillatory shear rheology was performed on fully hydrated samples with an MCR 301 

rheometer (Anton Paar Physica) in the parallel-plate configuration, using an 8 mm diameter top 

plate. Photo-crosslinked samples were fabricated in situ between rheometer plates for two minutes 

at 37 °C in a humidified chamber. Amplitude sweeps at constant frequency were performed to find 

the linear viscoelastic range of deformation for the most concentrated samples, after which 

frequency sweeps were performed at a strain amplitude within the linear range. We measured 

elastic and viscous material responses to shear strains of the cross-linked samples. 

Storage moduli (G’) and loss moduli (G”) were determined from oscillatory rheology data 

in terms of applied shear stress (σ) and strain (γ), via the relations 

 

𝐺′ =
𝜎0

𝛾0
𝑐𝑜𝑠𝛿 and 𝐺′′ =

𝜎0

𝛾0
𝑠𝑖𝑛𝛿, where δ = phase lag between σ and γ function wave forms 

 

(Bellingham and Keeley, 2004). The bulk modulus (B) for elastic materials is a measure of a 

material’s three-dimensional resistance to uniform compression, or stiffness, and can be 

approximated from low-frequency measurements of G’ and G’’ by the equation  

 

|𝐵| =
𝜎0

𝛾0
=  √(𝐺′)2 + (𝐺′′)2.  

 

The values displayed in Figure S8 were based on measurements of G’ and G’’ at 0.1 /s. 

 

4.4.14 Physical characterization of hydrogels using electron microscopy 

 

Biopolymer suspension samples (5 μl each) were prepared and imaged by transmission 

electron microscopy using the method of Kim (Kim et al., 2014). To analyze by scanning electron 

microscopy, samples were dehydrated and applied to silicon mounts, and then sputter coated with 

approximately 2 nm of gold and palladium (Tousimis, Rockville, MD). SEM images were acquired 

using a Hitachi S-5000 scanning electron microscope. 

 

4.4.15 Plate-based microbial viability assay 

 

S. enterica subsp. Typhimurium SL1344 cells containing a chloramphenicol-resistant 

plasmid SptP-6XH-DH-FL were grown overnight at 37 °C, shaking at 225 rpm, in LB-L with 34 

mg/L chloramphenicol. Overnight cultures were subcultured in small Petri dishes with 3 ml LB-
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L and hydrated resilin-PEG hydrogels. Cells were grown to mid-log phase. The hydrogels were 

washed in fresh LB-L three times for ten minutes and 5 µl of media from the overnight culture 

and from the last wash were spotted on an LB-agar plate. Serial dilutions were made to 10-5 and 

5 µl were aliquoted from each dilution. Colonies were grown overnight at 37 °C. 

 

4.4.16 Stain-based bacterial viability assay and fluorescence microscopy 

 

Bacteria were stained using 1:1 ratios of Syto9 and propidium iodide dyes (LIVE/DEAD 

stain, Life Technologies) and viewed using a Nikon Ni-U upright microscope with a 40X objective 

lens. Images were captured using an Andor ClaraLite digital camera. Fluorescence images were 

collected using C-FL Endow GFP and RFP HYQ band pass filters. The camera exposure time was 

70 ms for all samples.  

 

4.4.17 Mammalian cell culture and microscopy 

  

A7r5 rat muscle cells and primary HUVEC cells (ATCC, courtesy of Matt Francis, 

University of California Berkeley) were grown from frozen stocks in F-12K medium containing 

10% fetal bovine serum (ATCC), 0.1 mg/ml heparin salt (Sigma Aldrich), and 0.05 mg/ml 

endothelial cell growth supplement (Sigma Aldrich) at 37 °C in 5% CO2. Cells were trypsinized 

from flasks, and ~10,000 cells were added to hydrogels in 24-well plates and monitored over two 

week long periods using a Nikon Eclipse TS100 microscope. Images were collected using a TCS 

Pro 500 Camera. 
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Chapter 5: Type III secretion filaments as scaffolds for inorganic 

nanostructures 
 

Reproduced with permission from Azam, A. and Tullman-Ercek, D. “Type III secretion filaments 

as scaffolds for inorganic nanostructures.” Accepted at the Journal of the Royal Society Interface, 

2015. 
 

5.1 Background: protein-based scaffolds for nanostructure formation 

 

Nanomaterials exhibit unique properties that arise from their molecular-level organization, 

geometry, and large surface area to volume ratios. For example, gold (Au) nanoprisms absorb in 

the near-infrared region and have strong localized surface plasmon resonance due to their sharp 

corners and edges, while Au nanospheres absorb in the ultraviolet-visible (UV/vis) region (Fan et 

al., 2015; Xia et al., 2009). Thin Au nanosheets crystallize in hexagonal close-packed structures 

instead of the face-centered cubic structures that are usually observed in nanoparticles of other 

geometries (Xia et al., 2009; Huang et al., 2011). As a result of these and other interesting physical 

properties, metal nanostructures are used in opto-electronics, medicine, energy and catalysis, as 

well as material reinforcement and water desalination (Fan et al., 2015). However, for many 

applications that require nanoscale control over the system components to confer the unique 

ensemble properties required for such applications, new methods to enable control over molecular 

features will be critical to achieve precise organization, assembly timing, and targeting of the 

nanostructured materials. Here, traditional top-down approaches are severely constrained, because 

they are inherently planar, suffer from limited optical resolution, and result in nanostructures that 

are difficult to manipulate (Ito et al., 2000). Biomolecules such as lipids, DNA, and proteins are 

emerging as useful scaffolds for building three-dimensional inorganic materials at sub-millimeter 

length scales from the bottom up (Xu et al., 2009; Yin et al., 2008; Gradišar et al., 2014). Proteins 

are especially attractive because they undergo amino acid sequence-specific self-assembly and 

have sequence-based molecular recognition properties. In addition, complex protein assemblies 

are often thermodynamically favorable. Finally, the diversity afforded by amino acid biochemistry 

provides numerous bioorthogonal methods for conjugating proteins to inorganic nanostructures 

and for enabling protein interactions in specific ways with desired ligands, membranes or surfaces 

(Gradišar et al., 2014). Thus, engineered self-assembling protein systems provide a route to 

spontaneous and programmable organization of complex structures with new material properties, 

at shrinking size scales. 

Conjugating inorganic materials to self-assembled peptide backbones is an established 

strategy for the production of functional materials (Chen et al., 2010). For example, filamentous 

phage coat proteins and clathrin have been used as templates for constructing liquid-crystalline 

ZnS films and titanium dioxide particles, respectively (Lee et al., 2002; Schoen et al., 2011). 

However, these strategies are limited by the inherent size and shape of the protein structures that 

are used as templates, and lack high-resolution material flexibility. For instance, bacteriophage 

M13 is 900 nm long, and therefore any M13-based materials are limited to 900 nm in the smallest 

subunit length dimension (Lee et al., 2002). Clathrin, as a vesicle coat protein, is used only with 
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spherical geometries. Other protein scaffolds that have been engineered in a variety of contexts to 

bind to inorganic materials include tobacco mosaic virus coat proteins (Shenton et al., 1999), 

apoferritin (Iwahori et al., 2005), actin (Henry et al., 2011), curli (Chen et al., 2014), microtubules 

(Boal et al., 2003), and amyloid and amyloid-like fibers (Scheibel et al., 2003; Acar et al., 2011), 

each with unique advantages and drawbacks. 

The type III secretion system (T3SS) includes a filamentous structure that has all the 

characteristics of a promising scaffold for metal templating. This filament is a homomultimeric 

protein assembly comprising ~120 copies of the PrgI monomer, which has a molecular weight of 

less than 10 kDa, affording high resolution over resulting assemblies (Burkinshaw et al., 2014; 

Rathinavelan et al., 2014). The monomers spontaneously assemble into a helical, symmetric 

filament as they are secreted one by one through the nascent membrane-embedded structure. 

