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Abstract

Engineering heterologous protein secretion for improved production
by
Kevin James Metcalf
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley
Professor Danielle Tullman-Ercek, Chair

Heterologous protein production in bacteria is often a batch process, where the cells are
lysed and the protein of interest is purified from the cellular milieu. A frequent approach is to
accumulate the protein of interest in the cytoplasm of the cell, requiring extensive purification to
separate the protein of interest from other cellular constituents. Secretion of heterologous protein
produced with gram-negative bacteria holds many advantages that have not yet been realized due
to low yields, and success has been protein-specific. The extracellular space is largely void of
proteins, resulting in simplified protein purification and enabling continuous processing for
production of a protein of interest. The type Il secretion system is an ideal target for engineering
generalizable protein secretion at high titer because it is not essential and is proven to secrete
heterologous proteins. This allows direct engineering of the secretion system, in contrast to
previous efforts that used essential secretion systems.

In this dissertation, | describe approaches taken to characterize and improve the process of
protein production using the type Ill secretion system. In Chapter 2, | describe methods for
quantification of secreted protein titer. In Chapters 3 and 4, | describe two complementary
approaches to increase product titer. In Chapter 3, | describe a genetic approach to engineer control
of the expression of the ~40 genes that comprise the Salmonella pathogenicity island 1 (SPI-1)
type Il secretion system. The positive transcriptional regulator HilA serves as a node in the
regulatory network and is required for expression of the SPI-1 genes. Controlling the expression
of hilA allows for control of the many downstream genes required for secretion. This modification
increases secreted protein titer by over ten-fold and the effect is generalized for all proteins tested.
Importantly, the timing and level of SPI-1 expression is synthetically controlled and are no longer
restricted to growth conditions that endogenously induce expression of these genes. In Chapter 4,
| describe a protein engineering strategy on the genome to mutate the gene prgl, which codes for
a major structural component of the SPI-1 type Il secretion system. The structure, termed the
secretion apparatus, is thought to be dynamically regulated. I identify amino acid substitutions that
result in greater secreted protein titer. The effect of the prgl mutation on secreted protein titer was
general for two different model proteins.

In Chapter 5, | characterize product quality by probing the folded state of several different
test proteins. Proteins are unfolded during secretion. Secreted proteins are then ejected into the
extracellular space in an unfolded state, where refolding takes place in a dilute, aqueous
environment. | used protein function as a proxy for protein folding, and demonstrate function in
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the extracellular space, indicating that secreted proteins indeed refold after secretion. Genetic and
chemical methods are used to probe the folded state of the model enzymes beta-lactamase and
alkaline phosphatase and a single-chain variable fragment of an antibody to confirm that these
proteins are spontaneously adopting a functional conformation. Further, the folding efficiency is a
function of the chemical composition of the media, suggesting that a process using secretion to
produce proteins must consider media composition to control protein folding.
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CHAPTER 1

INTRODUCTION

1.1 Biotechnology and protein production

Recombinant DNA technology has transformed molecular biology and made significant
contributions to medicine, chemicals, food, and other fields. Entailed by this transformative
technology is the ability to take a gene from any source, introduce the gene to a transgenic
organism, such that the host organism expresses this gene and the protein is produced. Thus,
therapeutic proteins (e.g., human insulin) (Williams et al. 1982) and enzymatic proteins for food
production (e.g., chymosin) (Marston et al. 1984) can be produced by the bacterium Escherichia
coli and other host organisms. Further, production of many other proteins that perform diverse
functions is achieved in a heterologous host, such as strong, elastic materials made from spider
silk (Hinman, Jones, and Lewis 2000; Widmaier et al. 2009). Protein products constitute an
industry greater than $250-10° USD/year (Dewan 2014) and represent the dominant product of the
biotechnology sector.

Heterologous protein production, the production of foreign proteins in a non-native host
organism, makes use of the central dogma of molecular biology. All known forms on life on planet
earth encode and replicate a genetic program that is a nucleic acid polymer called deoxyribonucleic
acid (DNA). By the central dogma, cellular mechanisms transcribe DNA into another
polynucleotide, ribonucleic acid (RNA) molecule, which is then translated into a protein, a
poly(amino acid). The transcription and translation of DNA into protein is defined by the genetic
code, with many organisms following the standard genetic code, though some variants exist. Thus,
this standard genetic code allows a gene encoded in the DNA of one organism to be transferred to
another organism and make the same protein molecule. Biotechnologists make use of this fact. In
theory, any protein can be produced by any organism, provided that the DNA coding sequence is
known. Thus, a protein of interest (POI) can be produced in a host organism that is optimized for
industrial protein production, though the origin of the POI is from an organism that is not feasible
to cultivate industrially.

Beyond commercial protein products, the aforementioned advances in biotechnology
enables production of heterologous proteins on the lab scale. This strategy enables production of
a protein in sufficient quantity to execute many experiments to understand the structure and/or
function of the protein. This was previously not feasible, as the protein had to be produced and
purified from the natural source, which is often difficult.

Thus, an indispensable component of many diverse fields in science and engineering is the
production of proteins in a heterologous host organism using genetic engineering. However, the
process is not quite so simple. In this chapter, | describe protein production strategies and
engineering solutions to the problem of production of a given POI. It must be acknowledged that
this field is so large that one cannot comprehensively cover the field in just one document; I point
the reader to primary literature that covers these subjects in excellent depth that I omit here.



Hosts organisms from any domain of life can be used, though bacteria and eukaryotes are
most often employed. The focus of this dissertation is on bacterial hosts. However, eukaryotic
hosts will be discussed where clear application of progress in these organisms informs bacterial
host expression.

1.2 Heterologous protein production strategies

Production of proteins in a heterologous host is a mature process with well-defined
standards. First, an organism and a strain must be selected for production. Next, the DNA that
codes for the POI must be cloned and transformed into the selected strain. The strain carrying the
gene coding for the POI is then grown in conditions that produce this protein, and purification
strategies are performed to isolate the POI. However, the ability to isolate these proteins from the
heterologous host presents many challenges. Specific challenges presented include: unstable
expression of the gene, poor stability of the full-length protein product, difficult purification of the
protein from the other cellular constituents, and poor folding of the protein target (Baneyx 1999;
Baneyx and Mujacic 2004; Schein 1989).

Heterologous proteins can be isolated from a culture in two primary forms: as soluble
protein molecules and as insoluble particles, known as inclusion bodies (Baneyx 1999; Georgiou
and Valax 1996; Guise, West, and Chaudhuri 1996; Schein 1989; Vallejo and Rinas 2004). Each
strategy has unique advantages. Typically, the goal is to recover large quantities of correctly folded
protein, which soluble recovery obviously achieves. However, purification of proteins by this
strategy is difficult, as all other soluble cellular proteins may co-purify as contaminants. Further,
soluble production often achieves a lower titer of protein, compared with inclusion body
production. Purification using inclusion bodies is much more facile; indeed the majority of an
inclusion body can be the POI, up to 95% (Ramdn, Sefiorale-Pose, and Marin 2014). This serves
as an excellent first purification step, as isolation of the inclusion body removes many of the
cellular proteins that are not desired. However, inclusion bodies present a unique challenge, in that
these particles must be first solubilized to allow for refolding of the POls, a low-yield and laborious
process (Guise, West, and Chaudhuri 1996; Singh et al. 2015; Vallejo and Rinas 2004).

Several strategies have attempted to mitigate problems encountered during heterologous
protein production. These strategies can be grouped into three categories: engineering the
heterologous host, engineering of the protein, and process engineering. This dissertation is
concerned with engineering the heterologous host for selective secretion of the protein of interest
(POI) into the extracellular space, which will be addressed in detail. The other strategies are
presented in abridged form here to provide context to the approach taken.

1.2.1 Host engineering

By engineering the heterologous host for improved heterologous protein production, an
optimized microbial cell factory is created. First, care must be taken to select the appropriate host.
For any heterologous protein production process, the requirements of the protein must be first
enumerated. Researchers must ask the titer, purity, post-translational modification state, tolerance
of contaminants, etc. of the POI. Many examples of existing hosts across different domains of life
exist to address different product requirements. After the host is selected, specific molecular
information helps to determine the engineering approach to take. Common strategies include:
optimization of protein secretion, co-expression of chaperones, and evolution of strains for
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improved protein production. However, modification of the host for increased protein titer can be
problematic, as the engineered host may not be as fit or as stable.

Several disparate rational engineering strategies have been used to increase heterologous
protein titer. To achieve increased protein titer efforts include overexpression of genes coding for
chaperones or other functions (Joly, Leung, and Swartz 1998; Makino et al. 2011; Shusta et al.
1998; Wentz and Shusta 2007; Waulfing and Pluckthun 1994), deletion of genes coding for
endogenous proteases (Grodberg and Dunn 1988), optimization of genetic context (Baneyx 1999;
Baneyx and Mujacic 2004; Terpe 2006), and secretion into the periplasm or extracellular space
(Georgiou and Segatori 2005; Majander et al. 2005; Stader and Silhavy 1990). Overexpression of
chaperones is thought to help prevent misfolding and aggregation, which can result product losses
and cellular toxicity (Baneyx and Mujacic 2004). Deletion of genes coding for proteases helps to
decrease proteolysis of the POI. Improved control of expression can increase protein titer by
optimizing the expression conditions and context. The promoter, gene copy number (Terpe 2006),
locus (Mairhofer et al. 2013), translation initiation signal (Salis, Mirsky, and Voigt 2009), and
codon usage (Welch et al. 2009) are just a short list of the many variables that can be controlled
when optimizing a strain for protein production. Several reviews cover this topic is excellent detail
(Baneyx 1999; Georgiou and Valax 1996; Terpe 2006). Finally, secretion of protein is used to
localize a protein to a more optimal folding environment, limit toxicity due to overexpression, and
decrease the steps of purification steps required (Georgiou and Segatori 2005; Stader and Silhavy
1990).

Secretion of the protein product is advantageous from a process perspective. Purification
of the POI from the extracellular space is much easier, as only a subset of all cellular proteins are
present in this culture fraction. These contaminating cellular proteins, along with the POI, are
released when cells are lysed, which greatly increases the difficulty of protein purification.
Additionally, proteins are produced in batch, as cell lysis is required for intracellular protein
accumulation. A continuous process is enabled by secretion of protein to the extracellular space
(Reed and Chen 2013; Stader and Silhavy 1990). Finally, protein-specific reasons for secretion
exist. For toxic POls, accumulation of the POI in the extracellular space mitigates host toxicity.
Additionally, some heterologous proteins have a desired extracellular activity, as is the case with
cellulase enzymes in consolidated bioprocessing. Again, secretion is able to correctly localize the
POI to improve culture performance (Ni and Chen 2009).

Proteins produced heterologously in eukaryotes is most often achieved by secretion to the
extracellular space. Secretion of protein into the extracellular space in eukaryotes occurs primarily
by one mechanism: proteins are secreted by the general secretory pathway. Although there is not
the same diversity in secretory pathways as found in bacteria, there are still diverse approaches
taken to increase the titer of secreted protein titer. The first reported secreted heterologous protein
in Saccharomyces cerevisiae was the bovine protein prochymosin (Smith, Duncan, and Moir
1985). Progress in heterologous protein secretion in eukaryotes is covered expertly in several
recent reviews (Idiris et al. 2010; Kim, Kim, and Lee 2011; Jayapal 2007). It is notable that the
majority of heterologous protein production processes employ protein secretion, as the advantages
of this type of process work well with the native secretory capacity of eukaryotes. It is worth noting
here that bacteria can grow much faster than eukaryotes, in general, and the volumetric titer of a
heterologous protein over a defined time period is both dependent on the titer per batch and the
batch length. This causes many processes to still prefer bacteria, as the process allows.



1.2.2 Protein of interest engineering

Approaches to engineer the POI itself also has increased the yield of a protein production
process. Mutations are made to the gene that change a property of the gene or the gene product
such that the titer of the product is increased. Mutations known to confer improved physical
properties are made. A rationally-designed mutant is created if the protein’s mutational landscape
is known. This work often proceeds from a crystal structure. Mutations are then made to improve
a known physical property, such as minimization of exposed hydrophobic residues (Boock et al.
2015). However, a rational approach in many cases may in fact be irrational. Many mutations will
be made that do not, in fact, confer the desired physical property to the protein. Additionally, the
understanding of both the protein titer as a function of a physical property, and the physical
property as a function of primary amino acid sequence is not complete. As a result, many rational
mutations must be screened with the hope that one of these rational mutations is actually beneficial.
When a rational approach is not possible or not successful, directed evolution is a strategy to
achieve greater protein titer via identification of a mutant gene allele. Directed evolution strategies
create libraries of genes, derived from the parent gene, that create many mutations is a pseudo-
random manner. Next, the gene(s) in the library that give rise to the desired phenotype, in this case
highest protein titer, are isolated through the use of a selection or screen. Remarkably, this strategy
often identifies mutations that often cannot be rationally identified a priori. Some examples
include the production of a human-derived single chain variable fragment fusion from an antibody
(scFv) in E. coli (Fisher and DeLisa 2009; Makino et al. 2011), neuron growth factors in S.
cerevisiae (Burns et al. 2014), and the fungal cellulase Cel5A in E. coli (Boock et al. 2015).

This approach must be attempted with some trepidation. POI engineering should be done
in a way that maintains the function of the parent protein, a property often at odds with stability
and titer (Tokuriki et al. 2008). However, these tests are not able to be done comprehensively and
are often done in idealized conditions in vitro. Proper caution must be taken, as optimization of a
protein for expression (or any other property) may also change another property in unintended and
detrimental ways. This is protein-specific, as a mutation that increases expression, but also
immunogenicity, may be detrimental for some proteins (e.g., insulin), but advantageous for other
proteins (e.g., antigens for vaccines). Analysis of the engineered POI must be prudent and ensure
that the new protein variant does not have any deleterious properties. In light of this challenge, the
wild-type POI can be engineered via protein elements in cis that are proteolytically removed.
Addition of domains that are cut off by proteolytic events can help to increase the protein titer
without changing the protein properties, as the sequence has not changed. This is achieved by
modification of secretion signals (Burns et al. 2015), addition of pro leader sequences (Baker,
Silen, and Agard 1992), and folding enhancers (i.e., maltose binding protein, glutathione S-
transferase, etc.) with a protease site (Terpe 2003).

1.2.3 Process engineering

Process engineering to increase the yield of heterologous protein product is nearly
ubiquitous in the field and is an essential step for process design. Parameters such as temperature,
culture length, and medium are all optimized for a given process. Process requirements depend on
the requirements of the POI. Culturing conditions are controlled for optimal expression, folding,
and other process considerations. These variables are difficult to generalize the effect on product
quantity and quantity. Several general rules do exist and are covered in great detail in several
publications (Lee 1996; Terpe 2006). Additionally, purification and refolding are optimized, as



necessary. This is beyond the scope of this dissertation and is covered expertly elsewhere (Lange
and Rudolph 2005).

1.3 Requirements for a heterologous protein product

Essential to the development of a heterologous protein production process is the
requirements of the POI. The quantity and quality of the protein product must be carefully
considered when designing the process.