Recent solid-state NMR studies indicate that the structure of PrgI comprises two alpha helices, 

with the N-terminal amino acids forming a flexible loop extending away from the polymerized 

filament (Loquet et al., 2012). 

With this work, we demonstrate that the PrgI filament makes an excellent scaffold for 

nanostructured materials both in vitro and tethered to the S. enterica cell surface. We first 

demonstrate that peptide tags can be integrated into the N-terminal region of PrgI without 

disrupting filament formation. We incorporate the nickel (II) (Ni2+)-binding polyhistidine (6XHis) 

tag to PrgI in this manner, and allow filaments to form either in vitro or in vivo. After conjugating 

it to Ni2+-nitrilotriacetic acid-Au (Ni2+-NTA-Au) nanoparticles, we observe Au-bound PrgI 

filaments and bundles. For the methods involving native PrgI assembly in S. enterica, we use 

recombination-mediated genetic engineering techniques in order to protect the secretion phenotype 

of the natural system. Future applications using this bioinorganic system might include the 

incorporation of peptide tags that selectively bind heavy metals or minerals for cell-powered 

sensing applications for bioremediation or energy applications. The metal-functionalized secretion 

system described herein is therefore a first step in a variety of endeavors for interfacing biological 

metabolism with synthetic extracellular circuits. 

 

5.2 Results 
 

5.2.1 N-terminal modification effects on filament assembly in vivo 

  

We used the filament-

forming PrgI protein of S. 

enterica as a template for the 

incorporation of inorganic 

materials. Incorporation of 

inorganic materials requires a 

binding peptide, which is not in 

the wild type filament.  We 

chose to N-terminally append 

this peptide because structural 

studies indicate this end is 

N-terminus 

Top 

view 

Zoomed in N-terminus 

Figure 5-24. Atomic model of oligomerized PrgI needle from Loquet et al. 

PDB code 2LPZ 
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flexible, minimizing the possibility of steric hindrance (Figure 5-1) (Loquet et al., 2012). We first 

set out to ensure the N-terminus of PrgI is indeed amenable to alteration, and demonstrate that 

fusions to the N-terminus would not prevent filament formation. To this end, we created a genetic 

construct that results in a fusion of the Ni2+-binding polyhistidine tag (HHHHHH) to the flexible 

N-terminus of PrgI (6X-His PrgI). We knocked out the genomic copy of prgI to make the S. 

enterica prgI strain, and introduced 6XHis-prgI on a plasmid under the control of an 

anhydrotetracycline (aTc)-inducible promoter (pTet), to ensure that only polyhistidine-modified 

PrgI would be produced by the prgI stain. After growing under T3SS-inducing conditions and 

inducing 6X-His PrgI expression with the addition of aTc, we mechanically sheared the needles 

from cells. We compared the size and morphology of mutant and wild type needles expressed from 

the inducible plasmid with wild type needles expressed from the genome using transmission 

electron microscopy (TEM) (Figure 5-2A) and dynamic light scattering (DLS) (Figure 5-2B). We 

confirmed the identity of the protein by anti-polyhistidine western blotting (Figure 5-3). These 

techniques revealed that episomal expression of wild type and polyhistidine-tagged PrgI inprgI 

strains produced needles of the same hydrodynamic radius and geometry as wild type strains.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-2. Needle morphology of 6xH-PrgI is similar to 

wild-type PrgI both in vivo and in vitro. A) TEM images of 

6XHis-PrgI needles mechanically sheared from cells, which 

are morphologically similar to wild-type needles. B) DLS 

traces of T3SS needles mechanically sheared from cells, 

indicating that the S. enterica wild-type strain with no 

plasmid, wild-type strains expressing PrgI and 6XHis-PrgI 

from the pTet promoter, and prgI::pTet-prgI strains all 

form needles. C) TEM images and D) DLS traces tracking 

needle growth of recombinant purified 6XHis-PrgI 

monomers into filaments over three weeks. Image is from 

three week timepoint. Graphs use a log scale on the x axis. 

Figure 5-3. Anti-polyhistidine 

western blot showing presence 

of 6XHis-PrgI in samples 

containing needles sheared 

from the prgI strain with 

plasmid-borne 6XHis-PrgI, 

grown with and without T3SS-

inducing conditions. These are 

compared with non-modified 

needles sheared from wild type 

cells and recombinant, purified 

6XH-PrgI. 
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5.2.2 Recombinant mutant PrgI monomers form filaments in vitro 

 

The complemented mutant needles were 50-80 nm long, but many applications in energy 

and sensing require much longer filaments. Therefore we also constructed an inducible plasmid 

for the recombinant production of 6XHis-PrgI in E. coli in order to polymerize PrgI-based 

filaments in vitro. We expressed and purified the protein from cell lysate using nickel 

chromatography and confirmed its presence by western blotting (Figure 5-4). Filaments assemble 

spontaneously in solution and are visible by TEM within 24 hours, but acidic buffer conditions 

slow the assembly and prevent the formation of large aggregates. Filament growth was monitored 

by DLS over the course of three weeks and the heterogeneous mixture of long needles was 

observed using TEM (Figure 5-2C-D). The recombinant needles were 1-2 m in length. 

Recombinant expression and purification of a non-assembling 6XH-PrgI mutant, 6XH-

PrgIQ26A/K50A, which is unable to form the hydrogen bond between the helices of the protein, does 

not result in visible filaments (Widmaier et al., 2009). 

 

5.2.3 Building a protein nanowire 

 

The polyhistidine tag is commonly used for affinity chromatography in protein 

purification, and the 6XHis-PrgI structures were designed to bind to bivalent nickel cations. To 

test this, we confirmed the conjugation of assembled 6xHis-PrgI filament structures with Ni2+-

NTA-functionalized Au nanoparticles (Figure 5-5A). The recombinant needle structures were able 

to selectively bind these Au particles (Figure 5-5B). Increasing concentrations of Ni2+-NTA-Au 

nanoparticles resulted in increased binding as observed by TEM, as well as noticeable aggregation 

of filaments, which we termed “bundling” (Figure 5-5C). The nanoparticles did not associate with 

PrgI filaments that did not incorporate a 6XHis-tag (Figure 5-5D).  

Although the recombinant 6XHis-PrgI 

structures were able to bind the Ni2+-NTA-Au 

nanoparticles in a concentration-dependent fashion, 

the metal coverage was incomplete. We next tested 

whether the protein- metal conjugates could be 

reduced to form contiguous metal structures. We 

reacted HAuCl4 with hydroxylamine, a mild reducing 

agent, in solution with metal-conjugated filaments. 

Tween 20, a nonionic detergent, was added at small 

concentrations to the reaction to reduce protein 

aggregation. Soluble Au3+ was deposited and reduced 

to Au(0) from HAuCl4 to “grow” the Au nanoparticles 

that were nucleated on the protein filaments (Poyraz et 

al., 2010). The reaction was monitored by UV/vis 

absorption spectroscopy, which revealed the 

emergence of a surface plasmon resonance at 525, 

typical of nanoscale Au particles (Figure 5-6A). The 

reaction resulted in the formation of crude nanowire 

Figure 5-4. SDS-PAGE showing stages in 6XHis-

PrgI purification from soluble BL21 cell lysate 

using Ni2+ affinity column chromatography. 
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networks and large Au-containing structures. The morphology and composition of the Au 

structures was confirmed by energy-dispersive X-ray spectroscopy and TEM (Figure 5-6B-C, 

Figure 5-7), and protein filaments which did not include an N-terminal histidine tag did not result 

in network-like structures. 

 

 

 

 

Figure 5-5. Protein-ligand interaction of 6XHis-PrgI. A) Schematic depicting 6XHis-PrgI bound to a Ni2+-NTA-

Au nanoparticle of 5 nm diameter. B) TEM images showing recombinant 6XHis-PrgI needles bound to 5 nM Ni2+-

NTA-Au particles. C) Binding density is linearly dependent on ligand concentration. In the panels from left to right, 

the concentration of Ni2+-NTA-Au is 0 nM, 5 nM, and 17 nM. D) Non-histidine-tagged PrgI needles do not associate 

with nanoparticles. 
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Figure 5-7. Energy dispersive X-ray spectroscopy confirmed that the contiguous structures observed with TEM 

contained Au after several washes in 20 mM HEPES buffer. Other peaks include Si/Ti/O from the substrate which the 

structures were deposited on, Na/Cl from salts in the buffer, and organic elements from the proteins. 

 

 

 

 

 

 

Figure 5-6. Au reduction to make contiguous 

nanowires. A) Au reduction on recombinant 6XHis-

PrgI needles nucleated with Au particles can be 

monitored in solution by UV/Vis spectroscopy at 525 

nm. Negative control: non-Au-conjugated 6XHis-PrgI 

in solution with the same reagents. Inset: 6XHis-PrgI 

filament seeded with Au nanoparticles that have been 

enlarged due to partial reduction. B) TEM images of 

contiguous Au networks and C) structures. 
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5.2.4 Conjugating Au nanoparticles to a living cell 

 

We recognize that for some 

applications, it will be useful to interact 

inorganic materials with protein filaments 

that are still in contact with the cell. Thus we 

next asked whether we could conjugate the 

Ni2+-NTA-Au to the filaments formed from 

6XHis-PrgI while they are still part of the 

T3SS apparatus embedded in the membranes 

of living cells. To accomplish this, we grew 

the S. enterica prgI::pTet-6XHis-prgI strain 

in T3SS-inducing conditions, and added Ni2+-

NTA-Au to the cultures.  We isolated and 

washed the cells and then compared them to wild type cells using TEM. In doing so we observed 

several T3SS needles that were labeled with Au nanoparticles (Figure 5-8). We did not observe 

Au-labeled needles in wild type strains to which the nanoparticles were added. 

 

5.2.5 Rescuing the secretion phenotype for heterologous protein secretion 

 

The native function of the T3SS is 

protein secretion, and we investigated the 

ability of the PrgI mutant strains to secrete 

heterologous proteins. The S. enterica prgI 

strain is not secretion- competent because PrgI 

is necessary for type III secretion. We tested 

this using a model protein, the DH domain 

from human intersectin (Figure 5-9). 

Complementation of PrgI in this strain does 

not rescue the secretion phenotype, even 

though complemented cells do construct 

T3SS needles that are morphologically 

indistinguishable from wild type needles by 

TEM. Therefore, to restore the secretion 

phenotype in S. enterica while maintaining its 

ability to produce metal-binding needles, we used a recombination-mediated genetic engineering 

strategy to reintroduce the 6XHis-prgI gene back into the prgI strain at the native locus for prgI 

(Ikebe et al., 1999). This strain, S. enterica 6XHis-prgI, was able to secrete the DH domain at wild 

type-level titers. Understanding why a genomic copy of prgI rather than a plasmid-complemented 

copy of the gene is required for secretion but not for needle construction requires further study into 

the genetic architecture and regulation of the pPrgH operon of Salmonella Pathogenicity Island-1. 

 

5.3 Discussion 

Figure 5-8. Cell surface-bound Au needles. A) Wild-type S. 

enterica cells expressing T3SS. B) S. enterica pTet:6XHis-

prgI cells expressing T3SS conjugated to Au nanoparticles. 

Figure 5-9. Restoring the secretion phenotype. Western blot 

comparing DH secretion and expression in S. enterica 

SL1344 wild type, prgI, prgI::pTet-6XHis-prgI, and 

6XHis-PrgI strains in T3SS-inducing and non-inducing 

conditions. 
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The T3SS needle can be used as a flexible template for the production of wire-like 

nanostructures of variable composition. In this study, we used Au nanoparticles; however, genetic 

incorporation of other metal- or mineral-binding peptides and subsequent polymerization would 

allow for templating of materials in a variety of redox states. The high resolution afforded by the 

small size of the PrgI monomer introduces the possibility of constructing multi-component 

metallic wires with distinct nanoscale elements, without first anchoring them to a silicon substrate. 

PrgI filament templating also has applications in surface plasmon-mediated energy transfer and 

molecular transport junctions. The geometry of the protein structures might also be modulated in 

the future via chemical or genetic modification to create branched or cyclic shapes. Additionally, 

we engineered the strain to preserve the native secretion phenotype so that in the future, it is 

possible for heterologous electron transfer proteins to be secreted from the system to 

synergistically complement nanowire-mediated cross-membrane electron transfer in a tunable 

fashion. 

There is tremendous potential to harness metabolic energy from intracellular redox 

reactions by building a synthetic electronic conduit across membranes. Yet, to date, little work has 

been done to precisely interface metal-functionalized proteins with cells beyond exploring the 

natural systems that perform this function, and all biomolecular templates for metal conjugation 

have been studied in vitro. Natural systems in Shewanella onedensis MR-1 and Geobacter species 

construct protein-based, conductive, nanowire-like pili in oxygen-limiting conditions that extend 

beyond the cell membranes in order to make contact with extracellular electron-accepting solid 

phases (Kubori et al., 2000). Yet these systems are poor candidates for engineering well-controlled 

nanostructure-cell interfaces, because they are necessary for the organisms’ central metabolism 

and are not well-characterized or genetically tractable. Furthermore, Shewanella and Geobacter 

express conductive pili exclusively in strict anaerobic conditions, and neither organism can be 

easily grown in a fermenter. The T3SS filament of S. enterica offers a tunable scaffold that retains 

its interaction with the cellular membrane, thus providing a starting point for mimicking these 

fascinating natural systems. 

Previously, researchers (Jensen et al., 2010) showed that integrating a protein-based 

electron transfer chain in a bacterial cell envelope, with the final electron acceptor localized to the 

outer membrane, caused an eightfold increase in Fe(III) citrate reduction compared with wild type 

E. coli (Thomason et al., 2007). Our efforts to incorporate a metallic T3SS-templated nanowire in 

the cell membrane present an extension of this work; as the rate of reduction does not scale linearly 

with surface area, linking a membrane-embedded nanowire with a protein-based electron transport 

chain that is on the same size scale can increase the efficiency of electron transfer out of the cell. 

Furthermore, metallized protein filaments that are attached to cell surfaces to create nanowire-like 

electron conduits would allow for a delocalized electron transport system that is more efficient 

than stepwise electron transport in a protein-based electron transfer chain. In the future, bioenergy 

applications may benefit from integrating a chain of redox-active proteins with a membrane-

embedded nanowire to mediate electron transfer across the membrane. 

 

5.4 Methods 
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5.4.1 Plasmid construction 

  

Standard restriction enzyme-based molecular cloning techniques were employed for all 

cloning. Linearized vectors were obtained using PCR with Pfu DNA polymerase and S. enterica 

genomic DNA for the template, followed by DpnI digest of the resulting PCR products. To 

construct the pTet-6XH-PrgI plasmid, we used the pTet-ColE1-Cam vector backbone and 

BglII/BamHI as our restriction enzymes for the insertion of 6XH-prgI. To construct the 

pET28b(+)-6XH-PrgI plasmid, we used the pET28b(+)-ColE1-Kan vector backbone (Novagen) 

and NdeI/BamHI as our restriction enzymes for the insertion of prgI. The DH export plasmid, used 

to test secretion in engineered strains, was constructed for a previous study (Widmaier et al., 2009). 