The requirement for sufficient quantity of product at an economical cost is the main driver
of a process. Different host organisms have different volumetric productivity capabilities. Bacteria
are often preferred, as their fast growth and inexpensive growth media makes for an ideal process
(Georgiou and Valax 1996; Terpe 2006). Bacterial culture can reach extremely high cell densities,
such that over 30% of the fermentor volume is cellular volume (Wurm 2004) and dry cell mass is
10% of the total mass in a fermentor (Choi, Keum, and Lee 2006). This enables accumulation of
a POI on the order of 10-10? g/L. However, not all of this protein is recovered; the purification
and refolding steps represent significant losses in product.

Additionally, the quality of the product must be considered. Many proteins products require
correct protein sequence, structure, and post-translational modification. The product’s tolerance of
contaminants, both non-target POI isoforms and other proteins and molecules, must also be
considered. Size constraints require that | acknowledge the omission of the plethora of great work
in protein expression in eukaryotes and bacterial species that are not E. coli or Salmonella enterica.
This work has been covered expertly in many reviews (Andersen and Krummen 2002; Demain
and Vaishnav 2009; Oka and Rupp 1990; Schmidt 2004; Wurm 2004; Binnie, Cossar, and Stewart
1997; Terpe 2006). Henceforth I will cover only protein expression in E. coli and S. enterica for
heterologous protein production.

1.4 Previous protein secretion approaches in bacteria

Protein secretion systems in bacteria are diverse in origin, function, and requirements.
There exists nine known classes of protein secretion systems in bacteria (Costa et al. 2015).
Additionally, there are two classes of proteins translocation systems, which translocate proteins
across the inner membrane into the periplasmic space in double-membraned bacteria. All these
secretion systems have one thing in common: they provide a means by which a protein is moved
across the cellular membrane.

It is important here to develop clear and consistent nomenclature regarding protein
secretion. For the entirety of this manuscript, “translocation” will refer to the movement of a
protein across a membrane, while “secretion” will refer to protein translocation into the
extracellular space, a formal naming convention (Desvaux et al. 2006) made necessary by different
secretion mechanisms.

Another important and related distinction is that bacteria fall into two morphologically
distinct groups. Bacteria can have one or two membranes that comprise the cellular envelope. In
addition, polymeric cellular compartments (e.g., cell wall, lipopolysaccharide) different across
genera, species, strains, and even growth conditions, and thus must be considered in a process-
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dependent fashion. This requires consideration of cellular morphology when selecting a secretion
strategy.

1.4.1 Translocation to the periplasm

Proteins are translocated into the periplasm by the Sec and Tat pathways in bacteria
(Driessen, Fekkes, and van der Wolk 1998; Palmer and Berks 2012). Here, it is useful to clarify
that there is a periplasm in both single and double membraned bacteria. The space between the
inner and outer membrane is the periplasm. Additionally, the cellular compartment between the
cell membrane and the thick peptidoglycan cell wall in single membrane bacteria is also a
periplasm. Thus, both single and double membraned bacteria possess mechanisms for translocation
of proteins across a membrane in the periplasm. Secretion to this cellular compartment has several
uses: disulfide bonds can form in the oxidizing periplasm, fewer proteins are in the periplasm for
simpler purification, and function of the protein may be ideal in the periplasm (i.e., enzymes with
periplasmic substrates) (Ni and Chen 2009; Reed and Chen 2013)

Several commonalities exist between the Sec and Tat pathways, although there are many
substantial differences, as well. An N-terminal signal sequence is translationally fused to the POI
and this N-terminal signal is necessary for translocation. In addition, a membrane-embedded
protein structure, the secretion machinery, spans the membrane and is required for translocation.
The secretion machinery includes a peptidase that proteolytically cleaves the N-terminal signal
sequence during translocation. Proteins are translocated N-terminus first. Secretion titers are
depend on many factors and are protein-dependent. Notably, use of the Sec pathway can yield over
1 g/L of translocated heterologous protein, while use of the Tat pathway typically produces lower
product titers. It is worth noting that the Tat pathway translocates only folded protein, while
proteins are unfolded during translocation by the Sec pathway (Lee, Tullman-Ercek, and Georgiou
2006). Recovery from the periplasm requires compromisation of the outer membrane and removal
of other periplasmic proteins. Secretion to the extracellular space addresses these issues.

1.4.2 Secretion to the extracellular space

The extracellular space as a final destination for a secreted protein can be a difficult
endeavor. Proteins must pass across at least one membrane and get through one or more polymeric
layers, such as the peptidoglycan and lipopolysaccharide. Generally, there are two strategies to
achieve secretion to the extracellular space: specific secretion to the extracellular space, and non-
specific leakage.

Specific mechanisms exist in nature to secrete proteins into the extracellular space. The
type | secretion system is one example and is found in double-membraned bacteria. This secretion
system is often associated with a pathogenic lifestyle. An example is the a-hemolysin transporter.
This system is composed of three protein trimers, HlyB, HlyD, and TolC, that forms a structure
that spans the inner and outer membrane. Secretion is ATP-driven and the secretion signal is
encoded in the C-terminus of HIyA, the natively secretion protein of this system. The native a-
hemolysin transporter has been used to secrete a diverse set of heterologous proteins into the
extracellular space, with a secreted protein titer of up to 500 mg/L (Blight and Holland 1994;
Gentschev, Dietrich, and Goebel 2002). During secretion, it is thought that the protein is unfolded
in order to pass through the pore formed by the transporter structure (Reed and Chen 2013).
However, an scFv is able to fold after secretion, even forming disulfide bonds (Fernandez and De
Lorenzo 2001), indicating that this protein may fold and form disulfide bonds in the extracellular
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space. The secreted titer of cutinase, from the bacterium Thermobifida fusca, was increased over
2-fold to 1.5 g/L by overexpression of the structural proteins HlyB and HIyD (Su et al. 2012). The
effect could be explained as overexpression of type I secretion system transporters allows increases
the number of transporters and increases protein secretion, though their data does not preclude
increased cellular lysis by decreased membrane integrity. Increased secreted titer of subtilisin E
and an scFv is conferred by mutation to the secretion system structural proteins HlyB and HlyD
(Sugamata and Shiba 2005).

Other specific secretion systems exist to secrete protein into the extracellular space. There
exists in total nine known secretion systems in double membraned bacteria that achieve protein
secretion to the extracellular space (Costa et al. 2015), though only a handful have been
investigated for the secretion of heterologous proteins as a protein production platform. The type
Il and type V secretion systems secrete proteins in two steps: first a protein is translocated to the
periplasm, that is then secreted to the extracellular space (Costa et al. 2015). Several approaches
to secrete heterologous proteins using these secretion systems have been successful and are
covered elsewhere (Ni and Chen 2009; Reed and Chen 2013). Type Ill secretion systems are
covered in greater detail below. Secretion of heterologous proteins by the type 1V, VI, and VII
secretion systems occurs as a one-step secretion from the cytoplasm directly to the extracellular
space (Costa et al. 2015). To date, we are not aware of a report of secretion of heterologous proteins
using the type 1V, VI, or VII secretion systems (Reed and Chen 2013).

An interesting approach is to fuse a POI to the E. coli proteins OsmY, OmpF, or YebF
(Jeong and Lee 2002; Qian et al. 2008; Zhang, Brokx, and Weiner 2006). The secretion mechanism
for these fusions is not well-understood, but the secretion of a diverse array of proteins is achieved
via fusion to these sequences in E. coli (Bokinsky et al. 2011; Cheng et al. 2014). It is likely that
these proteins are secreted in a two-step process (type Il or type V), but the mechanism is not well-
characterized.

Non-specific secretion mechanisms also exist. For example, proteins can reach the
extracellular space in double membraned bacteria via compromisation of the outer membrane.
Chemical or genetic methods are used to create large holes or pores in the outer membrane, which
allows for non-specific leakage of periplasmic proteins into the extracellular space. This strategy
requires destruction of cellular structures and releases many proteins that are not of interest
(Georgiou and Segatori 2005).

1.5 Type 111 secretion biology

Proteins are secreted by the type Il secretion system (T3SS) across the two bacterial
membranes in a concerted, one-step process (Cornelis 2006; Galan and Collmer 1999). T3SS fall
into two classes: flagellar and injectisome. It is thought that both secretion systems evolved from
the same origin, and the flagellar T3SS evolved first (Diepold and Armitage 2015). Divergent
evolution allowed for specialization; the injectisome T3SS is used for pathogenic functions, while
the flagella is used for motility. Indeed, the canonical function of injectisome T3SS is to secrete
proteins, termed effectors, into the cytosol of a host eukaryotic cell, crossing two bacterial
membranes and a eukaryotic membrane in one step (Carleton et al. 2013; Cornelis 2006; Galan et
al. 2014). Interestingly, it is thought that the genes that code for the injectisome are transferred



between different species horizontally (Coombes 2009; Cornelis 2006; Pallen, Beatson, and Bailey
2005).

The injectisome T3SS secretes proteins carrying a proteinaceous N-terminal secretion
signal, though some evidence supports the secretion signal may be, at least in part, encoded in the
5’ untranslated region (UTR) of the messenger RNA (mRNA) of the secretion protein (Niemann
et al. 2013; Blaylock, Sorg, and Schneewind 2008). The N-terminus of natively secreted proteins
also has a chaperone binding sequence, such that specific protein chaperones interact with the
secreted protein in trans to assist with protein secretion. It is thought that this function is largely
to maintain the protein in an unfolded state (Stebbins and Galan 2001). Injectisome T3SSs have
only been found in Gram-negative bacteria and are often encoded on plasmids or genomic island.
Morphologically, the injectisome spans both the inner and outer membrane of cells and projects
50-600 nm into the extracellular space. Notably, two injectisome T3SS exist in S. enterica. The
Salmonella pathogenicity island one (SPI-1) is expressed first during infection (Cornelis 2006)
and 10-100 secretion strutctures exist per cell (Kubori et al. 1998). The Salmonella pathogenicity
island two (SPI1-2) is expressed after SPI-1, and only ~1 structure exists per cell (Chakravortty et
al. 2005).

Flagellar T3SSs differ in several ways from injectisome T3SSs. First, the secretion signal
is not as well-understood. Conflict in the literature as to the secretion signal exists; both N-terminal
protein and 5° UTR signals are thought to signal for secretion (Diepold and Armitage 2015;
Majander et al. 2005; Singer, Erhardt, and Hughes 2014). For heterologous proteins, conclusive
evidence is given for a signal coded in the 5° UTR, suggesting that secretion may be co-
translational (Majander et al. 2005). Flagellar T3SSs are found in both Gram-negative and Gram-
positive bacteria and are encoded in the genome and show more evidence of co-evolution with the
genome. Flagellar T3SS structures can span the cellular membrane (in the case of single-
membraned bacteria) or both the inner and outer membranes (in the case of double-membraned
bacteria). The structure extends 1-10 um into the extracellular space, at least an order of magnitude
further than the injectisome T3SS (Diepold and Armitage 2015).

1.6 Salmonella pathogenicity island one biology

The SPI-1 T3SS is encoded in a genomic island, as evidenced by the name. The apparatus
coded by SPI-1 secretes proteins into the cytosol of gut epithelial cells. These proteins remodel the
actin cytoskeleton of the host such that S. enterica internalizes into the Salmonella-containing
vacuole. This niche affords evasion of the host immune response (Galan and Collmer 1999) and
is thought to contribute to S. enterica proliferation in the gut (Faber and Bdumler 2014).

1.6.1 Transcriptional regulation

The SPI-1 gene cluster is contains over four operons and 35 coding genes (Figure 1.1).
Several transcription factors are encoded in this gene cluster and control gene expression from this
locus. Environmental factors, such as dissolved oxygen concentration, media osmolarity, pH, and
others, contribute to SPI-1 gene expression (Lostroh and Lee 2001; Tartera and Metcalf 1993).
These conditions ultimately induce expression of the hilA gene, which codes for the positive
transcriptional regulator HilA (Bajaj, Hwang, and Lee 1995; Lee, Jones, and Falkow 1992). HilA
serves as a regulatory node in the transcriptional network and is required for SPI-1 gene expression.
The essential role of HilA is supported by the observation that all environmental conditions that
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regulate the expression of HilA-dependent genes also regulate hilA expression (Lostroh and Lee
2001), further supporting HilA function as a master regulator.
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Figure 1.1 Transcriptional network of SPI-1 gene expression. Figure modified from (Lostroh and
Lee 2001).

The HilA transcription factor directly controls the expression of three promoters in SPI-1:
hilA, prgH, and invF (De Keersmaecker et al. 2005; Lostroh, Bajaj, and Lee 2000). Additionally,
the transcription factor InvF controls the sicA promoter, when in complex with the secretion
chaperone SicA (Eichelberg and Galan 1999; Darwin and Miller 1999; Lostroh and Lee 2001).
Together, the HilA and InvF transcription factors likely control all that is necessary for SPI-1
dependent protein secretion.

However, on a population basis, only a portion of cells express SPI-1 genes (Sturm et al.
2011). Cells that do express SPI-1 genes appear to have 10-100 apparatus per cell (Kubori et al.
1998), and it has been suggested that not all apparatus are in the same secretion state
(Schlumberger et al. 2005). In other words, not all cells are physiologically able to secrete proteins,
as they have no apparatus. And not all apparatus secrete at the same rate, as it appears that the
apparatus is activated for secretion. Thus, it is reasonable to propose that S. enterica cells exist in
at least three states: 1) no secretion, absence of secretion apparatus; 2) low secretion, presence of
secretion apparatus; and 3) high secretion, presence of secretion apparatus.

1.6.2 Structure

The proteins that form of the structure of the secretion apparatus are presented in Table 1.1. It is
important to emphasize that this protein secretion structure is a large, multiprotein structure
composed of more than 100 protein chains that spans the inner and outer membrane and projects
outward from the cell. Each structure is ~3.5 MDa (Radics, Konigsmaier, and Marlovits 2013). A
two-dimensional cartoon version of a structure determined by cryo-electron microscropy is
adapted from Schraidt and Marlovits 2011 and presented in Figure 1.2.



Table 1.1 List of proteins that constitute the structural component of the SP1-1 T3SS.

Protein Structural component

Localization*

Reference

SipB translocon (needle tip), hydrophobic pore extracellular ~ Cornelis 2006
formers
SipC translocon (needle tip), hydrophobic pore extracellular ~ Cornelis 2006
formers
Prgl needle filament extracellular ~ Cornelis 2006;
Galén 2001
SipD needle tip, scaffold for pore formation extracellular ~ Cornelis 2006;
Galén 2001; Zhou
and Galan 2001
InvG secretin/outer ring oM Cornelis 2006
InvH assists in secretin insertion into OM, oM Cornelis 2006
lipoprotein
PrgJ inner rod protein periplasm Cornelis 2006;
Galén 2001
InvA export apparatus, basal structure IM Cornelis 2006
PrgH larger inner ring protein, MS ring IM Cornelis 2006
Prgk smaller inner ring protein, MS ring, IM Cornelis 2006;
lipoprotein Kubori et al. 2000
SpaP export apparatus, basal structure IM Cornelis 2006
SpaQ export apparatus, basal-structure IM Cornelis 2006
SpaR export apparatus, basal structure IM Cornelis 2006
SpaS export apparatus, basal structure, involved in 1M Cornelis 2006
substrate specificity switching
InvC ATPase cytoplasm Cornelis 2006

*IM = inner membrane; OM = outer membrane
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Figure 1.2 Cartoon of full apparatus structure. Figure is adapted from the electron density map
presented by Schraidt and Marlovits 2011.