More details, including a list of plasmids and PCR primers used in this study, are available in 

Appendix I. 

 

5.4.2 Strains and bacterial growth conditions 

 

All non-T3SS-induced strains were grown in LB-Lennox media at 225 rpm and 37 C. 

T3SS-induced strains were grown in T3SS inducing media (17 g/L NaCl) at 120 rpm and 37 C as 

described in [26]. E. coli BL21 cultures expressing pET28b(+)-6XH-PrgI were subcultured 1:100 

from an overnight culture in 500 ml Terrific Broth, in a 1L baffled flask. Cultures were grown at 

225 rpm and 30 C for 6 hours and induced with 1 mM IPTG after 2 hours. In this study, all 

engineered PrgI proteins also had the solubility-enhancing mutations V65A and V67A, which do 

not impact the protein’s oligomerization dynamics (Brown et al., 1998). All strains were flhCD 

to avoid production of flagella (Shi et al., 2007). 

 

5.4.3 Expression and purification of 6XH-PrgI 

 

6XHis-PrgI was overexpressed in E. coli BL21 DE(3) pLysS cells using a pET28b(+) 

IPTG-inducible vector as described. The cells were centrifuged at 6000 x g, the cell pellets were 

resuspended in 30 ml Ni2+ column buffer (10 mM Na2HPO4, 10 mM NaH2PO4, 20 mM imidazole, 

500 mM NaCl buffer, pH 7.3), and the resuspended cells were lysed by sonication. The insoluble 

fraction was removed by centrifugation at 17,000 x g for 1 hour. The supernatant was decanted 

and passed through a Ni-NTA affinity column (GE Healthcare) at room temperature under native 

conditions, washed with 60 ml Ni2+ column buffer, then eluted in Ni2+ elution buffer (10 mM 

Na2HPO4, 10 mM NaH2PO4, 500 mM imidazole, 500 mM NaCl buffer, pH 7.3). The protein 

solution was buffer-exchanged into 2.5 ml 20 mM HEPES, 50 mM NaCl buffer pH 5.5 using a 

PD-10 desalting column (GE healthcare), then concentrated to ~1 mg/ml using 3 KDa molecular 

weight cutoff spin concentration columns (Sartorius). Purified 6XH-PrgI monomers were allowed 

to self-assemble into filamentous structures at 4 C over three weeks. 

 

5.4.4 Ni2+-NTA-Au conjugation with filaments 

 

Approximately 10 mg of 6XH-PrgI filaments were incubated with an 8 M excess of Ni2+-

NTA-Au nanoparticles (Nanoprobes) at 4 C for 16 hours in 5 ml 20 mM HEPES, 50 mM NaCl 
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buffer, rocking gently. Excess nanoparticles were removed by size exclusion using a NAP-5 

column (GE Healthcare). Labeled filaments were stored in 2.5 ml PBS. 

 

5.4.5 Au reduction for growth of contiguous Au structures 

 

6XHis-PrgI filaments were labeled with 17 nM Au nanoparticles as described, and 1 ml of 

labeled filament solution was incubated with 0.01% HAuCl4, 40 mM NH2OH, and 0.05% Triton 

X-100 (Sigma Aldrich) at room temperature for five minutes in a cuvette. UV/vis absorbance was 

measured at 526 nm. Structures were inspected via TEM. 

 

5.4.6 Isolation of T3SS needle structures 

 

Cells were grown in T3SS inducing conditions in 1 L T3SS inducing media as described 

and harvested in late log phase, then resuspended in 30 ml TE buffer (10 mM TrisCl/1 mM EDTA, 

pH7.5) containing 1 mM PMSF. Needles were mechanically sheared from cells as described in 

Kubori et al., 2000. Briefly, the cell suspension was vortexed three times for 1.5 min each and 

passed six times through a 25-gauge needle. The cells were removed by centrifugation at 9,000 x 

g at 4 C for 20 min. The supernatant was centrifuged at 100,000 x g at 4 C for 1 h. The pellet 

contained the needles, which were resuspended in TE buffer, washed twice by the same method, 

and visualized by TEM. 

 

5.4.7 SDS-PAGE and western blotting 

 

Protein samples were prepared for sodium dodecyl sulfate polyacrylamide electrophoresis 

(SDS-PAGE) by boiling for 6 minutes in 4X Laemmli buffer with 8% SDS. The samples were 

then loaded onto 12.5% polyacrylamide gels and subjected to 130 V for 70 minutes. For samples 

analyzed by Coomassie staining, the gels were stained according to the method of Studier (Studier, 

2005). For samples analyzed by western blotting, the samples were then blotted from the gels to 

polyvinylidene fluoride membranes following standard procedures. Western blots were completed 

using horseradish peroxidase-conjugated anti-Flag and anti-histidine antibodies (Sigma) against 

the incorporated 1X C-terminal FLAG tags and 6X-N-terminal his tags on all proteins of interest. 

Detection was performed with SuperSignal West Pico Chemiluminescent Substrate (Thermo 

Scientific) over a total exposure time of 10 minutes on a Bio-Rad Chemidoc Imager, and blots 

were auto-corrected for contrast. 

 

5.4.8 Creation of flhCD and prgI strains and integration of 6XHis-prgI in the S. enterica 

genome. 

 

The method of Thomason et al. was employed to make a homologous recombination-based 

flhCD and prgI knockout strain, and then to reintroduce the mutant gene 6XHis-prgI in the prgI 

genetic locus. The flhCD strain was created first, and subsequent modifications to remove and 

replace the prgI gene followed. All DNA primers used to make deletions, insertions and confirm 

correct sequencing are listed in Appendix I. 
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5.4.9 Filament growth monitoring by dynamic light scattering 

 

DLS was performed using a Zetasizer Nano (Malvern Instruments). Before analysis 

samples were filtered through 0.22 µm filters (Millipore). Measurements were taken in 20 mM 

HEPES, 50 mM NaCl buffer pH 5.5 at 25 °C in backscattering modus with 10 mm × 10 mm quartz 

cuvettes. 

 

5.4.10 Filament growth monitoring by transmission electron microscopy 

 

TEM images were taken using an FEI Technai 12 transmission electron microscope with 

an accelerating voltage of 120 kV. Samples were desalted using NAP-5 desalting columns (GE 

Healthcare), concentrated to approximately 50 µM using 100 kDa MWCO spin filters (Millipore), 

incubated on Formvar-coated copper mesh grids for 5 minutes and wicked off using filter paper 

and dried in air briefly. These grids were then quickly washed with water and immediately wicked 

again. The samples were stained with 1% UO2(OAc)2 for 2 minutes, and again wicked and dried. 
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Appendix I 
 

Table A1. Plasmid constructs, Chapter 2. 