The needle length is controlled by the protein InvJ in the native system and measures ~50
nm (Galan et al. 2014; Radics, Konigsmaier, and Marlovits 2013). It is likely that the proteins in
Table 1.1 that are localized extracellularly are secreted by the T3SS to build the apparatus to the
correct length.

1.6.3 Secreted proteins

Natively secreted proteins by the SPI-1 T3SS are characterized by a non-cleaved N-
terminal secretion signal. In sum, 20 proteins are known to be secreted by the SPI-1 T3SS, which
included proteins outside of the SPI-1 locus (Cornelis 2006; Galan 2001; Lostroh and Lee 2001,
McGhie et al. 2009; Zhou and Galan 2001). Some secreted proteins are maintained in the bacterial
cytosol bound to a cognate chaperone. It is thought that the chaperone helps to prevent aggregation
of the secreted protein inside of the cell and maintain the protein unfolded in a secretion-competent
state (Stebbins and Galan 2001). Fusion of the signal sequence to heterologous proteins affords
secretion of these fusion proteins into the extracellular space (Stebbins and Galan 2001; Widmaier
and Voigt 2010; Widmaier et al. 2009). Of the 20 secreted proteins, only nine signal sequences are
known (Bronstein, Miao, and Miller 2000; Ehrbar et al. 2003; Fu and Galan 1998; Higashide and
Zhou 2006; Hong and Miller 1998; Karavolos et al. 2005; Knodler et al. 2006; Lee and Galan
2003; Lee and Galan 2004; Russmann et al. 2002; Tucker and Galan 2000; Wood et al. 2004;
Zhang et al. 2002). The SptP signal sequence gives the highest secreted protein titer for most
proteins, though this is not true for all proteins (Widmaier et al. 2009).
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It is not well understood the characteristics of a fusion protein that can be secreted.
Observations from a limited number of studies have indicated that folded protein stability, length,
and formal charge may contribute to protein secretion, though more thorough studies are needed
(Radics, Konigsmaier, and Marlovits 2013; Widmaier and Voigt 2010). Notably, the green
fluorescent protein (GFP) is not secreted by the SPI-1 T3SS (Radics, Kénigsmaier, and Marlovits
2013), though GFP is secreted by other T3SSs (Derouazi et al. 2008; Epaulard et al. 2008). Further,
the effect of fusion protein properties on secreted protein titer has not been investigated.

Proteins must be unfolded as the proteins pass through the secretion pore, approximately
20 A in diameter (Radics, Kénigsmaier, and Marlovits 2013). The protein InvC, localized on the
inner leaflet of the inner membrane at the base of the basal body, has ATPase unfoldase activity,
which is thought to aid in the secretion of proteins (Eichelberg, Ginocchio, and Galan 1994; Galan
et al. 2014). However, deletion of fliL, an invC homolog in the S. enterica flagellar T3SS, was
shown to not be required for secretion (Erhardt et al. 2014). Further, the loss of secretion caused
by a catalytically inactive InvC mutant was rescued by deletion of atp, indicating that the proton
motive force may be an important energy source for powering secretion (Erhardt et al. 2014; Galan
et al. 2014). Additionally, these data show that InvC is not necessary for secretion in certain
conditions. Together, these data indicate the poor understanding the field has of the energy source
that powers protein secretion.

While the regulation of the action of secretion is not known, it is thought that protein
secretion is activated by host cell contact, potentially by a signal transduction event (Galan et al.
2014; Zierler and Galan 1995). Proteins are expressed and held in the cytosol as latent pools, which
are rapidly depleted by protein secretion upon activation of the secretion system (Schlumberger et
al. 2005). After activation, proteins are rapidly secreted at a rate of 10%-10' proteins/s/apparatus
(Schlumberger et al. 2005; Singer et al. 2012). Several hypotheses exist that describe the activation
of an apparatus for secretion. In one model, an allosteric regulatory role is attributed to the needle
structure (Figure 1.2) that extends from the outer membrane into the extracellular space (Galan et
al. 2014).
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1.7 Previous engineering of Type I11 secretion for protein production

Several different types and host-origin T3SS have been explored for heterologous protein
secretion. A table of organisms, T3SS types, POIs, and yields is presented in Table 1.2.

Table 1.2 List of reported heterologous protein production using a T3SS.

Organism T3SS type POI(s) Yield (mg/L): Reference
E. coli flagellar GFP, domains and full- 15 Majander et al.
length proteins of 2005
bacterial origin
S. typhimurium injectisome spider silks 15 Widmaier et al.
2009
S. typhimurium  flagellar neuroactive peptides NR* Singer et al.
2012
Pseudomonas  injectisome GFP, ovalbumin, catechol NR* Derouazi et al.
aeruginosa dehydrogenase 2008; Epaulard
et al. 2008
S. typhimurium injectisome tropoelastin- and resilin- 20 Azam et al. 2015

domains, and spider silks
*NR means value not reported by the authors
TYields are either directly reported or calculated from the information provided by the
authors

It is worth noting that it is difficult to directly compare these reported uses of the T3SS for
heterologous protein production due to the differences in culture duration, cell densities, and POls.
However, the general problem is two-fold: not enough protein is secreted, and we do not have
control over secretion. In this case, the ability to control the later, as outlined in Section 1.6, will
address the former.

We use rough estimates (Flamholz, Phillips, and Milo 2014; Milo 2013) to approximate
the secreted protein titer that we can expect from a given culture performance. From previously
reported values (Widmaier and Voigt 2010; Widmaier et al. 2009), we estimate that 1 OD of cells
(~10° cells/mL) (Moran, Phillips, and Milo 2010) secrete a 50 kDa protein for 8 hours, and 30%
of the cells have 10'-10% apparatus (Kubori et al. 1998), while the other cells are not secretion-
active (Sturm et al. 2011). We would then expect a secreted protein titer of 0.01-1 g/L, if we assume
that the secretion rate is bounded between 10° and 10* amino acids/s/apparatus (Schlumberger et
al. 2005; Singer et al. 2012). Note that the value reported in Table 1.2 is within this expected
domain, lending support to the accuracy of this crude analysis.

Notably, proteins are secreted at a rate of 103-10* amino acids/s/apparatus (Schlumberger
et al. 2005; Singer et al. 2012). These data suggest three conclusions: 1) proteins are secreted at an
exceptionally fast rate; 2) secretion rate is on the same order as translation rate; and 3) a secretion
apparatus is secretion-active for a short time.

The first conclusion is a comment that applies a human value to a physical property, but is
nonetheless worth highlighting. This rate is much faster than translation (Moran, Phillips, and Milo
2010). Note that in the secretion of a protein, the peptide travels from the inner leaflet of the inner
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membrane to the extracellular space, a distance of more than 50 nm. This process occurs on the
order of 0.1 to 1 seconds.

Conclusion two is a comparison of rates, so | further detail my claim. If we assume that a
S. enterica cell has 10%-10° ribosomes, and that they all are actively translating at 10! amino acids/s
(Moran, Phillips, and Milo 2010), then we are producing a 50 kDa protein at a maximal rate of 103
proteins/s/cell. If we assume 10*-10? apparatus/cell (Kubori et al. 1998), then we are secreting
protein at a maximal rate of 10° proteins/s/cell. Thus we conclude that it is physically possible to
match the translation and secretion rates. At steady-state, one could maintain a low intracellular
concentration of POI while enabling continuous protein production. Matching the expression and
secretion rates is thought to increase secreted protein titer. Indeed, titer of several human growth
factors was maximized by RBS engineering in E. coli, using the Sec system (Simmons and
Yansura 1996). Further, increased secreted protein titer of GFP in S. cerevisiae is achieved by
matching expression and secretion rates (Huang, Gore, and Shusta 2008).

However, to address the third conclusion, we acknowledge that the cell does not perform
as we describe. Cells cannot devote protein synthesis exclusively to POI production, as cells
produce many different proteins from the same pool of ribosomes, some of which are essential for
proper cellular function. Additionally, the secretion apparatus is thought to shut off after a given
time, as accumulation of secreted protein stops midway through the culture (Widmaier and Voigt
2010; Widmaier et al. 2009). Finally, secreted protein pools in the cell are rapidly depleted after
secretion is initiated, as evidenced by real-time time-lapse microscopy has shown that
(Schlumberger et al. 2005). Thus, we expect that the secretion rate is likely quite low in the native
system, although the pseudo-zeroth order rate constant is quite high. This is supported by
comparing our order-of-magnitude analysis on the previous page with the reported values in Table
1.2. The reported literature values are on the low end of the range of expected secreted protein
titer, supporting the hypothesis that cells are secretion-active for a short time, and not the whole
length of the culture.

1.8 Outlook and objectives

The SPI-1 T3SS of S. enterica is an excellent target for engineering protein secretion,
because it has been shown to secrete heterologous proteins (Widmaier et al. 2009), and it is not
essential to cell viability (Galan and Collmer 1999; Cornelis 2006), in contrast to most other
secretion pathways in bacteria (Simonen and Palva 1993; Choi and Lee 2004). Engineering the
T3SS is expected to improve production of proteins that are not currently produced well using
traditional intracellular production methods, such as toxic or difficult-to-fold proteins (Schein
1989).

We further the crude analysis from Section 1.7 to evaluate parameters that are engineering
targets. First, if we assume that all cells are secretion-active, then we would expect a secreted
protein titer of 0.05-5 g/L, an over three-fold increase. Next, if add in the assumption that the
culture density is increased to 10 OD, a density that is a reasonable target, the expected titer
increases to 0.5-5 g/L, a titer that is very competitive with current state-of-the-art. Additionally, if
we could increase the time that the cells are actively secreting to 24 hours, then we would expect
a secreted protein titer of 1-100 g/L. Clearly, an increase of any of these parameters would give a
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commensurate increase in expected secreted protein titer. From this analysis, it becomes clear that
a large effect to increase secreted protein titer would be achieved by optimizing:

the number of cells that are secretion-active

the culture density

the number of apparatus per cell

the secretion rate

the culture time with which proteins are secreted

agbrownE

One would expect that some of these parameters are easier to modify that others. However,
it is not readily apparent which parameters these are; indeed the secretion system seems to be
closely tied to growth phase (Lostroh and Lee 2001; Tartera and Metcalf 1993). Thus, the work
described within this document begins to search through these five listed parameters and considers
the potential for optimization of each.

In this document, | describe several approaches taken to characterize secretion performance
and implement engineering solutions to increase secreted protein titer. First, I outline the
development of quantitative approaches to calculate the secreted protein titer and purity in the
extracellular space, a dilute complex mixture (Chapter 2). I then describe two strategies that | took
to increase secreted protein titer: controlling expression of the SPI-1 T3SS (Chapter 3) and
engineering the structure (Chapter 4). Additionally, | characterized the folding of the secreted
protein product (Chapter 5), an important process consideration for the production of heterologous
proteins.
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CHAPTER 2

METHODS FOR QUANTIFICATION

2.1 Introduction

Accurate and precise quantification of secreted protein titer is essential to describe the
effect size of the different modifications described in Chapters 3 and 4. It is important here to
specify that this quantification is an absolute concentration of POI, as many existing techniques
rely on quantification in arbitrary units. Arbitrary units do not capture the relevant effect size
accurately, and this dissertation eschews use of arbitrary units, when possible. Western blotting
and dot blotting were investigated for accuracy, precision, and throughput. Ideally, this assay is
accurate and precise. The reason for this is obvious, but I will consider each aspect explicitly. First,
a method must be accurate. This requires quantification to be robust to the different conditions
tested.

Notably, the protein sample in the extracellular space is very dilute, on the order of 10°-
10! mg/L of the protein of interest and 102 mg/L total protein content. This concentration is below
the detection limit for several of the techniques described below and requires that the sample be
concentrated quantitatively. However, different concentrating techniques may introduce a bias
based on molecular interactions that are protein- or sample-dependent. Given the low
concentrations of sample, precision is also important, as a small change in concentration will give
a relatively large effect size. To prepare samples for quantification, the concentration of POI in the
solution must be within the sensitivity of the detection method. Here it is useful to consider the
detection limit of different assays, even in this case different protocols/reagents for the same assay.
In order to achieve accurate and precise quantification, the concentration of sample must be above
the detection limit of the assay. Given that proteins are secreted into the culture supernatant, |
consider first the chemical environment of this culture fraction. If a 50 kDa protein is secreted at
a titer of 1 mg/L, then it is at a concentration of 20 nM, which is qualitatively relatively dilute.
This is a reasonable order of magnitude to consider, given the reported literature values in Table
1.2. In addition, many other proteins are secreted into the extracellular space. Let us assume that
the POI is at 30% purity. This means that there is ~3 mg/L of total protein in the culture
supernatant. Finally, the culture supernatant is in a solution of lysogeny broth (LB), a complex
mixture that includes peptides of undefined composition and concentration. Given the undefined
composition and concentration of samples, it is important to validate the quantification method
within the context of experiments presented in subsequent chapters.

A high-throughput assay increases the number of conditions that can be tested. Using
directed approaches, a small number of variables can be manipulated, requiring the ability to
measure 10? samples. However, to apply random mutation techniques to create a large library of
conditions, a much larger throughput is required. In this chapter, I highlight throughput of each
technique in a qualitative manner.
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2.2 Methods

2.2.1 Strains and growth conditions

All strains were grown from colonies from fresh transformations or fresh streaks from
frozen stock in lysogeny broth (LB-Lennox, LB-L) (10 g/L tryptone, 5 g/L yeast extract, and 5 g/L
NaCl) (VWR #EM1.00547.5007) with appropriate antibiotics for 12-16 hours at 37 °C and 225
rpm in an orbital shaker. Cells were cultured in 24-well blocks (Axygen). Cells were subcultured
1:100 into fresh LB-Lennox with appropriate antibiotics and IPTG, as indicated, and grown in an
orbital shaker for 8 hr at 37 °C and 225 rpm. A S. enterica subsp. enterica serovar Typhimurium
str. SL1344 derived strain was used for all secretion experiments (Hoiseth and Stocker 1981) and
was transformed with plasmids using electroporation. For strains that carried an upregulation
vector (Piacuvs hilA) and 100 uM isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to the
growth media at the time of subculture, unless indicated otherwise.