 Plasmid Description 

pAA43 SptP-T4L SptP-fused T4L with CmR and ColE1 origin 

pAA44 SptP-T4L* Same as pAA43, cysteine-free T4L* 

pAA45 F104M pAA44 point mutant 

pAA46 F153A pAA44 point mutant 

pAA47 M102K pAA44 point mutant 

pAA48 N132M pAA44 point mutant 

pAA49 S44E pAA44 point mutant 

pAA50 S117V pAA44 point mutant 

pAA51 A73S pAA44 point mutant 

pAA52 A130S pAA44 point mutant 

pAA53 V75T pAA44 point mutant 

pAA54 A42S pAA44 point mutant 

pAA55 V149A pAA44 point mutant 

pAA56 I27M pAA44 point mutant 

pAA57 F104A pAA44 point mutant 

pAA58 L33M pAA44 point mutant 

pAA59 A129M pAA44 point mutant 

pAA60 V111A pAA44 point mutant 

pAA61 L66M pAA44 point mutant 

pAA62 L121M pAA44 point mutant 

pAA63 L99M pAA44 point mutant 

pAA64 L84M pAA44 point mutant 

pAA65 I100M pAA44 point mutant 

pAA66 M106A pAA44 point mutant 
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pAA67 V87M pAA44 point mutant 

pAA68 V103A pAA44 point mutant 

pAA69 L7A pAA44 point mutant 

pAA70 SptP-GFP SptP-fused GFP with CmR and ColE1 origin 

pAA71 SptP-GFP var.1 Same as pAA70, AAA chromophore sequence 

pAA72 SptP-GFP var.2 Same as pAA70, GSG chromophore sequence 

pAA73 SptP-GFP var.3 Same as pAA70, GGG chromophore sequence 

pAA74 SptP-GFP1-10 Same as pAA70, missing last beta barrel strand of GFP 

pAA75 SptP-MBP SptP-fused MBP with CmR and ColE1 origin 

pAA76 SptP-MBP-GFP1-10 SptP-fused MBP-GFP1-10 with CmR and ColE1 origin 

pAA17 SptP-DH SptP-fused DH with CmR and ColE1 origin 
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Table A2. PCR primers, Chapter 2. 

Primers for cloning T4L into pSicA vector 

AA167F AGTATCAAGCTTATGAATATATTTGAAATGTTACGTATAG 

AA168R 
AGTATCTCTAGAGGATCCCTTGTCATCGTCATCTTTATAATCGCCGCTACTGCCTA

GGTTTTTATACGCGTCC 

  

Quikchange primers for mutating cysteines in T4L to make T4L* 

AA176F 
GAATTAGATAAAGCTATTGGGCGTAATTGCAATGGTGTAATTACAAAAGATGAG

GCTG 

AA177R 
CAGCCTCATCTTTTGTAATTACACCATTGCAATTACGCCCAATAGCTTTATCTAAT

TC 

AA178F 
GTTTATGATTCTCTTGATGCGGTTCGTCGCTGTGCATTGATTAATATGGTTTTCCA

AATG 

AA179R 
CATTTGGAAAACCATATTAATCAATGCACAGCGACGAACCGCATCAAGAGAATC

ATAAAC 

  

Quikchange primers for making single and double T4L* mutants 

KL005F 
TCGTCGCGCTGCATTGATTAATATGGTTATGCAAATGGGAGAAACCGGTGTGGC

AGGAT 

KL006R 
ATCCTGCCACACCGGTTTCTCCCATTTGCATAACCATATTAATCAATGCAGCGCG

ACGA 

KL007F 
TAATCGCGCAAAACGAGTCATTACAACGGCGAGAACTGGCACTTGGGACGCGTA

TAAAA 

KL008R 
TTTTATACGCGTCCCAAGTGCCAGTTCTCGCCGTTGTAATGACTCGTTTTGCGCG

ATTA 

KL009F 
TGCGGTTCGTCGCGCTGCATTGATTAATAAAGTTTTCCAAATGGGAGAAACCGGT

GTGG 

KL010R 
CCACACCGGTTTCTCCCATTTGGAAAACTTTATTAATCAATGCAGCGCGACGAAC

CGCA 

KL011F 
TTCAACAAAAACGCTGGGATGAAGCAGCAGTTATGTTAGCTAAAAGTAGATGGT

ATAATCAAACACC 

KL012R 
GGTGTTTGATTATACCATCTACTTTTAGCTAACATAACTGCTGCTTCATCCCAGCG

TTTTTGTTGAA 

KL013F 
TTACAAAAAGTCCATCACTTAATGCTGCTAAAGAAGAATTAGATAAAGCTATTG

GGCGTAATACTAA 

KL014R 
TTAGTATTACGCCCAATAGCTTTATCTAATTCTTCTTTAGCAGCATTAAGTGATGG

ACTTTTTGTAA 

KL015F 
AGAAACCGGTGTGGCAGGATTTACTAACGTGTTACGTATGCTTCAACAAAAACG

CTGGG 

KL016R 
CCCAGCGTTTTTGTTGAAGCATACGTAACACGTTAGTAAATCCTGCCACACCGGT

TTCT 

KL017F 
TGAAAAACTCTTTAATCAGGATGTTGATTCCGCTGTTCGCGGAATTCTGAGAAAT

GCTA 

KL018R 
TAGCATTTCTCAGAATTCCGCGAACAGCGGAATCAACATCCTGATTAAAGAGTTT

TTCA 

KL019F 
GCTTCAACAAAAACGCTGGGATGAAGCATCGGTTAACTTAGCTAAAAGTAGATG

GTATA 

KL020R 
TATACCATCTACTTTTAGCTAAGTTAACCGATGCTTCATCCCAGCGTTTTTGTTGA

AGC 
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KL021F 
ACTCTTTAATCAGGATGTTGATGCTGCTACCCGCGGAATTCTGAGAAATGCTAAA