2.2.2 DNA manipulations

PCR was performed with Pfu or Phusion DNA polymerase. Restriction enzymes and ligase
(NEB) were used according to the manufacturer’s instructions. For all cloning, E. coli DH10B
cells were used. All plasmids used in this study are presented in Table 2.1. Picgsa gfp™® is from
the Tullman-Ercek lab plasmid collection. The upregulation vector (Piacuvs hilA, pKIMO035) was
derived from the BglIBrick plasmid collection (Anderson et al. 2010) and is described in full detail
in Section 3.2.2. The export vectors are derived from a modified pPROTet.133 backbone vector
(BD Clontech) under control of the sicA promoter, as in Widmaier et al. 2009. Export vectors using
Ptet are derived from the BglBrick plasmid collection (Anderson et al. 2010). The nfsA and nfsB
genes were amplified from the E. coli DH10B genome. The sptP gene was amplified from the S.
enterica SL1344 genome. The DH gene was amplified from pCASP sicP sptP-DH (Widmaier et
al. 2009). The primers used for each PCR amplification is given in Table 2.2. The ADF3 and ADF4
genes were excised from plasmids (Widmaier et al. 2009) using the notl and hindlll sites and
cloned into the same sites in the Psica DH vector.

Table 2.1 List of all plasmids used in this chapter.

E;lrs]r:ld COOE'I;SL):mder inducible ORI abR Plasmid ID Reference

Placuvs hilA  hilA plba kan pKJMO035  Metcalf et al. 2014
Pircooa gfp™t2  gfpmut2 colE1l carb pKJIJMO006  DTE lab stock
Psica NfSA sicP; sptP-nfsA-2xF-6xH colEl cam pKJIMO084  This study

Ptet NfSB sicP; sptP-nfsB-2xF-6xH colEl cam pKJMO083  This study

Psica DH sicP; sptP-DH-2xF-6xH colEl cam pKIMO026 Metcalf et al. 2014
Ptet DH sicP; sptP-DH-2xF-6xH colEl cam pKIMO026 Metcalf et al. 2014

Psica ADF3 SicP; sptP-ADF3-2xF-6xH colEl cam pKIM026  Metcalf et al. 2014
Psica ADF4 SicP; sptP-ADF4-2xF-6xH  colE1l cam pKJM026  Metcalf et al. 2014
Pwt ADF4 SicP; sptP-ADF4-2xF-6xH  colE1l cam pKJIM026  This study
Psica SptP SicP; sptP-3xF colEl cam pKJIMO72  This study
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Table 2.2 List of all primers used in this chapter.

Sequence Used for the construction of:
FWD: ATTAAGATCTCTGTAAGAGAATACACTATTATCATGCC

REV: ATTActcgagtttggatccTTACCGTAATTTAATCAAGCGGG Piacuvs hilA
FWD: ttaaAAGCTTACGCCAACCATTGAACTTATTTGTG

REV: aattGCGGCCGCTGCGCGTCGCCCAAC Psica NfSA
FWD: ttaaAAGCTTGATATCATTTCTGTCGCCTTAAAGCG

REV: aattGCGGCCGCTCACTTCGGTTAAGGTGATGTTTTG Pret NfSB
FWD: ATTAAGATCTACAGATAACAGGAGTAAGTAATGCAAGC

REV: ATTActcgagtttggatccTTAGTGGTGATGGTGATGATGC Pret DH
FWD: ttaaAAGCTTCCTTTACTCGATATCGCGCTAAAG

REV: aattGCGGCCGCTGCTTGCCGTCGTCATAAGC Psica sptP

2.2.3 Sample preparation

Culture supernatant samples were harvested from the cell culture by two sequential
centrifugation steps of 2,272g for 10 minutes. Samples were precipitated in 20% trichloroacetic
acid (TCA) overnight at 4 °C, washed twice with cold acetone and dried by heating. Samples were
resuspended in buffer to solubilize precipitated protein films. Unless noted, the solubilization
buffer for dot blot samples was Buffer A (20 mM Tris, 150 mM NaCl, 8 M urea, pH 7). For SDS-
PAGE separation, samples were then mixed with Laemmli buffer.

2.2.4 Western blot

Samples were separated by SDS-PAGE. The FLAG-BAP protein (Sigma) or Multiple Tag
protein (GenScript) was used to create known dilutions to create a standard curve, as indicated.
Proteins were transferred using the TransBlot SD unit (Bio-Rad) to a nitrocellulose (Whatman)
membrane for fluorescence detection or to a PVDF (Millipore) membrane for chemiluminescence
detection. Membranes were interrogated with anti-FLAG or anti-GroEL antibodies per
manufacturer’s instructions (Sigma). For chemiluminescence detection, a secondary labeling step
was carried out with horse-radish-peroxidase-conjugated anti-Mouse 1gG or anti-Rabbit IgG
antibodies, as appropriate, per manufacturer’s instructions (Thermo). Bands were visualized with
west-pico chemiluminescent substrate (Thermo) and imaged with a ChemiDoc XRS+ unit (Bio-
Rad). For fluorescence detection, a secondary labeling step was carried out with Cy5-conjugated
anti-Mouse 1gG antibodies, per manufacturer’s instructions (GE) and imaged with a Typhoon 9410
imager (GE).

2.2.5 Dot blot

Dot blot samples were precipitated with TCA and resuspended in the appropriate amount
of resuspension buffer (between 10-100X concentrated). A 2 pL aliquot of each sample was
spotted onto a nitrocellulose membrane and allowed to absorb for at least 1 minute. The FLAG-
BAP protein (Sigma) or Multiple Tag protein (GenScript) was used to create known dilutions to
create a standard curve, as indicated. The membrane was then incubated in 5 w/w% milk, 0.05
vIiv% Tween-20, Tris-buffered saline, pH 7.5 for 1 hour at room temperature with shaking. The
membrane was then probed with primary and secondary antibody, as in Section 2.2.4.

2.2.6 Protein purification
Proteins were purified from culture lysate as described in Section 3.2.4.
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2.3 Results

2.3.1 Sample preparation

Detection limit by western blot depends on antigen presentation, protein adsorption to the
membrane, band size, antibody binding efficiency, and other factors. As such, it is often necessary
to increase the concentration of a sample to be able to detect the protein of interest. Protein-
containing supernatant samples were concentrated with spin concentrators and with TCA
precipitation. | evaluate each technique on three metrics: 1) protein retention; 2) throughput; and
3) introduced bias.

Both techniques require many manual steps. Both techniques are also limited by the
number of samples that can be centrifuged. Further, samples must be handled after each spin for
both techniques. Spin concentrated samples are spun in a centrifuge until a desired amount of
volume has passed through the membrane. The retentate is then removed, as this fraction contains
the protein of interest. Note that the flow rate across the membrane is not uniform for multiple
samples and this step can add significant error. Further, proteins can adsorb to the membrane,
making sample removal from the unit dependent on the sample composition and operation of the
unit. Samples that are precipitated chemically are also subject similar variances in sample handling
that are described for spin concentrated samples. First, protein precipitation is highly dependent
on many chemical factors in the solution, such as protein chemistry and protein concentration
(Rajalingam et al. 2009; Sivaraman et al. 1997). Also, the precipitant is easily lost during sample
handling.

To compare the two techniques, two supernatant samples were taken from several different
culture conditions (Figure 2.1) and two levels of analysis were performed. First, the change in the
signal of a protein expected to be invariant across samples, GroEL, was determined. GroEL is a
cytoplasmic chaperone that is released to the extracellular space by cell lysis. This protein is
expected be present in the culture supernatant at a low concentration that is expected to be only a
function of cell density in the conditions tested. Note that all samples grown in the same “T3SS”
condition reach the similar ODsoo and GroEL signal can be compared. The densitometry signals
from each band is plotted in Figure 2.2. The anti-GroEL signals from the spin concentrator sample
is too small to accurately assign peaks. Also, comparing the signal of the anti-FLAG or anti-GroEL
western blot shows that the signal from the sample prepared by TCA precipitation is greater than
that prepared by spin concentration. This likely is due to greater yield of protein using the TCA
method. Note that this method may introduce extra variability, as the signal in lanes 9-13 (Figure
2.2) is expected to be similar for these samples. Next, the signal from the anti-FLAG blot was used
to compare the signal produced by the protein of interest. This signal was quantified on a relative
basis and the plotted in Figure 2.3. The dotted line is included to guide the eye and to describe the
case of identical signal between the two techniques. The signals between the two techniques are
correlated. For all samples tested, a higher signal is seen in the TCA-precipitated sample, relative
to the spin concentrated sample. Greater signal is observed for all samples after TCA precipitation,
giving this method greater sensitivity due to increased protein yield after concentration steps.
Moving forward, all samples will be prepared with TCA precipitation for increasing the protein
concentration, as needed.
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Figure 2.1 Western blot of identical samples preparred by spin concentrators and TCA
precipitation. Samples were loaded corresponding to equal OD and probed for fusion protein and
GroEL by SDS-PAGE followed by a western blot. Samples that are uninduced were grown in a
shaker that was experiencing temperature control problems and the culturing temperature ranged
from 30-37°C for these samples.
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Figure 2.2 Densitometry plot of signal from anti-GroEL blot presented in Figure 2.1. Lane
numbering is left to right with respect to Figure 2.1.
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Figure 2.3 Quantification of signal from anti-FLAG blot presented in Figure 2.1. Samples from
the western blot in Figure 2.1 were quantified by densitometry relative to the sample in lane 2,
the positive control that was concentrated using a spin concentrator. The solid line is a linear best
fit, and the dotted line shows the 1:1 relationship.

Resuspension of the precipitated protein films was also tested as a function of resuspension
buffer composition. This was to improve the adsorption of protein samples on nitrocellulose
membranes using a dot blot. Sodium dodecyl sulfate, the surfactant molecule present in Laemmli
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buffer, can inhibit binding of proteins to nitrocellulose membranes. Several different buffers were
tested for the ability to solubilize precipitated culture supernatant sample (Figure 2.4). The same
sample was precipitated by TCA, and resuspended in the same volume of eight different buffer
formulations. The buffer that gave the highest signal, potentially due to increased solubilization,
the sample in spot 4. This buffer, termed Buffer A (20 mM Tris, 100 mM NaCl, 8 M urea, pH 7),
was used for all dot blot experiments described in Section 2.3.3.

1 2 3 L S 6 7 8¢9

* Q% o ¢ ¢» - O

Figure 2.4 Dot blot of identical samples precipitated with TCA and resuspended in different
buffers. Samples were precipitated with TCA and resuspended in different buffers. Two pL of
each sample was spotted onto a membrane. The membrane was interrogated with the appropriate
antibodies and bands were visualized with SuperSignal West Pico chemiluminesce substrate
(Thermo). Buffers are: 1) Laemmli buffer; 2) phosphate-buffer saline; 3) 0.05 v/v% Tween-20,
Tris-buffered saline, pH 7.5; 4) 20 mM Tris, 100 mM NaCl, 8 M urea; 5) 20 mM Tris, 100 mM
NaCl, 4 M guanidinium thiocyanate; 6) 20 mM HEPES; 7) 20 mM MOPS, pH 6.8; 8) ddH-0; and
9) Laemmli buffer.

2.3.2 Quantitative western blot

The data presented here was used to calculate the titers presented in Figure 3.11. The
Multiple Tag (GenScript) was used as a standard protein for all blots. To correlate the signal from
the Multiple Tag protein with the secreted proteins (with format: SptP-POI-2XxFLAG-6xHIS,
where POI is the protein of interest), the signal from known concentrations of Multiple Tag were
compared with the signal from known concentrations of purified SptP-DH-2xFLAG-6xHIS
(Figure 2.5 and Figure 2.6). The purified SptP-DH-2xXFLAG-6xHIS samples were subjected to the
TCA precipitation protocol before separation by SDS-PAGE and western blotting (Figure 2.5) to
mimic sample yields after TCA precipitation for secreted samples.

purified
Multiple SptP-DH-
Tag 2xF-6xH

Figure 2.5 Western blot of Multiple Tag and purified SptP-DH-2xFLAG-6xHIS. Lower band is
likely a truncated form of the SptP-DH-2xF-6xH protein that copurifies. The secondary antibody
used was the anti-Mouse cy5-conjugated antibody.
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Figure 2.6 Correlation of densitometry signal from western blot presented in Figure 2.5. Note that
only the higher molecular weight species of the purified SptP-DH-2xF-6xH sample was used for
calculation. The signals measured for samples in Figure 2.7 were used to calculate the quantity of
Multiple Tag protein using the standard curve generated for each blot (Figure 2.8). This value was
then used to calculate effective Multiple Tag quantity using the Multiple Tag standard curve above
to transform the value to the exposure of the blot in Figure 2.5. This signal value was then used to
calculate protein quantity using the standard curve for the purified SptP-DH-2xF-6xH. Finally, the
concentration of secreted protein was calculated using this quantity and the dilution factor
presented in Table 2.3.

Secreted protein samples were then quantified using a western blot. Culture supernatant
samples were concentrated by the TCA protocol and then resuspended in Laemmli buffer. The
volume used to resuspend the sample was varied, according to the expected titer value to ensure
that all bands in the western blot had similar intensities and would be within the domain of the
standard curve (Table 2.3). The raw western blots are presented in Figure 2.7. The standard curves
generated for each western blot are presented in Figure 2.8.
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Table 2.3 Concentration factors for secreted samples analyzed by quantitative western blot in

Figure 2.7.
T3SS Volume Concentration
Blot number genotype grov_vm IPTG resuspended factor
condition (uL)

1 Psica sptP-DH-2xF-6xH + - 20 50.0
1 Psica sptP-DH-2xF-6xH - 500 2.0
1 Psica sptP-DH-2xF-6xH 200 5.0
2 Ptet sptP-DH-2xF-6xH - 20 50.0
2 Ptet sptP-DH-2XxF-6xH - 300 3.3
2 Ptet sptP-DH-2xF-6xH 200 5.0
3 Ptet sptP-nfsB-2xF-6xH - 20 50.0
3 Ptet sptP-nfsB-2xF-6xH - 20 50.0
3 Ptet sptP-nfsB-2xF-6xH 20 50.0
4 Psica sptP-ADF4-2xF-6xH - 20 50.0
4 Psica sptP-ADF4-2xF-6xH - 20 50.0
4 Psica sptP-ADF4-2xF-6xH 20 50.0
6 Ptet sptP-ADF4-2xF-6xH - 20 50.0
6 Ptet sptP-ADF4-2xF-6xH - 40 25.0
6 Ptet sptP-ADF4-2xF-6xH 20 50.0
7 Psica sptP-ADF3-2xF-6xH - 20 50.0
7 Psica sptP-ADF3-2xF-6xH - 40 25.0
7 Psica sptP-ADF3-2xF-6xH 20 50.0
8 Psica sptP-bla-2xF-6xH - 20 50.0
8 Psica sptP-bla-2xF-6xH - 20 50.0
8 Psica sptP-bla-2xF-6xH + 20 50.0
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Figure 2.7 Western blot of secreted culture supernatant samples. The secreted samples are loaded
in the same pattern for each blot. The first three secreted samples are biological triplicate samples
of cultures grown in the “+T3SS —IPTG” condition, where cultures did not carry the upregulation
vector. The next three secreted samples are biological triplicate samples of cultures grown in the
“-T3SS +IPTG” condition. The last three secreted samples are biological triplicate samples of
cultures grown in the “+T3SS +IPTG” condition. The Multiple Tag samples are loaded with the
same quantity in each blot and are: 14.2, 7.1, 2.8, 1.4, and 0.1 picomoles. Note that samples were
concentrated as indicated in Table 2.3. The secondary antibody used was the anti-Mouse cy5-
conjugated antibody.
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Figure 2.8 Standard curve of Multiple Tag protein standard for each blot presented in Figure 2.7.
Linear least-squares regression was used to determine the signal as a function of the quantity of
Multiple Tag protein standard.
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Note that the standard curve shows two orders of magnitude linear signal (Figure 2.8),
which means that the western blot could be accurate over a wide range of sample quantities. A
limitation of this is analysis is the inability to appropriately address assay variability. The
coefficient of variance in the signal by densitometry for each of the samples was between 16 and
63%, but this variance captures both assay variability and biological variance. Quantification of
the secreted protein titer for the samples presented in the raw images in Figure 2.7 is presented in
Figures 3.2B, 3.6A, and 3.11.