TTAA 

KL022R 
TTAATTTAGCATTTCTCAGAATTCCGCGGGTAGCAGCATCAACATCCTGATTAAA

GAGT 

KL023F 
TTGCTTACAAAAAGTCCATCACTTAATGCTTCCAAATCTGAATTAGATAAAGCTA

TTGGGCGT 

KL024R 
ACGCCCAATAGCTTTATCTAATTCAGATTTGGAAGCATTAAGTGATGGACTTTTT

GTAAGCAA 

KL025F 
TAATCAAACACCTAATCGCGCAAAACGAGCGATTACAACGTTTAGAACTGGCAC

TTGGG 

KL026R 
CCCAAGTGCCAGTTCTAAACGTTGTAATCGCTCGTTTTGCGCGATTAGGTGTTTG

ATTA 

KL027F 
ATCTATAAAGACACAGAAGGCTATTACACTATGGGCATCGGTCATTTGCTTACAA

AAAGTCCA 

KL028R 
TGGACTTTTTGTAAGCAAATGACCGATGCCCATAGTGTAATAGCCTTCTGTGTCT

TTATAGAT 

KL029F CGCTGCATTGATTAATATGGTTGCGCAAATGGGAGAAACCGGTGTGG 

KL030R CCACACCGGTTTCTCCCATTTGCGCAACCATATTAATCAATGCAGCG 

KL031F 
GGCTATTACACTATTGGCATCGGTCATTTGATGACAAAAAGTCCATCACTTAATG

CTGCTAAA 

KL032R 
TTTAGCAGCATTAAGTGATGGACTTTTTGTCATCAAATGACCGATGCCAATAGTG

TAATAGCC 

KL033F 
TATGCTTCAACAAAAACGCTGGGATGAAATGGCAGTTAACTTAGCTAAAAGTAG

ATGGT 

KL034R 
ACCATCTACTTTTAGCTAAGTTAACTGCCATTTCATCCCAGCGTTTTTGTTGAAGC

ATA 

KL035F 
TATGGTTTTCCAAATGGGAGAAACCGGTGCGGCAGGATTTACTAACTCTTTACGT

ATGC 

KL036R 
GCATACGTAAAGAGTTAGTAAATCCTGCCGCACCGGTTTCTCCCATTTGGAAAAC

CATA 

KL037F 
GGTGTAATTACAAAAGATGAGGCTGAAAAAATGTTTAATCAGGATGTTGATGCT

GCTGTTCGC 

KL038R 
GCGAACAGCAGCATCAACATCCTGATTAAACATTTTTTCAGCCTCATCTTTTGTA

ATTACACC 

KL039F 
GGCAGGATTTACTAACTCTTTACGTATGATGCAACAAAAACGCTGGGATGAAGC

AGCAG 

KL040R 
CTGCTGCTTCATCCCAGCGTTTTTGTTGCATCATACGTAAAGAGTTAGTAAATCC

TGCC 

KL041F 
TTCTCTTGATGCGGTTCGTCGCGCTGCAATGATTAATATGGTTTTCCAAATGGGA

GAAA 

KL042R 
TTTCTCCCATTTGGAAAACCATATTAATCATTGCAGCGCGACGAACCGCATCAAG

AGAA 

KL043F 
TGTTCGCGGAATTCTGAGAAATGCTAAAATGAAACCGGTTTATGATTCTCTTGAT

GCGG 

KL044R 
CCGCATCAAGAGAATCATAAACCGGTTTCATTTTAGCATTTCTCAGAATTCCGCG

AACA 

KL045F GATGCGGTTCGTCGCGCTGCATTGATGAATATGGTTTTCCAAATGGGAGAA 

KL046R TTCTCCCATTTGGAAAACCATATTCATCAATGCAGCGCGACGAACCGCATC 

KL047F TGCATTGATTAATATGGTTTTCCAAGCGGGAGAAACCGGTGTGGCAGGATTTA 

KL048R TAAATCCTGCCACACCGGTTTCTCCCGCTTGGAAAACCATATTAATCAATGCA 
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KL049F 
AATTCTGAGAAATGCTAAATTAAAACCGATGTATGATTCTCTTGATGCGGTTCGT

CGCG 

KL050R 
CGCGACGAACCGCATCAAGAGAATCATACATCGGTTTTAATTTAGCATTTCTCAG

AATT 

KL051F TCGCGCTGCATTGATTAATATGGCGTTCCAAATGGGAGAAACCGGTG 

KL052R CACCGGTTTCTCCCATTTGGAACGCCATATTAATCAATGCAGCGCGA 

KL053F 
CAGAAAGTAAGCTTATGAATATATTTGAAATGGCGCGTATAGATGAAGGTCTTA

GACTTAAAATCTA 

KL054R 
TAGATTTTAAGTCTAAGACCTTCATCTATACGCGCCATTTCAAATATATTCATAA

GCTTACTTTCTG 
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Table A3. Plasmid constructs, Chapter 3. 

 Plasmid Description 

pAA2 SptP-6XH-RES-FL 
His-tagged pro-resilin with 5’ appended SptP and 3’-appended FLAG 

tag, in vector with CmR and ColE1origin 

pAA9 SptP-6XH-2XTE-FL SptP 2X tropo-elastin with FLAG tag with CmR and ColE1 origin 

pAA13 SptP-6XH-ADF3-FL SptP ADF3 with FLAG tag in vector with CmR and ColE1 origin 

pAA16 pLac-HilA 
IPTG-inducible HilA upregulation plasmid in Biobricks-derived pLac 

UV5 vector with KanR and p15A origin 

pAA17 SptP-6XH-DH-FL 
SptP-fused DH domain of intersectin from human with CmR and 

ColE1 origin 

pAA25 pBAD-SipD pBAD33 vector with p15a origin expressing his-tagged SipD 

pAA26 pBAD-SipDΔ134-343 Same as pAA25, C-terminally truncated SipD 

pAA27 pBAD-SipDΔ1-96 Same as pAA25, N-terminally truncated SipD 

pAA28 pET-SipD pET28b vector with his-tagged SipD 

pAA29 pET-SipDΔ134-343 Same as pAA28, C-terminally truncated SipD 

pAA30 pET-SipDΔ1-96 Same as pAA28, N-terminally truncated SipD 

pAA31 pET-FLAG-SipD Same as pAA28, FLAG tag integrated in N-terminal region 

pAA32 pET-nbSipD Same as pAA28, mutant SipDD320R/V323K/S327R 

pAA33 pBAD-COSipD pBAD33 vector with p15a origin expressing codon-optimized SipD 

pAA34 pBAD-stSipD pBAD33 vector with p15a origin expressing SipD preceded by TAA 

pAA35 pHilA-GFP T3SS promoter-GFPmut2 with CmR and ColE1 origin 

pAA36 pHilD-GFP T3SS promoter-GFPmut2 with CmR and ColE1 origin 

pAA37 pInvF-GFP T3SS promoter-GFPmut2 with CmR and ColE1 origin 

pAA38 pInvf-2-GFP T3SS promoter-GFPmut2 with CmR and ColE1 origin 

pAA39 pPrgI-GFP T3SS promoter-GFPmut2 with CmR and ColE1 origin 

pAA40 pSicA-GFP T3SS promoter-GFPmut2 with CmR and ColE1 origin 

pAA41 pSigD-GFP T3SS promoter-GFPmut2 with CmR and ColE1 origin 

pAA42 SptP-6XH-CYTC SptP-6XH-equine cytochrome c with CmR and ColE1 origin 
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Table A4. PCR primers, Chapter 3. 

Primers for cloning SipD into pET28b vector 

AA157F 
AGTATCGGTCTCCCATGCACCACCACCACCACCACCTTAATATTCAAAATTATTC

CGCTT 

AA158R AGTATCGGTCTCACTTA TCCTTGCAGGAAGCTTTTG 

  

Quikchange primers for SipD mutations D320R/V323K/S327R 

AA208F 
GACGCTGACGCAAAAATATAGCAATGCCAATTCATTGTACCGCAACCTGAAAAA

AGTGCTGCGCAGTACGATAAGTAGCAGCCTGGAAACCGCCAAAAGC 

AA209R 
GCTTTTGGCGGTTTCCAGGCTGCTACTTATCGTACTGCGCAGCACTTTTTTCAGGT

TGCGGTACAATGAATTGGCATTGCTATATTTTTGCGTCAGCGTC 

  

Primers for cloning SipDΔ134-343 into pBAD33 vector 

AA204R AGTATCGGTCTCATTTACTCAGCATCAGAAATGGTTGTT 

AA205F 
CCGCGGCCGCTTCCAGAGGCTGGGGGTCCGTAGGAGTCGGAGGGAGTATCGGTC

TCCCATGCACCACCACCACCACCACCTTAATATTCAAAATTATTCCGCTT 

  

Primers for cloning SipDΔ1-96 into pBAD33 vector 

AA206R AGTATCGGTCTCATTTATCCTTGCAGGAAGCTTTTG 

AA207F 
AGTATCGGTCTCCCATGCACCACCACCACCACCACTTATCCGCAGAACAAAATG

AGAAC 

  

Primers for cloning SipD into pBAD33 vector 

AA204R AGTATCGGTCTCATTTACTCAGCATCAGAAATGGTTGTT 

AA158R AGTATCGGTCTCACTTA TCCTTGCAGGAAGCTTTTG 

  

Primers for inserting STOP codon in front of sipD gene in pBAD33-sipD (pAA25) 

AA212F 
GGCTAGCGAATTCGAGCTCTTAAAGAGGAGAAAGGTCTAGCTTAATATTCAAAA

TTATTCCGCTTCTCCTCATCCGGGGATCGTTGCCGAACGGCCGATG 

AA213R 
CATCGGCCGTTCGGCAACGATCCCCGGATGAGGAGAAGCGGAATAATTTTGAAT

ATTAAGCTAGACCTTTCTCCTCTTTAAGAGCTCGAATTCGCTAGCC 

  

Primers for cloning SipD truncations in pET28b vectors 

HT1 AGTATCGGTCTCACTTATGAATTGGCATTGCTATATTTTTGC 

HT2 AGTATCGGTCTCACTTAATCCATTTCGAGTTTTGAGTCTTT 

HT3 AGTATCGGTCTCACTTAGGTATTACTGTTTATTTGATTATATTTATTGACTAAAC 

HT4 AGTATCGGTCTCACTTAGCCTCCCATTTTGGAAAGAAT 

HT5 AGTATCGGTCTCACTTACTCAGCATCAGAAATGGTTGTT 

HT6 AGTATCGGTCTCACTTACTTCGCCAGCGCATTC 

HT7 
AGTATCGGTCTCCCATGCACCACCACCACCACCACTTATCCGCAGAACAAAATG

AGAAC 
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Table A5. Plasmid constructs, Chapter 4. 