2.3.3 Quantitative dot blot

A dot blot was performed for three different samples at different concentrations (Figure
2.9). Five different quantities of a standard protein, FLAG-BAP (Sigma), was spotted on the
membrane on the top row of the blot. Experimental samples were precipitated with TCA and
resuspended with different volumes of Buffer A, relative to the original sample volume. The signal
for the 50x and 100x concentrations is higher than the standard for samples 5 and 7. This high
signal requires extrapolation of the standard curve and may not be a valid analysis due to potential
nonlinearity between the signal and protein quantity at high masses.

Three different methods to calculate the concentration of each samples was used: 1)
ChemiDoc software; 2) ImageJ with peak height; and 3) ImageJ with peak integration. ChemiDoc
software was investigated but is not preferred because the algorithm is not fully manipulatable. A
standard curve using the FLAG-BAP standard (Sigma) is presented in Figure 2.10. Note that both
peak height and peak integration are qualitatively similar. The samples in Figure 2.9 were then
quantified by the three methods and the results are presented in Table 2.4.

100ng| 200ng|300ng|400ng|500ng

| _ >
Standard [iSEEpEES S pro it
1x
10x
50x o O
100x o ©°

1 5 7

Figure 2.9 Dot blot of culture supernatant samples from three different growth conditions. Signal
was collected using chemiluminescence. Standard protein is FLAG-BAP (Sigma). The culture
supernatant samples were precipitated with TCA and were resuspended and concentrated to
between 1 and 100 times the original volume using Buffer A.
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Figure 2.10 Standard curve of FLAG-BAP samples used for quantification of dot blot in Figure
2.9. Analysis was performed using ImageJ (NIH).

Table 2.4 Quantification of samples from Figure 2.9. Samples were quantified using the
ChemiDoc software and ImageJ (NIH).

ChemiDoc [Integral} Imagel {Height) Image) (Integral)

Sample 1 (1x) NSD NSD NSD
Sample 1 (10x) NSD NSD NSD
Sample 1 (50x) NSD NSD NSD
Sample 1 (100x) NSD NSD NSD
Sample 5 (1x) 155.4ng (NSD) NSD NSD
Sample 5 (10x) 342.1ng 327.72ng 404.44ng
Sample 5 (50x) 1,260.7ng 1,053.07ng 1378.59ng
Sample 5 (100x) 1,703.8ng 1,287.28ng 1792.98ng
Sample 7 (1x) 202.7ng 174.79ng 154.73ng
Sample 7 (10x) 532.7ng 494.57ng 597.68ng
Sample 7 (50x) 1,598.8ng 1305.30ng 1689.71ng
Sample 7 (100x) 1,841.7ng 1413.40ng 1964.03ng

*MNSD — No Signal Detected

The calculated values of protein titer is similar across the different techniques. However,
the values that are calculated are not as predicted for each of the different sample concentrations.
A sample that is 100x concentrated should contain 10 times more sample than a 10x concentrated
sample. None of the predicted relationships between the different concentrations are held. This
may be due to extrapolation of the standard curve or differential resuspension of the pellet after
precipitation.

The domain of sample concentration that yield a linear response in detection was
determined by measuring the signal from different dilutions of the same sample. Culture
supernatant samples were precipitated with TCA and resuspended in Buffer A. Samples
concentrated to various dilutions and spotted onto a membrane. Raw images of the membranes
probed with labeling antibodies is given in Figure 2.11. The linear range of detection is at least
one order of magnitude (200 - 2000 ng), as seen in Figure 2.12.
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Figure 2.11 Raw dot blot of secreted samples. Secreted DH protein was concentrated to different
dilutions using TCA precipitation and quantified using a dot blot with fluorescently-labeled
antibody.
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Figure 2.12 Plot of dot blot siénal as a function of sample concentration. Quantification of samples
from Figure 2.11 was performed using ImageJ and the integral method. Plots show the signal
measured as a function of the dilution of sample.

Next, the ability to scale-up the dot blot procedure was tested. The dot blot throughput must
be greater than ~10 samples to be a viable alternative to the western blot. Culture supernatant
samples were precipitated with TCA and resuspended in an appropriate amount of Buffer A that
corresponded to the expected concentration of sample such that the final concentration of the
protein of interest was within the linear detection range. Seventy-eight samples were spotted on a
nitrocellulose membrane, in addition to five different concentrations of a standard protein (FLAG-
BAP). The raw image of this membrane after antibody probing and fluorescence visualization is
given in Figure 2.13. For reference, the number of samples analyzed on one dot blot is equivalent
to 9 mini-sized gels or 4 midi-sized gels. The ability to analyze a large number of samples on one
membrane may greatly increase the number of samples that can be analyzed.

Comparing the raw images in Figure 2.11 and Figure 2.13, it is obvious that there is a big
difference in the signal/background signal in the samples. The larger blot has a much higher
background signal. Also, the signal from the samples is not as regular in shape in the blot with
many samples, compared with the blot with fewer samples. These differences likely arose from
the manual application of samples to the membrane. Application of samples took over 10 minutes.
Samples thus had a very long time to interact with the dry membrane before hydration in the
blocking buffer. Note, however, that the poor quality of the image in Figure 2.13, relative to that
in Figure 2.11, did not result in poor quantitation. As seen in the standard curve presented in Figure
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2.14, the relationship between number of molecules and signal is linear between 2 and 80
picomoles (100 — 4000 ng).

Maximal secreted protein titer of several different test proteins was calculated and is
presented in Figure 2.15. The proteins DH, NfsA, and NfsB were measured to be 72 £ 25,5 + 4,
and 12 £ 3 mg/L in the conditions tested, respectively. The dot blotting procedure gives relatively
consistent results. It must be noted that the standard protein in this experiment is FLAG-BAP
(Sigma), which contains a C-terminal 1xFLAG tag. The experimental test proteins all contained a
C-terminal 2xFLAG-6xHIS tag. Given the differences in sample handling, epitope number and
sequence, these calculated titers cannot be taken as absolute, due to the potential differences in the
relationship between signal and number of molecules in the standard and test proteins. A more
thorough consideration of this problem was covered in Section 2.3.2.

Figure 2.13 Raw image of dot blot. Samples were precipitated with TCA, resuspended in Buffer
A, and spotted on a nitrocellulose membrane. Samples were given an expected concentration
value, and were resuspended to 10-, 50-, or 100-fold in Buffer A, such that the expected
concentration was within the linear range.
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Figure 2.14 Standard curve for FLAG-BAP (Sigma) standard protein dilutions applied to
membrane in dot blot given in Figure 2.13. The integral method was used for quantitation.
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Figure 2.15 Calculated titers of secreted proteins from samples presented in Figure 2.13. Pt DH,
Ptet NfsB, Psic nfsA, and Psic sptP samples were performed three times in biological replicate. Picgoa
gfp and Psic DH samples were performed six times in biological replicate. The mean is plotted and
error bars represent one standard deviation.

2.4 Discussion

In this chapter, | describe several different approaches to evaluate the secreted protein titer.
The protocols tested were evaluated on the accuracy, precision, throughput, and experimental ease.
The standard method for calculating secreted protein titer before work on this dissertation began
was based on a western blot and is described in Widmaier et al. 2009. Other methods were analyzed
in order to improve upon the quantification protocol.

A higher throughput assay would enable future experiments. For example, analysis of
many mutants or culture conditions would be facilitated by an accurate, precise, and high
throughput quantitative method. A rational design protein engineering approach to increase the
secreted protein titer is described in Chapter 4. To extend the results of that chapter, a library-
based protein engineering approach could be taken where many mutants are created and analyzed.
As described in Section 2.3.3, a dot blot approach greatly increases the number of samples that
can be analyzed, as the number of lanes in an SDS-PAGE gel limits the number of samples that
can be analyzed using a western blot. However, at the time of the work presented here, the dot blot
was not sensitive enough to detect signal from raw culture supernatant samples. Using more
sensitive detection methods, such as improved conjugated reporter molecule or substrate, could
increase the signal to allow for the dot blot method to be more feasible. Further, as evidenced by
the variability introduced in sample processing steps, efforts to improve the detection limit to
decrease sample handing should greatly decrease sample variability.
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Given the results at the time, the quantitative western blot was used for all quantification
in the following chapters. However, | use this section to suggest that future work to improve the
quantitative assay could greatly increase accuracy, precision, and throughput. Chiefly, minimizing
sample processing is a key issue for improving the assay. Given the relatively dilute concentration
of the protein of interest, the trade-off between sensitivity and sample processing must be
considered during assay development. Further, the dot blot could be improved by integration of
robotics to perform sample application to the nitrocellulose membrane, which could minimize
measurement errors and increase speed and throughput.

2.5 Acknowledgements
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3.1 Introduction

Bacterial heterologous protein production is a bedrock of modern molecular biology. A
gene that codes for a protein of interest can be inserted into a bacterial cell, often Escherichia coli,
and the cell is able to produce the desired protein. Bacteria are the preferred organisms for many
heterologous expression experiments due to the ease with which they can be genetically
manipulated, high protein yield, fast growth, and growth to high cell density (Baneyx, 1999; Terpe,
2006). However, not all genes can be expressed at high levels in a heterologous host, for reasons
such as toxicity of the desired protein (Miroux and Walker, 1996). Also, natively folded proteins
can be difficult to purify from the milieu of biomolecules present in a culture. Even after recovery
of the protein, many processes require resolubilization of inclusion bodies and proper refolding of
the protein of interest, which causes significant loss of product (Swartz, 2001). Secretion of
heterologous proteins into the extracellular fluid addresses these limitations (Choi and Lee, 2004;
Georgiou and Segatori, 2005).

There are seven known classes of secretion systems present in bacteria that transport
proteins to the extracellular space (Hochkoeppler, 2013). The type 1l secretion system (T3SS) is
of particular interest because it secretes proteins in one step from the cytoplasm out of the cell.
The T3SS is not essential for growth in standard laboratory culturing conditions (Cornelis, 2006;
Galan and Collmer, 1999), which makes it more amenable to engineering efforts and enables its
use solely for heterologous protein cargo. The T3SS is a transmembrane heteroprotein structure
that spans both the inner and outer plasma membrane (Cornelis, 2006; Galan and Collmer, 1999)
and secretes between 1,000 and 10,000 amino acid residues per second (Schlumberger et al., 2005;
Singer et al., 2012). Two classes of T3SS are well characterized, and are known as the injectisome
and flagella (Desvaux et al., 2006). Heterologous proteins secreted by the T3SS include spider silk
(Widmaier et al., 2009), fibronectin-binding protein (Majander et al., 2005), neuroactive peptides
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(Singer et al., 2012), resilin (Azam et al., 2015), and tropoelastin (Azam et al., 2015). Despite the
numerous successes secreting proteins by the type 111 mechanism, application of the wild-type
T3SS for the export of heterologous proteins suffers from low yields and poor secretion efficiency
(Widmaier and Voigt, 2010; Widmaier et al., 2009). Moreover, T3SS-induction conditions limit
cell growth and stationary phase density, which is not desirable for large-scale protein production.

Using the well-characterized Salmonella Pathogenicity Island 1 (SPI-1) T3SS as a model
secretion system, we hypothesized that controlling the expression of the T3SS genes would be
essential to increasing the amount of protein that is secreted. SPI-1 gene products give rise to an
injectisome-type T3SS that secretes enzymes, termed effectors (Cornelis, 2006; Galan and
Collmer, 1999). In the native system, external environmental cues are necessary to induce
expression of T3SS genes (Lostroh and Lee, 2001a; Tartera and Metcalf, 1993). HilA is a positive
regulator of the invF (regulatory gene products) and the prgH (structural gene products) operons
in SPI-1, and overexpression of hilA increases SPI-1 gene expression (Sturm et al., 2011), the
number of secretion needle complexes (Carleton et al., 2013), and cell invasion (Lee et al., 1992).
Given these data, we hypothesized that secreted protein titer could be greatly increased by
overexpression of SPI-1 genes via hilA overexpression. In this work, the external environmental
cues are decoupled from T3SS gene expression and T3SS gene expression is modulated through
the addition of a small molecule that induces HilA production. The controlled expression of hilA
results in increased titers of secreted heterologous proteins. Moreover, expression of SPI-1 genes
is increased on both a per cell and population basis by engineering hilA expression. Finally, the
enzyme beta-lactamase is secreted and adopts an active conformation upon reaching the culture
media, enabling its application in future secretion titer assays.

3.2 Materials and Methods

3.2.1 Strains and growth conditions

All S. enterica experiments used derivatives of the SL1344 strain (Hoiseth and Stocker,
1981). All strains were grown from colonies from fresh transformations in LB-Lennox (LB-L) (10
g/L tryptone, 5 g/L yeast extract, and 5 g/L NaCl) (VWR #EM1.00547.5007) overnight at 37 °C
and 225 rpm in an orbital shaker. Cells were cultured in 24-well blocks (Axygen). Samples were
subcultured 1:100 into fresh media, LB-L for “-T3SS” samples and LB-IM (10 g/L tryptone, 5 g/L
yeast extract, and 17 g/L NaCl) for “+T3SS” samples. Samples designated “-T3SS” were grown
at 37 °C and 225 rpm in an orbital shaker while samples designated “+T3SS” were grown at 37
°C and 120 rpm in an orbital shaker, inducing SPI-1 gene expression and protein secretion using
native regulation (Temme et al., 2008). Cultures carrying the hilA overexpression plasmid were
induced with 100 uM IPTG unless otherwise noted. For the experiments measuring secreted titer,
cultures were grown for eight hours. For all other experiments, cultures were grown for six hours.
Supernatant samples were harvested from the cell culture by two sequential centrifugation steps
of 2,272 x g for 10 minutes. Samples were precipitated in 20% trichloroacetic acid (TCA)
overnight at 4 °C, washed twice with cold acetone and dried by heating. Samples from the
extracellular media were resuspended in Laemmli buffer normalized to culture ODegoo for SDS-
PAGE analysis and denoted “S”. Cell pellet samples were resuspended in BPERII (Thermo)
normalized to culture ODsgoo and centrifuged at 13,000 x g for 5 minutes. The supernatant from the
lysed cell pellets was considered the soluble cell pellet fraction, and denoted “C”.
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3.2.2 DNA manipulations

PCR was performed with Pfu DNA polymerase. Restriction enzymes and ligase (NEB)
were used according to the manufacturer’s instructions. For all cloning, E. coli DH10B cells were
used. The SPI-1 promoters Pprgn (Lostroh and Lee, 2001b; Temme et al., 2008), Pinve (Lim et al.,
2012; Lostroh et al., 2000), and Psica (Darwin and Miller, 2001; Temme et al., 2008) were
identified from literature and cloned from S. enterica subsp. enterica serovar Typhimurium strain
SL1344 into a modified pPROTet.133 backbone (BD Clontech) to control the gfp mut2 gene
(Cormack et al., 1996) using the xhol and xbal restriction sites. Genes of proteins of interest (POISs)
to be secreted were cloned into the same modified pPROTet.133 backbone vector under control of
the sicA promoter, as in Widmaier et al. (Widmaier et al., 2009) and illustrated in Figure 3.1. POls
expressed under control of the tet promoter were cloned into a “BglBrick” vector (Anderson et al.,
2010) via the bglll and xhol sites with a colE1 origin and chloramphenicol resistance cassette. All
secretion vectors expressed the SptP chaperone, sicP, and the sptP signal sequence (nucleotides 1-
477) (Widmaier et al., 2009). All POIs were fused to the C-terminus of the SptP secretion signal
at the genetic level using hindlll and notl restriction sites, and a 2xFLAG-6xHis C-terminal tag
was also genetically incorporated into all POIs. The hilA gene from SL1344, including the first 23
nucleotides 5’ of the start codon, was cloned into a Piacuvs “BglBrick” expression vector with a
pl5a origin and neomycin resistance cassette using the bglll and xhol restriction sites. Deletion of
prgl from the SL1344 wild-type strain was performed by the methods of Datsenko and Wanner
(Datsenko and Wanner, 2000). All DNA sequences were verified by Sanger sequencing
(Quintara). A table of strains and plasmids is given in Table 3.1. A table of primers used in this
study is given in Table 3.2.

CTCGAGCCACAAGAAAACGAGGTACGGCATTGAGCCGCGTAAGGCAGTAGCGATGTATTCATTGGGCGTTTTTTGAA
TGTTCACTAACCACCGTCGGGGTTTAATAACTGCATCAGATAAACGCAGTCGTTAAGTTCTACAAAGTCGGTGACAG
ATAACAGGAGTAAGTA

GGAGAGAAAA

AAGCTT...goi...AGCGGCCGCGATT
ATAAAGATGACGATGACAAGGATTATAAAGATGACGATGACAAGCATCATCACCATCACCACTAATCTAGA

Figure 3.1 Generalized DNA sequence for the export vector. The sequence coding for the protein
to be secreted (gene of interest, goi) was cloned into the hindlll and notl restriction sites. The
export vector is derived from the pPROTet.133 vector (BD Clontech), with the sicA promoter, SicP

chaperone, SPIPISIGNAISEGUERAGE, and C-terminal FLAG and HIS epitopes between the xhol and

xbal restriction sites.
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Table 3.1 List of strains and plasmids used in this study.

Strain name  Comment strain ID Reference
Wild-type SL1344-derived lab strain sKIJM002 Widmaier et al., 2009
SL1344 prgl  Deletion of prgl*23 with pKD13 sKJMO085 This study

and FLP-out

Plasmid ORFs under inducible ORI abR plasmid ID Reference
name control

Psica DH sicP; sptP-DH-2xF-6xH colEl cam pKJIMO026 This study
Psica ADF3  sicP; sptP-ADF3-2xF-6xH colE1l cam pKJIM108 This study
Psica ADF4  sicP; sptP-ADF4-2xF-6xH colE1  cam pKJM092 This study
Psica bla sicP; sptP-bla-2xF-6xH colEl cam pKIM112 This study

Ptet DH sicP; sptP-DH-2xF-6xH colEl cam pKJIMO046 This study
Pinve gfp™2  gfp™i2 colE1 cam pKJIMO057 This study
Pprgh gfp™®  gfpmit colEl cam pKIM002  Temme etal., 2008
Psica gfp™2  gfp™© colE1 cam pKJIMO001 Temme et al., 2008
Placuvs hilA  hilA pl5a kan pKJIMO035 This study
pKD46 - Datsenko et al., 2000
pCP20 pKIMO014 Datsenko et al., 2000
Table 3.2 Primers used in this study.

Sequence Used for the construction of:
FWD:
CCCAAGCCCACTTTAATTTAACGTAAATAAGGAAGTCATTGTGTAGGCT
ES@?GTGCTTC SL1344 prgl deletion strain
CAATCGACATAATCCACCTTATAACTGATTAACGGAAGTTATTCCGGGG
ATCCGTCGACC

FWD: ATTAAGATCTCTGTAAGAGAATACACTATTATCATGCC

REV: ATTActcgagtttggatccTTACCGTAATTTAATCAAGCGGG Pracuvs hilA plasmid

FWD: ataaTCTAGAATGCAGCTTTTGCGCG

REV: attaCTCGAGAGCCAACGGTGATATGGC PmVFgprﬂasn"d

FWD: ttaaAAGCTTGATATCATTTCTGTCGCCTTAAAGCG Psica SicP sptP-nfsB-2xF-6xH
REV: aattGCGGCCGCTCACTTCGGTTAAGGTGATGTTTTG plasmid

FWD: ttaaAAGCTTCACCCAGAAACGCTGGTG Psica SicP sptP-bla-2xF-6xH
REV: aattGCGGCCGCTCCAATGCTTAATCAGTGAGGC plasmid

FWD:

ATTAggtctcTCTAGAGATTATAAAGATGACGATGACAAGGATTATAAA  Psica SICP sptP-ADF3-2xF-6xH
GATG plasmid

REV: ATTAggtctcTCTAGAAGCGGCCGCAGCGGCCGCGATTATAAAG

FWD:

ATTAggtctcTaattcGATTATAAAGATGACGATGACAAGGATTATAAA  Psica SICP sptP-ADF4-2xF-6xH
GATG plasmid

REV: ATTAggtctcTaattcAGCGGCCGCAGCGGCCGCGATTATAAAG

FWD: ATTAAGATCTACAGATAACAGGAGTAAGTAATGCAAGC Ptet SicP sptP-DH-2xF-6xH
REV: ATTActcgagtttggatccTTAGTGGTGATGGTGATGATGC plasmid
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3.2.3 Protein separation and western blotting

Samples were separated by SDS-PAGE by the methods of Laemmli (Laemmli, 1970).
Proteins were transferred to a PVDF (Millipore) membrane for chemiluminescence detection,
using the TransBlot SD unit (Bio-Rad). Membranes were interrogated with anti-FLAG or anti-
GroEL antibodies per manufacturer’s instructions (Sigma). A secondary labeling step was carried
out with anti-Mouse IgG or anti-Rabbit IgG antibodies, as appropriate, per manufacturer’s
instructions (Thermo). Bands were visualized with west-pico chemiluminescent substrate
(Thermo) and imaged with a ChemiDoc XRS+ unit (Bio-Rad).

3.2.4 Protein purification

The SptP-DH-2xF-6xH protein was purified from bacterial culture. The E. coli strain
DH10B was used to express the protein and the culture was homogenized by sonication. Culture
homogenate was purified using a His GraviTrap column (GE Healthcare # 11-0033-99). Eluted
protein sample was separated by SDS-PAGE, stained with Coomassie G-250, and quantified using
densitometry relative to a bovine serum albumin standard (Thermo).

3.2.5 Secreted protein quantification

Supernatant samples were harvested from the cell culture as described earlier. Dried
supernatant samples were resuspended in an appropriate volume of Laemmli buffer, separated by
SDS-PAGE, and transferred to a nitrocellulose membrane (Whatman). The membrane was
interrogated with anti-FLAG (Sigma # F3165) and anti-Mouse 1gG-Cy5 (GE # PA45010)
antibodies. Membranes were imaged with a Typhoon 9410 imager (GE). The Multiple Tag protein
was used to generate a standard curve. The purified SptP-DH-2xF-6xH protein was used to
generate a correction to the standard protein standard curve to adjust for the FLAG epitope
differences. The purified SptP-DH-2xF-6xH protein was diluted in PBS to 10 mg/L and then
precipitated with TCA, as mentioned previously. Then, a quantitative western blot was run with
the standard protein to compare the signal at different concentrations, and a linear best fit was used
to correct the calculated value for the specific precipitation protocol and epitope differences.
ImageJ (Schneider et al., 2012) was used to quantify the signal by densitometry. Each peak was
manually bounded and the peak area was used to calculate the signal, without background
correction (Gassmann et al., 2009). The experiment was performed on different days in biological
triplicate. Error bars represent one standard deviation.

3.2.6 Flow cytometry

Samples were grown overnight in LB-L media, subcultured 1:100 in LB-L media, grown
for two hours to dilute overnight expression, and then subcultured 1:10 into fresh LB media with
the appropriate salt concentration, inducer, and antibiotic, as required. Culture samples were taken
every hour, with samples diluted into phosphate-buffered saline (PBS) with 2 mg/mL kanamycin
to 0.01-0.1 ODeoo and stored at 4 °C for analysis. After the induction was complete, all samples
were diluted to 0.001 ODsoo in PBS and analyzed by flow cytometry. For each sample, 10,000
events within a gated population determined to be cells were collected on a Guava easyCyte 8HT
flow cytometer (Millipore). Data analysis was performed in FlowJo 7.6.4 (Tree Star, Inc.). To
determine the fraction of cells from the population that are induced for SPI-1 gene expression,
cells were gated by green fluorescence above cellular autofluorescence. The experiment was
performed on different days in biological triplicate. Error bars represent one standard deviation.
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3.2.7 Beta-lactamase activity assay

Samples were grown overnight in LB-L media, then subcultured 1:100 in LB-L media and
grown for eight hours with “-T3SS” conditions. The cultures were pelleted by one centrifugation
step of 2,272 x g for 10 minutes and the supernatant was passed through a 0.45 um filter. Samples
were then subjected to a nitrocefin hydrolysis assay, per the substrate vendor (Sigma). 100 pL of
reaction buffer (0.1 M phosphate, 1 mM EDTA, 50g/mL nitrocefin (EMD Millipore), 0.5%
DMSO, pH 7) was mixed with 10 pL culture supernatant and the absorbance at 486 nm was
observed over time. The slope of the linear region was calculated and the initial reaction velocity
was calculated for & = 20,500 M cm™. The experiment was performed on different days in
biological triplicate. Error bars represent one standard deviation.

3.3 Results

3.3.1 hilA overexpression increases secreted protein titer

Typically, induction of secretion has been achieved by “+T3SS” growth conditions that
mimic the microanaerobic and high osmolarity conditions of the intestinal lumen (Tartera and
Metcalf, 1993; Widmaier et al., 2009). HilA is known to be an upstream positive regulator of the
SPI-1 T3SS (Bajaj et al., 1995; Lee et al., 1992), so we reasoned that controlled expression of this
transcription factor could induce secretion in the absence of the “+T3SS” condition. To this end,
an “upregulation vector” was generated, in which hilA is under control of the isopropyl g-D-1-
thiogalactopyranoside- (IPTG) inducible Piacuvs promoter on a low-copy vector. Since a cryptic
secretion-targeting sequence from the N-terminal sequence of native secreted proteins is required
for secretion (Widmaier and Voigt, 2010; Widmaier et al., 2009), an “export vector” was created
by fusing the N-terminal signal sequence from the native secreted protein SptP (Stebbins and
Galén, 2001; Widmaier et al., 2009) to the gene encoding a model protein of interest (POI). The
SptP signal sequence was previously shown to be required to direct the secretion of heterologous
proteins (Widmaier et al., 2009). The soluble catalytic DH domain from the human protein
intersectin-1L is the POI for the initial experiments described here (Ahmad and Lim, 2010; Yeh et
al., 2007). This fusion was placed under the control of the native SPI-1 effector promoter Psica.
The two vectors were then co-transformed into a derivative of S. enterica subsp. enterica serovar
Typhimurium str. SL1344. Under the appropriate inducing conditions, the SptP-DH-2xF-6xH
fusion protein is secreted by the T3SS in the presence or absence of the upregulation vector, and
controlled expression of hilA from the upregulation vector increased the yield of protein recovered
in the culture supernatant (Figure 3.2A). The secreted titer of the SptP-DH-2xF-6xH protein was
quantified to determine the improvement from hilA overexpression. Remarkably, hilA
overexpression increases the secreted titer by over 10-fold, and the highest secreted titer observed
was 28 £ 9 mg/L when grown in the “-T3SS” condition (Figure 3.2B).

To confirm that proteins recovered in the culture supernatant resulted from secretion by the
SPI-1 T3SS and not increased cell lysis, a probe was introduced to test for the presence of GroEL,
a soluble cytoplasmic chaperone, in the culture supernatant (Majander et al., 2005; Widmaier et
al., 2009). No significant accumulation of GroEL in the culture supernatant was observed,
indicating that hilA overexpression did not increase cell lysis (Figure 3.2A). Also, the titer of
secreted protein is greater with hilA overexpression in the “-T3SS” induction conditions, as
compared to the “+T3SS” conditions with and without hilA overexpression (Figure 3.2B). The
increased protein secretion observed with hilA overexpression requires a full T3SS. Protein
secretion is not observed in a strain with a genomic deletion of prgl (Figure 3.2C), which codes
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for a structural protein required for functional SPI-1-based secretion (Kimbrough and Miller,
2000).

Overexpression of hilA results in secretion in the absence of “+T3SS” environmental cues,
allowing for higher density cultures (Figure 3.2D) in addition to greater recovery of secreted
protein on a per-ODgoo basis (Figure 3.2A). Interestingly, overexpression of hilA does not retard
growth (Figure 3.2D), while growth in “+T3SS” conditions does suppress growth rate (Sturm et
al., 2011) and results in lower culture densities at stationary phase. Thus, increased volumetric
secreted protein titer from hilA overexpression (Figure 3.2B) can be attributed in part to increased
culture density in the “-T3SS” condition and in part to increased secretion on a per-ODsoo basis.
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Figure 3.2 Effect of hilA overexpression on secretion and cell growth. Cultures carrying the
upregulation vector were induced with 100 uM IPTG at the time of subculture and denoted
“+hilA”. Cultures that did not carry the upregulation vector are denoted “-hilA”. A. Western blot
of soluble cell fraction (“C”) and supernatant (“S’’) samples, with samples loaded equal ODgoo. B.
Quantification of SptP-DH-2xF-6xH secreted protein titer using the Psica DH export plasmid with
varying growth conditions and hilA overexpression. C. Western blot of soluble cell fraction and
supernatant samples of wild-type and prgl deletion strains, loaded equal ODego, from cultures
grown in the “-T3SS” condition. D. Growth of S. enterica. Cultures grown in the “-T3SS” and
“+T3SS” condition are denoted with a solid and dashed black line, respectively. Cultures without
and with hilA overexpression are marked with a circle and rectangle, respectively. For all
quantitative results, experiments were performed on different days in biological triplicate. Error
bars represent one standard deviation.
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3.3.2 hilA overexpression increases SPI-1 locus gene expression

hilA overexpression is known to increase SPI-1 gene expression (Bajaj et al., 1995, 1996;
Eichelberg and Galan, 1999; Sturm et al., 2011) and the number of secretion apparatus per cell
(Carleton et al., 2013). To confirm that the increased secreted protein titer correlates with hilA
overexpression, we quantified the activity of SPI-1 promoters in the context of our experimental
conditions. HilA directly activates invF and prgH operon expression and indirectly activates sicA
operon expression, which code for regulatory, structural, and secreted proteins, respectively
(Lostroh and Lee, 2001b). Therefore, a transcriptional reporter using green fluorescent protein
(GFP) was used to track the expression from these three promoters and cells were analyzed by
flow cytometry.