 Plasmid Description 

pAA1 6XH-RES His-tagged pro-resilin in pBad18-KanR plasmid 

pAA2 SptP-6XH-RES-FL 

His-tagged pro-resilin with 5’ appended SptP and 3’-

appended FLAG tag, in vector with CmR and 

ColE1origin 

pAA3 SptP-TEV-6XH-RES-FL Same as pAA2 with TEV site inserted after SptP 

pAA4 SptP-TEV-6XH-RES-FL-MAG Same as pAA3 with 3’-appended magainin-1 

pAA5 SptP-TEV-6XH-RES-2XTE-FL 
Same as pAA3 with 2X of tropo-elastin (including 

cross-linking domain) inserted before FLAG 

pAA6 SptP-TEV-6XH-C-RES-C-FL Same as pAA3 with C- and N- terminal cysteines 

pAA7 SptP-TEV-6XH-C-RES-C-FL-MAG Same as pAA4 with C- and N-terminal cysteines 

pAA8 SptP-6XH-TE-FL SptP tropo-elastin with FLAG tag 

pAA9 SptP-6XH-2XTE-FL Same as pAA8 but with two tropo-elastin repeats 

pAA10 SptP-6XH-4XTE-FL Same as pAA8 but with four tropo-elastin repeats 

pAA11 SptP-6XH-6XTE-FL Same as pAA8 but with six tropo-elastin repeats 

pAA12 SptP-6XH-8XTE-FL Same as pAA8 but with eight tropo-elastin repeats 

pAA13 SptP-ADF3-FL 
SptP ADF3 with FLAG tag in vector with CmR and 

ColE1 origin 

pAA14 SptP-ADF4-FL 
SptP ADF4 with FLAG tag in vector with CmR and 

ColE1 origin 

pAA15 pLOX02 
His-tagged lysyl oxidase in pET21b vector with AmpR 

and ColE1 origin 

pAA16 pLac-HilA 

IPTG-inducible HilA upregulation plasmid in 

Biobricks-derived pLac UV5 vector with KanR and 

p15A origin 

pAA17 SptP-6XH-DH-FL 
SptP-fused DH domain of intersectin from human with 

CmR and ColE1 origin 
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Table A6. PCR primers, Chapter 4. 

Primers for synthesizing tropo-elastin-FLAG 

AA116F AAGCTTGGCGCTAGCGGCCTGGGCGCCTTTCCGGCCGTGACCTTTCCGG 

AA117R CATCGGCCACGCCGCCCGGCACCAGGGCGCCCGGAAAGGTCACGGCCGG 

AA118F 
CCGGGCGGCGTGGCCGATGCCGCCGCCGCGTATAAAGCCGCCAAAGCCGATTAT

AAAG 

AA119R TCTAGACTTGTCATCGTCATCTTTATAATCGGCTTTGGCGGCTTTAT 

  

Primers for inserting tropo-elastin FLAG into pSicA 

AA123F TAAAGATGACGATGACAAGTCTAGAGGCATCAAATAAAACGAAAGG 

AA124R CGCCCAGGCCGCTAGCGCCAAGCTTACTTTCTGCTCCAACATCGTTA 

AA127R AGTATCTCTAGACTTGTCATCGTCATCTTTATAA 

  

Primers for cloning pro-resilin from D. melanogaster genome 

AA128F CCAAGCTTCACCATCACCATCACCATCCGGAGCCACCAGTTAACTCGTATCTACC 

AA129R CCGCGGCCGCTTCCAGAGGCTGGGGGTCCGTAGGAGTCGGAGGG 

  

Primer for adding NotI site to pSicA-tropo-FLAG 

AA130F TAAAGATGACGATGACAAGGCGGCCGCGATTATAAAGATGACGATGACAAGG 

  

Primers to add TEV site to pSicA constructs 

AA135F ACGATGACAAGTCTAGAGAATTCGGCATCAAATAAAACGAAAGG 

AA136R GAAGTACAGGTTTTCGGATCCACTTTCTGCTCCAACATCGTT A 

AA137F AGTATCAGCAGAAAGTAAGCTTGAAAACCTGTACTTCCAGGGCCACCATCA 

AA138R AGTATCGCCTTTCGTTTTATTTGATGCC 

  

Primers for making cysteine modifications on pSicA constructs by Quikchange 

AA139F CCAGCCTCTGGATGCGGCCGCGA 

AA140R TCGCGGCCGCATCCAGAGGCTGG 

AA145F ACTCGTATCTACCTCCGTGCGATAGCTATGGAGCACC 

AA146R GGTGCTCCATAGCTATCGCACGGAGGTAGATACGAGT 

  

Primers for adding magainin-1 on pSicA-resilin constructs 

AA147R 
AGTTCTAGATTAAGACTTCATAATTTCACCCACAAAAGCTTTGCCAAATTTGCCC

GCGGAATGCAAAAATTTACCAATGCCCTTGTCATC 

AA148F AGTATCCAGAAAGTAAGCTTGAAA 
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Table A7. Plasmid constructs, Chapter 5. Strains are wild type (wt) S. enterica and variants of the same 

unless otherwise indicated. 

 Strain Plasmid Description 

pAA17 wt SptP-6XH-DH-FL SptP-DH-FLAG tag/CmR/ColE1 

pAA18 flhCD SptP-6XH-DH-FL same 

pAA19 prgIflhCD SptP-6XH-DH-FL same 

pAA20 6XH-prgIflhCD SptP-6XH-DH-FL same 

pAA21 flhCD pTet-6XHis-prgI aTc-inducible 6XH-PrgI/KanR/p15a 

pAA22 flhCD pTet-prgI aTc-inducible PrgI/KanR/p15a 

pAA23 BL21 E. coli pET28b -6XHis-prgIQ26A/K50A Recombinant 6XHis-prgIQ26A/K50A/KanR/p15a 

pAA24 BL21 E. coli pET28b-6XH-prgI Recombinant 6XH-PrgI /KanR/ColE1 
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Table A8. PCR primers, Chapter 5. 