The expression of both the invF and prgH promoters increases with hilA overexpression
(Figure 3.3), and these promoters show a graded response, in agreement with reported results
(Temme et al., 2008). Growth of the cells in the “+T3SS” condition increased GFP signal from the
SicA promoter, relative to the “~T3SS” condition (Figure 3.4), but the fraction of cells induced was
similar (Figure 3.5). Additionally, the sicA promoter increased expression (Figure 3.4) as well as
the fraction of the population that is induced (Figure 3.5) upon hilA overexpression. Interestingly,
with hilA overexpression, nearly all of the cells are induced for Psica expression in the “-T3SS”
condition. For cells in the “~T3SS” condition, activity from the SicCA promoter increases between
three and four hours post-induction, while cells in the “+T3SS” condition have increased SiCA
promoter activity between two and three hours post-induction (Figure 3.5). For all promoters
tested, the leaky expression from the overnight culture was diluted by cell division early in the
experiment, causing a decrease in cellular fluorescence. When promoter activity was increased in
the log-phase cultures, the level of fluorescence increased as GFP production was greater than
dilution of GFP.
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Figure 3.3 Flow cytometry analysis of A. Pinve and B. PprgH activity. Representative histogram of
samples grown in different growth conditions with and without hilA overexpression. Cultures
carrying the upregulation vector were induced with 100 uM IPTG at the time of subculture and
denoted “+hilA”. Cultures that did not carry the upregulation vector are denoted “-hilA”. Cultures
grown in the “-T3SS” condition without and with hilA overexpression are denoted with a black
dash line and a black solid line, respectively. Cultures grown in the “+T3SS” condition without
and with hilA overexpression are denoted with a red dash line and a red solid line, respectively.
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Figure 3.4 Flow cytometry analysis of Psica activity. Representative histogram of samples grown
in different growth conditions with and without hilA overexpression. Cultures carrying the
upregulation vector were induced with 100 uM IPTG at the time of subculture and denoted
“+hilA”. Cultures that did not carry the upregulation vector are denoted “-hilA”. Cultures grown
in the “-T3SS” condition without and with hilA overexpression are denoted with a black dash line
and a black solid line, respectively. Cultures grown in the “+T3SS” condition without and with
hilA overexpression are denoted with a red dash line and a red solid line, respectively.
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Figure 3.5 Plot of fraction of cells exhibiting Psica activity from culture with and without hilA
overexpression in different growth conditions. Cultures carrying the upregulation vector were
induced with 100 uM IPTG at the time of subculture and denoted “+hilA”. Cultures that did not
carry the upregulation vector are denoted “-hilA”. Cultures grown in the “-T3SS” condition
without and with hilA overexpression are denoted with solid black squares, and a black dash line
and a black solid line, respectively. Cultures grown in the “+T3SS” condition without and with
hilA overexpression are denoted with open black circles, and a red dash line and a red solid line,
respectively. The experiment was performed on different days in biological triplicate. Error bars
represent one standard deviation.
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3.3.3 Secreted protein titer is a function of expression of both the POI and the secretion
system

In the previous experiments, the production and secretion of the target protein is coupled
through the use of the sicA promoter. To probe the dependence of expression timing and level on
the protein secretion phenotype, the tet promoter, which is controlled by anhydrotetracycline (aTc),
was employed to drive the expression of the POI, SptP-DH-2xF-6xH. Thus, expression of the gene
encoding the POI is induced orthogonally to SPI-1. First, the secreted protein titer was quantified
for the SptP-DH-2xF-6xH fusion protein under Pt control (Figure 3.6A). The highest titer for this
genetic construct was 16 £ 6 mg/L in the “-T3SS” condition with hilA overexpression. This titer
is on the same order as that for the Psica construct (Figure 3.2B).
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Figure 3.6 Effect of hilA overexpression on secreted protein titer when controlling SptP-DH-2xF-
6xH and SPI-1 production orthogonally (from previous page). A. Quantification of secreted
protein titer for the Pw: DH construct using a quantitative western blot. Cultures carrying the
upregulation vector were induced with 100 uM IPTG at the time of subculture and denoted
“+hilA”. Cultures that did not carry the upregulation vector are denoted “-hilA”. The experiment
was performed on different days in biological triplicate. Error bars represent one standard
deviation. B-D. All samples are “-T3SS” growth condition. Samples denoted “C” are soluble cell
pellet samples, and “S” are supernatant samples. All samples are loaded equal ODeoo. B. Western
blot of culture fractions with varying time of addition of inducer (100 ng/mL aTc) for SptP-DH-
2xF-6xH, the protein of interest (POI), relative to subculture and induction of the upregulation
vector (100 uM IPTG) at the time of the subculture. C. Western blot of culture fractions with
varying amount of POI inducer (aTc) added three hours after subculture and induction of the
upregulation vector (100 uM IPTG) at the time of the subculture. D. Western blot of culture
fractions with varying amount of hilA inducer (IPTG) added at the time of subculture. POI in this
experiment is under Psica control, which is hilA-dependent. The sample denoted “-hilA” did not
carry the upregulation vector.

To determine where the POI localizes, cultures were fractionated into culture supernatant
(“S”) and soluble cell pellet (“C”’) samples and analyzed by western blotting. The inducer aTc was
added at various times and concentrations such that the expression timing and level of the POI
could be manipulated. Delaying induction of the secreted protein for three hours (ODegoo ~ 0.6)
resulted in the greatest secreted titer, with minimal detectable SptP-DH-2xF-6xH protein
remaining in soluble form in the cell, when grown in the “-T3SS” condition (Figure 3.6B). As
expected, the overall production of the POI decreased with increasing induction delay (Figure
3.7A). The maximum secreted protein titer for cells grown in the “+T3SS” condition occurred
when the POI was induced at or before two hours post-subculture (Figure 3.8A), earlier than in the
“-T3SS” condition (Figure 3.6A). This result agrees with the induction dynamics of the sicA
promoter in the two growth conditions, in which Psica activity on a per cell basis increases after
two hours in the “+T3SS” condition and after three hours in the “-T3SS” condition (Figure 3.5).
Thus, maximal secreted protein titer is context-dependent and does not monotonically increase
with increasing expression (Figure 3.6 and Figure 3.7).
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Figure 3.7 Western blot of whole culture lysate samples grown in the “-T3SS” condition. A. Effect
of timing of POI induction (100 ng/mL aTc), with induction of the upregulation vector (100 pM
IPTG) at the time of the subculture. B. Effect of POI induction level, with induction of the
upregulation vector (100 uM IPTG) at the time of the subculture. C. Effect of hilA expression from
the upregulation vector. POI in this experiment is under Psica control, which is hilA-dependent.
The sample denoted “-hilA” did not carry the upregulation vector. For all blots, samples were
loaded equal ODgoo.
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Figure 3.8 Control of hilA and POI expression in "+T3SS" growth condition (from previous page).
All samples are “+T3SS” growth condition. Samples denoted “C” are soluble cell pellet samples,
and “S” are supernatant samples. All samples are loaded equal ODgoo. A. Western blots from
cultures with varying time of addition of POI inducer (100 ng/mL aTc), relative to subculture and
induction of the upregulation vector (100 uM IPTG) at the time of the subculture. i. Culture
fractions ii. Whole culture lysate. B. Western blot of cultures with varying amount of POI inducer
(aTc) added three hours after subculture and induction of the upregulation vector (100 uM IPTG)
at the time of the subculture. i. Culture fractions. ii. Whole culture lysate. C. Western blot of
cultures with varying amount of hilA inducer (IPTG) added at the time of subculture. POI in this
experiment is under Psica control, which is hilA-dependent. The sample denoted “-hilA” did not
carry the upregulation vector. i. Culture fractions. ii. Whole culture lysate.

Nonetheless, secretion of the target protein has a dependency on the expression level of the
POI (Figure 3.6C). Similar secreted titers were observed for inducer concentrations between 10
and 1000 ng/mL aTc, but overall expression also does not change for aTc concentrations over the
same range (Figure 3.7B), indicating that promoter activity may be limiting rather than secretion
capacity. The observed dose-dependency of secreted protein titer on aTc concentration is
consistently stronger for cultures grown in the “+T3SS” condition (Figure 3.8B) than in the “-
T3SS” condition.

The upregulation vector allows for control of SPI-1 expression by controlling hilA
expression with IPTG. The export plasmid encoding SptP-DH-2xF-6xH under Psica control was
used to measure the effect of hilA expression from the upregulation vector on secreted protein titer.
The titer increases with increasing IPTG concentration up to 1 mM IPTG (Figure 3.6D). Increasing
secreted protein titer with increasing IPTG concentration for the “+T3SS” growth condition was
also observed, though the maximum secreted protein titer is greatest in the presence of 100 uM
IPTG (Figure 3.8C). The timing of hilA overexpression was also modified and examined (Figure
3.9). Addition of IPTG between zero and two hours after subculture resulted in similar secreted
titer. Addition of IPTG more than two hours after subculture yielded much lower secretion titers.
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Figure 3.9 Effect of hilA induction on secreted protein titer. Strains carrying the upregulation
vector and the Psica sicP sptP-DH-2xF-6xH export vector were grown. All samples are “-T3SS”
growth condition with hilA overexpression (100 uM IPTG) added at different times, with respect
to the whole culture lysate. Cultures were fractionated into culture supernatant and whole cell
lysates. All samples are loaded equal culture volume, and no significant differences in final cell
density was observed for these cultures. These cultures were grown in 30 mL of media in 125 mL
shake flasks for 6.25 hours. Ladder shows apparent molecular weight in kDa.

3.3.4 hilA overexpression increases the secreted protein titer for diverse classes of proteins
and yields an active secreted enzyme

We next set out to test the generality of the hilA overexpression effect with respect to the
heterologous protein targeted for export. In addition to the model protein, DH, which is a domain
from an enzyme of human origin, the impact of HilA production was tested on the secretion of two
spider silk proteins (ADF3 and ADF4) and a bacterial enzyme (beta-lactamase, Bla). The export
vector was altered to include fusions to the appropriate genes for these proteins, and
overexpression of hilA indeed results in improvements in secreted protein titer for each protein
tested. Secreted protein was not detected by western blotting in the “+T3SS” condition, either with
or without hilA overexpression (data not shown). Additionally, increased secreted protein titer
from hilA overexpression is T3SS-dependent, as protein was not detected in the culture supernatant
fraction in the prgl mutant cells (Figure 3.10). The titer appears to be protein-dependent (Figure
3.11).
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Figure 3.10 Secretion of all proteins tested in WT and prgl strains. All samples are “-T3SS”
growth condition with hilA overexpression (100 uM IPTG). Cultures were fractionated into culture
supernatant and whole culture lysates. All samples are loaded equal ODsoo.
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Figure 3.11 Quantification of secreted protein titer for different POIs by quantitative western
blotting. Samples were grown in the “-T3SS” condition and with induction of the upregulation
vector (100 uM IPTG) at the time of the subculture. The experiment was performed on different
days in biological triplicate. Error bars represent one standard deviation.

The culture supernatant of samples expressing the SptP-Bla-2xF-6xH fusion was next
probed for enzyme activity as a proxy for protein folding after secretion. Fusions of Bla to the
other native effectors SipA and SopD are secreted and active in vivo (Raffatellu et al., 2005).
Secretion of SptP-Bla-2xF-6xH also results in detectable enzymatic activity in the culture
supernatant in vitro (Figure 3.12). When SptP-Bla-2xF-6xH is expressed in a prgl mutant, which
is incapable of SPI-1 secretion (Kimbrough and Miller, 2000), the protein is still expressed (Figure
3.13B), but the protein is not detected in the culture supernatant by western blotting (Figure 3.13A)
or by enzyme activity (Figure 3.12). Because secretion of protein from the SPI-1 T3SS requires
unfolding of the protein during translocation (Radics et al., 2013), these results suggest that the
SptP-Bla-2xF-6xH enzyme refolds after secretion to adopt an active conformation in the culture
supernatant post-secretion.
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Figure 3.12 Plot of the initial reaction velocity (Vo) for culture supernatant samples. Samples
denoted “-bla” are cultures carrying the Psica gfp plasmid. Samples were grown in the “-T3SS”
condition. Cultures carrying the upregulation vector were induced with 100 uM IPTG at the time
of subculture and denoted “+hilA”. Cultures that did not carry the upregulation vector are denoted
“-hilA”. The experiment was performed on different days in biological triplicate. Error bars
represent one standard deviation.
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Figure 3.13 Supporting data from activity assay for secreted beta-lactamase as presented in Figure
3.12. Samples denoted “-bla” are cultures carrying the Psica gfp plasmid. Samples were grown in
the “-T3SS” condition. Cultures carrying the upregulation vector were induced with 100 uM IPTG
at the time of subculture and denoted “+hilA”. Cultures that did not carry the upregulation vector
are denoted “-hilA”. A. Western blot of samples analyzed for beta-lactamase activity. Soluble cell
lysate sample added as a control for the western. Samples are loaded equal culture volume. B.
Western blot of whole culture lysate samples. Samples are loaded equal culture volume. C.
Representative raw activity assay data.

Given the presence of detectable enzyme activity only in cultures containing secretion-
capable cells, we reasoned that activity levels may correlate with the concentration of secreted
enzyme. Indeed, hilA overexpression resulted in an increased initial rate of reaction in the culture
supernatant relative to cultures grown in “-T3SS” conditions without hilA overexpression.
Moreover, in the absence of hilA overexpression, enzyme activity is greater than that from cultures
of the secretion-deficient prgl mutant strain. It should be noted that the level of secretion is too
low to detect by western blotting when hilA is not overexpressed in “-T3SS” conditions (Figure
3.13A), indicating that the enzymatic activity assay is more sensitive.

3.4 Discussion

Protein secretion to the extracellular space offers numerous advantages over recovery from
the cytosol. In particular this strategy minimizes proteolytic degradation and protein aggregation,
which are inherently less common in the dilute extracellular space. Moreover, secretion provides
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an initial purification event, and thus may simplify downstream sample purification (Choi and Lee,
2004; Georgiou and Segatori, 2005; Wurm, 2004). Previous attempts to secrete proteins with
bacteria are not robust for many different types of proteins, in part due to limitations of the
secretion machinery (Stader and Silhavy, 1990). Our results demonstrate that the use of the native
SPI-1 T3SS of S. enterica, coupled with the overproduction of the native transcription factor HilA,
results in a level of protein secretion up to 28 mg/L, over 10-fold higher than titers in the absence
of hilA overexpression in the same strain. Overexpression of hilA increases the number of cells
that express secretion system genes, the time during which cells expressed these secretion system
genes, and the number of secretion systems per cell (Carleton et al., 2013). Further optimization
of the secretion system in production culture conditions will likely result in even higher levels of
recovered protein in the culture supernatant.