Primers used for creating flhCD strain using recombineering 

 

Insertion of cat-sacB cassette in genome, first round of recombineering 

Forward primer:  

GTGCGGCTACGTCGCACAAAAATAAAGTTGGTTATTCTGGTGTGACGGAAGATCACTTCG 

Reverse primer: 

TGACTTACCGCTGCTGGAGTGTTTGTCCACACCGTTTCGGATCAAAGGGAAAACTGTCCAT

AT 

 

Deletion of cat-sacB cassette in second round of recombineering to make scarless knock-in: 

Forward primer: 

GTGCGGCTACGTCGCACAAAAATAAAGTTGGTTATTCTGGCCGAAACGGTGTGGACAAAC 

Reverse primer: 

TGACTTACCGCTGCTGGAGTGTTTGTCCACACCGTTTCGG 

 

Sequencing primers used to confirm clean deletion: 

Forward primer (upstream of flhC): 

GAGGCTGCGTTATACGTCACAATG 

Reverse primer (downstream of flhD): 

CAACAGCGGAAGGATGATGTCGT 

 

Primers used for creating prgI strain and integration of 6XHis-prgI in the S. enterica genome 

 

Insertion of cat-sacB cassette in genome, first round of recombineering: 

Forward primer:  

AGGCCATTGGTATTTCCCAAGCCCACTTTAATTTAACGTAAATAAGGAAGTCATTATCAAA

GGGAAAACTGTCCATAT 

Reverse primer: 
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TAACGGCATTCTCAGGGACAATAGTTGCAATCGACATAATCCACCTTATAACTGATGTGAC

GGAAGATCACTTCG 

 

Deletion of cat-sacB cassette in second round of recombineering to make clean deletion: 

Forward primer: 

AAAAGATGACTGGCTCAAGGGGCGCTCATTTCAGTACGGGGCGGAAGGTTATATCAAAAT

GAGCCCAGGCCATTGGTATTTCCCAAGCCCACTTTAATCAGTTATAAGGT 

Reverse primer: 

CAATGTCCGTTTCCATAGACCTGATATTGACCGCCTGCCCTATAACGGCATTCTCAGGGAC

AATAGTTGCAATCGACATAATCCACCTTATAACTGATTAAAGTGGGCTT 

 

Sequencing primers used to confirm clean deletion: 

Forward primer (homology to prgH): 

CGGAAGGTTATATCAAAATGAGCCC 

Reverse primer (homology to prgJ): 

TTTCCATAGACCTGATATTGACCGC 

 

Insertion of 6XHis-prgI in prgI locus:  

Forward primer: 

CCCAAGCCCACTTTAATTTAACGTAAATAAGGAAGTCATTATGCACCACCACCACCACCAC

GCAACACCTTGGTCAGG 

Reverse primer: 

GGACAATAGTTGCAATCGACATAATCCACCTTATAACTGATTAACGGAAGTTCTGAATAAT

GGC 

 

Primers for cloning PrgI from S. enterica genome 

Forward primer: AGTATCGAATTCATGAGATCTATGGCAACACCTTGGTCAG 

Reverse primer: AGTATCCTCGAGTTAGGATCCTTAACGGAAGTTCTGAATAATGG 

 

Primer for appending 6XHis-tag N-terminally to PrgI 

Forward primer: 
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AGTATCGAATTCATGAGATCTATGGCACATCATCACCATCACCACACACCTTGGTCAG 

Reverse primer: AGTATCCTCGAGTTAGGATCCTTAACGGAAGTTCTGAATAATGG 

 

Primers for making V65A and V67A solubility-enhancing mutations in PrgI via Quikchange 

Forward primer: GCAATCGAACACGGCAAAAGCCTTTAAGGATATTGATG 

Reverse primer: CATCAATATCCTTAAAGGCTTTTGCCGTGTTCGATTGC 

 

Primer for cloning PrgI into pET28b(+) vector 

Forward primer: AGTATCCATATGGCAACACCTTGGTCAGGCTATCTG 

Reverse primer: AGTATCGGTCTCACTTA ACGGAAGTTCTGAATAATGGC 
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Appendix II 
 

Amino acid sequences of elastomeric polypeptide regions of secreted proteins 

ADF3: 

ARAGSGQQGPGQQGPGQQGPGQQGPYGPGASAAAAAAGGYGPGSGQQGPSQQGPGQQGPGG

QGPYGPGASAAAAAAGGYGPGSGQQGPGGQGPYGPGSSAAAAAAGGNGPGSGQQGAGQQGP

GQQGPGASAAAAAAGGYGPGSGQQGPGQQGPGGQGPYGPGASAAAAAAGGYGPGSGQGPGQ

QGPGGQGPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGGQGPYGPGASAAAAAAGG

YGPGYGQQGPGQQGPGGQGPYGPGASAASAASGGYGPGSGQQGPGQQGPGQQGPYGPGASAA

AAAAGGYGPGSGQQGPGQQGPGQQGPGQQGPGGQGPYGPGASAAAAAAGGYGPGSGQQGPG

QQGPGQQGPGQQGPGQQGPGQQGPGQQGPGQQGPGQQGPGGQGAYGPGASAAAGAAGGYGP

GSGQQGPGQQGPGQQGPGQQGPGQQGPGQQGP 

GQQGPGQQGPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGGQGPYGPGAASAAVSV

GGYGPQSSSVPVASAVASRLSSPAASSRVSSAVSSLVSSGPTKHAALSNTISSVVSQVSASNPGLS

GCDVLVQALLEVVSALVSILGSSSIGQINYGASAQYTQMVGQSVAQALA 

 

ADF4:  

AGSSAAAAAAASGSGGYGPENQGPSGPVAYGPGGPVSSAAAAAAAGSGPGGYGPENQGPSGPG

GYGPGGSGSSAAAAAAAASGPGGYGPGSQGPSGPGGSGGYGPGSQGASGPGGPGASAAAAAAA

AAASGPGGYGPGSQGPSGPGAYGPGGPGSSAAAAAAAASGPGGYGPGSQGPSGPGVYGPGGPG

SSAAAAAAAGSGPGGYGPENQGPSGPGGYGPGGSGSSAAAAAAAASGPGGYGPGSQGPSGPGG

SGGYGPGSQGGSGPGASAAAAAAAASGPGGYGPGSQGPSGPGYQGPSGPGAYGPSPSASASVA

ASVYLRLQPRLEVSSAVSSLVSSGPTNGAAVSGALNSLVSQISASNPGLSGCDALVQALLELVSA

LVAILSSASIGQVNVSSVSQSTQMISQALSEF 

 

2XTE: 

GLGAFPAVTFPGALVPGGVADAAAAYKAAKAGLGAFPAVTFPGALVPGGVADAAAAYKAAKA 

 

8XTE: 

GLGAFPAVTFPGALVPGGVADAAAAYKAAKAGLGAFPAVTFPGALVPGGVADAAAAYKAAKA

GLGAFPAVTFPGALVPGGVADAAAAYKAAKAGLGAFPAVTFPGALVPGGVADAAAAYKAAKA

GLGAFPAVTFPGALVPGGVADAAAAYKAAKAGLGAFPAVTFPGALVPGGVADAAAAYKAAKA

GLGAFPAVTFPGALVPGGVADAAAAYKAAKAGLGAFPAVTFPGALVPGGVADAAAAYKAAKA 
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RES: 

PEPPVNSYLPPSDSYGAPGQSGPGGRPSDSYGAPGGGNGGRPSDSYGAPGQGQGQGQGQGGYA

GKPSDSYGAPGGGNGNGGRPSSSYGAPGGGNGGRPSDTYGAPGGGNGGRPSDTYGAPGGGGN

GNGGRPSSSYGAPGQGQGNGNGGRPSSSYGAPGSGNGGRPSDTYGAPGGGNGGRPSDTYGAPG

GGNNGGRPSSSYGAPGGGNGGRPSDTYGAPGGGNGNGSGGRPSSSYGAPGQGQGGFGGRPSDS

YGAPGQNQKPSDSYGAPGSGNGNGGRPSSSYGAPGSGPGGRPSDSYGPPASG 

 

Additional amino acid sequences 

SptP secretion tag: 

MLKYEERKLNNLTLSSFSKVGVSNDARLYIAKENTDKAYVAPEKFSSKVLTWLGKMPLFKNTE

VVQKHTENIRVQDQKILQTFLHALTEKYGETAVNDALLMSRINMNKPLTQRLAVQITECVKAAD

EGFINLIKSKDNVGVRNAALVIKGGDTKVAEKNNDVGAES 

 

FLAG tag: DYKDDDDK 

TEV protease site: ENLYFQG 

Magainin-1: GIGKFLHSAGKFGKAFVGEIMKS 

 

 