Several differences between cellular phenotypes were observed in the “-T3SS” and
“+T3SS” growth conditions. The growth was much slower in the “+T3SS” condition, a
phenomenon observed previously (Sturm et al., 2011). This further highlights differences between
the two growth conditions as physiologically distinct and supports the use of hilA overexpression
to induce protein secretion in conditions that are conducive to cell growth, but not to endogenous
expression of the SPI-1 T3SS. For these experiments, hilA alleles are present both on the genome,
which permits induction by environmental conditions (Tartera and Metcalf, 1993), and on the
upregulation vector, which permits induction by addition of IPTG. Thus, the “+T3SS” conditions
induce greater expression of genomic hilA, relative to the “-T3SS” conditions, while hilA from the
upregulation vector is induced with IPTG in either condition. It is as yet unclear whether the slower
growth rate observed in the “+T3SS” condition is important for SPI-1 expression and protein
secretion in the native system. By expressing hilA from a plasmid, the retarded growth and protein
secretion phenotypes are decoupled to achieve high titer secretion of heterologous proteins.

As we and others observe, the native SPI-1 system is very sensitive to many different
growth parameters, such as dissolved oxygen, osmolarity, small molecules, and growth phase
(Tartera and Metcalf, 1993). By controlling the expression level of hilA, the secretion phenotype
can be manipulated as desired. It will likely be important to tune both HilA and POI production to
minimize protein aggregation and maximize secreted protein titer, particularly considering the
propensity of overproduced foreign proteins to aggregate (Schein, 1989). Previous reports on the
link between solubility and secretability support this hypothesis (Schein, 1993). In these
experiments, we hypothesized that production of a protein before the secretion machinery is
secretion-active results in a greater amount of aggregation in the cytosol, which decreases the
amount of soluble cellular protein to be secreted. It is important to note that we assume that
aggregated protein cannot be secreted and is not solubilized and secreted on the time scales in
which our experiments were conducted. Indeed, maximal secretion is observed for the POI under
the control of the synthetic tet promoter when the inducer molecule, aTc, was added three hours
after induction of hilA in the “-T3SS” condition (Figure 3.6B), mimicking the dynamics of the
endogenous regulation of the sicA locus. A mathematical model of sicA promoter activity supports
the hypothesis that this promoter is only active when cells are secretion-active, such that expression
of sptP and other effectors occurs only after the needle apparatus is actively secreting protein
(Temme et al., 2008). Also, given that the sicA promoter activity increases between three and four
hours post-induction (Figure 3.5), it logically follows that production of a secreted protein should
mimic the timing of the natural system, such that proteins secreted by the SPI-1 T3SS in the native
system, termed effectors, are only produced after the secretion system is assembled and active
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(Darwin and Miller, 2001; Darwin and Miller, 1999; Widmaier et al., 2009). This strategy would
limit production of effectors in non-secretion-active cells and decrease accumulation of effectors
in the cytosol of S. enterica (Darwin and Miller, 2001; Darwin and Miller, 1999; Widmaier and
Voigt, 2010). As observed in Figure 3.11, the effect of hilA expression on secreted protein titer is
protein-dependent. This may be explained by differences in the gene products. If a protein is more
aggregation-prone, then the increase in secreted protein titer from controlled hilA expression may
not be as large.

We also show that an enzyme, Bla, is secreted and active in the culture media. Secretion
by the T3SS requires unfolding and full linearization of the polypeptide (Radics et al., 2013). Thus
secreted Bla must refold and adopt an active conformation post-secretion in the culture media.
This is somewhat surprising given the differences in macromolecular crowding (macromolecule
density in the cytoplasm is ~100-400 mg/mL and the culture media density is ~1 mg/mL) and
absence of folding chaperones in the extracellular space (Ellis, 2001; Hingorani and Gierasch,
2014; Moran et al., 2010). It is worth noting that Bla is natively secreted to the periplasm by the
general secretory (Sec) pathway (Kadonaga et al., 1984), and the mechanism of the Sec pathway
also requires the protein to unfold during translocation and subsequently refold in the periplasm
(Driessen et al., 1998). However, the periplasm, like the cytoplasm, is also a very crowded, gel-
like environment (Wulfing and Plickthun, 1994b), so refolding of the secreted protein in the
periplasm occurs in a very different environment from the extracellular space. Enzyme activity-
based detection is specific, sensitive, and robust. The activity assay detected activity above
background for the sample without hilA overexpression, indicating that the enzymatic activity
assay is more sensitive than a western blot. The use of a simple enzyme-based spectrophotometric
assay can greatly increase the throughput of in vitro secretion experiments.
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CHAPTER 4

APPARATUS ENGINEERING FOR
INCREASED SECRETED PROTEIN
TITER

4.1 Introduction

Proteins that are secreted by the type 111 secretion system are secreted by a complex, multi-
component protein structure that is both inner- and outer-membrane embedded (Cornelis 2006).
This structure is highly regulated and the mechanism of this control is not well understood (Galan
et al. 2014). However, the secretion apparatus achieves very high secretion rates when in contact
with host cells that is not observed when grown in the absence of host cells (Schlumberger et al.
2005; Enninga et al. 2005). These data suggest that the secretion apparatus is activated for a higher
rate of secretion by an unknown mechanism (Galan et al. 2014).

The secretion apparatus itself is thought to play a role in controlling the identity and rate
of proteins secreted. The portion of the secretion machine structure that extends outward from the
outer membrane into the extracellular space is primarily composed of one protein, Prgl, that self-
assembles into a tubular, needle-like structure (Loquet et al. 2012). A cartoon model of Prgl
monomer, self-assembled needle, and the whole secretion apparatus is given in Figure 4.1. This
needle structure interacts with host cell membrane in the native context of pathogenicity of the
type 111 secretion system. It is thought that the needle regulates secretion activity of the secretion
apparatus. In this model, the secretion apparatus is activated via a conformational change in the
needle structure upon contact with a host cell membrane (Galan et al. 2014). The order of secretion
of different proteins is ordered and hierarchical (Lara-Tejero et al. 2011), and the ability to sense
host cell membranes may enable the controlled secretion of effector proteins only at relevant times.
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Figure 4.1 Cartoon of secretion machine structure. PDB: 2LPZ and 2KV7. Cartoon on the left
modified from Radics, Konigsmaier, and Marlovits 2013.

Activation of the secretion apparatus represents a possible mechanism by which bacteria
can regulate protein secretion in vivo. However, previous work has shown that the type I11 secretion
system is still able to secrete protein, including heterologous proteins, in the absence of host cells
(Metcalf et al. 2014; Azam et al. 2015; Widmaier and Voigt 2010; Widmaier et al. 2009; Fu and
Galan 1998). The secreted protein titers in these pure cultures do not achieve the secretion rate
predicted by direct observation of secretion into host cells (Enninga et al. 2005; Schlumberger et
al. 2005). In fact, the secreted protein titer that is experimentally achieved is on the very lower end
of the range predicted from experimental values (Section 1.7). These data suggest that the secretion
machine is functioning suboptimally in the absence of host cells. However, production of
heterologous proteins with bacteria is not cost effective with the addition of host cells. Artificial
methods to activate the secretion apparatus in the absence of host cells may increase secreted
protein titer.

Activation of the secretion apparatus has been suggested to occur via conformational
changes in the needle structure that are induced by interaction of the needle tip with host cell
membranes (Barison, Gupta, and Kolbe 2013; Blocker et al. 2008; Galan et al. 2014). Indeed, in
the type 111 secretion system of Shigella flexneri, mutations to the gene that codes for the needle
protein, mxiH, resulted in different secretion phenotypes, such as: constitutive secretion; higher
secreted protein titer; and differential secreted protein titer (Kenjale et al. 2005). The MxiH needle
has structural and function homology to the Prgl needle of S. enterica (Cornelis 2006). I
hypothesized that mutations to the gene that codes for the needle protein exist that will increase
the titer of secreted heterologous proteins. To test this hypothesis, prgl mutations were studied that
conferred new secretion phenotypes in the Shigella secretion system. In this chapter, | describe
several prgl mutations that give increased secreted protein titer.
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4.2 Materials and Methods

4.2.1 Strains and growth conditions

All S. enterica experiments used derivatives of the SL1344 strain (Hoiseth and Stocker
1981). The prgl deletion strain was constructed by the methods of Datsenko and Wanner and is
described in greater detail in Section 3.2.1. Strains used in this study are listed in Table 4.1.

Table 4.1 List of strains used in this chapter.

Strain name Comment Strain ID  Reference
Wild-type SL1344-derived lab strain ~ sKIJIM002  Widmaier et al., 2009
SL1344 prgl Deletion of prgli-231 with sKIJM085  Metcalf et al., 2014

pKD13 and FLP-out
SL1344 prgl::.cat-sacB Recombineered by method sKJM134  This study
of Thomason et al. 2014

SL1344 prgl-A Recombineered by method EV26 This study
of Thomason et al. 2014

SL1344 prglP4A Recombineered by method EV13 This study
of Thomason et al. 2014

SL1344 prglQ48A Recombineered by method EV14 This study
of Thomason et al. 2014

SL1344 prgl ™A Recombineered by method EV27 This study
of Thomason et al. 2014

SL1344 prgIP7oA Recombineered by method EV15 This study
of Thomason et al. 2014

E. coli TUCO1 genomic cat-sacB cassette  eKJM118 Thomason et al., 2014

All strains carried an upregulation vector (Piacuvs hilA) and 100 uM isopropyl p-D-1-
thiogalactopyranoside (IPTG) was added to the growth media at the time of subculture.
Electroporation was used for all transformations.

Cell growth was performed in 24-well blocks (Axygen). Cells were grown in an orbital
shaker at 37 °C at 225 rpm for 12-16 hr in LB-Lennox with appropriate antibiotics from colonies
on LB-Lennox Agar plate of freshly streaked frozen stocks of each strain. Cells were subcultured
1:100 into fresh LB-Lennox with appropriate antibiotics and IPTG and grown in an orbital shaker
for 8 hr at 37 °C and 225 rpm. Culture supernatant samples were harvested from the cell culture
by two sequential centrifugation steps of 2,272g for 10 minutes. Where indicated, samples were
precipitated in 20% trichloroacetic acid (TCA) overnight at 4 °C, washed twice with cold acetone
and dried by heating. Laemmli buffer was added to all samples to prepare for separation by SDS-
PAGE.

4.2.2 DNA manipulations

The Piacuvs hilA upregulation plasmids used in this chapter were both derived from the
BglBrick plasmid collection (Anderson et al. 2010). The p15a origin vector is described in Section
3.2.2. The colE1 origin vector was constructed as in Section 3.2.2, but the hilA insert was cloned
into the bglll and xhol restriction sites of the Piacuvs rfp vector (pKIJMO007).
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All prgl point mutations were performed on a plasmid copy of prgl using quickchange
mutagenesis. The WT prgl gene was amplified from the S. enterica str. SL1344 genome using the
primers listed in Table 4.2. The amplified prgl fragment was cloned into the bglll and bamHI
restriction sites of the Piacuvs rfp kan® colE1 plasmid from the BglBrick collection (Anderson et
al. 2010). Then, quickchange mutagenesis was used to mutate specific nucleotides in the prgl gene.
A list of primers used to perform prgl mutations is given in Table 4.3. The prgl plasmids created
are listed in Table 4.4

Table 4.2 Primers used to amplify WT prgl from S. enterica genome.
Sequence Used for the construction of:

FWD:
ATTAAGATCTTTAAAGAGGAGAAAGGTCATGGCAACACCTTGGTCAG Placuvs prgl
REV: taatggatccTTAACGGAAGTTCTGAATAATGGCAG

Table 4.3 Primers used to construct prgl site-directed mutations using quickchange mutagenesis.
Sequence Used for the construction of:

FWD: CTTGGTCAGGCTATGCGGATGACGTCTCAG prgl“*A mutant
REV: CTGAGACGTCATCCGCATAGCCTGACCAAG

FWD: CAAAACCCTCCGATGCGGCGCTACTGGC

REV: GCCAGTAGCGCCGCATCGGAGGGTTTTG

FWD: CTGGCGGCGTATGCGAGTAAGCTCTCG

REV: CGAGAGCTTACTCGCATACGCCGCCAG

FWD: GAGTAAGCTCTCGGAAGCGAACTTGTACCGTAACGC
REV: GCGTTACGGTACAAGTTCGCTTCCGAGAGCTTACTC
FWD: CGGTAAAAGTCTTTAAGGCGATTGATGCTGCCATTATTC
REV: GAATAATGGCAGCATCAATCGCCTTAAAGACTTTTACCG

prgl™#A mutant

prgl*A mutant

prg"* mutant

prgl®7%A mutant
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Table 4.4 Plasmids used in this chapter.

Plasmid name COOEJI[erO:Jnder inducible ORI abR IIDIIDasmld Reference
Pracuvs hilA hilA pl5a kan pKIMO035 1
Placuvs hilA hilA colEl kan pKIMO010 This study
Psica bla sicP; sptP-bla-2xF-6xH colEl cam pKIM112 1
Psica DH sicP; sptP-DH-2xF-6xH colEl cam pKIM026 1
Placuvs rfp rfp colEl kan pKIJMO007 2
Piacuvs prgl prgl colEl kan pKJIJMO020 This study
Pracuvs prgl=®*  prgl-* colE1 kan - This study
Pracuvs prgl®*  prglP44A colE1 kan pKIJMO056 This study
Placuvs prgl@#A  prgl@4eA colE1 kan pKIJMO051 This study
Placuvs prgl>*  prgl¥>4 colE1 kan - This study
Piacuvs prgl®®  prgIP70A colE1 kan pKJIMO052 This study
PorgH gfpmut2  gfpmut2 colEl cam pKJM002 3
Placuvs rfp rfp plba kan pKIM024 2
Pprgn N0 CDS - plba kan pKJIJMO054 This study
Pprgh prgl prgl pl5a kan pKIJMO71 This study
Piacuvs prgl™  prglP4A pl5a kan pKJIJMO065  This study
Placuvs prgl@A  prgl@4eA pl5a kan pKIJMO066 This study
Piacuvs prgl®®A  prgIP7oA plsa kan pKJIMO74 This study
pSIM6 gam; beta; exo pSC101® carb pKIJM105 4

Table references:

1. Metcalf, Kevin J., Casey Finnerty, Anum Azam, Elias Valdivia, and Danielle Tullman-Ercek.
2014. “Using Transcriptional Control to Increase Titers of Secreted Heterologous Proteins by the
Type I Secretion System.” Applied and Environmental Microbiology 80 (19): 5927-34.
doi:10.1128/AEM.01330-14.

2. Anderson, J. Christopher, John E. Dueber, Mariana Leguia, Gabriel C. Wu, Jonathan A. Goler,
Adam P. Arkin, and Jay D. Keasling. 2010. “BglBricks: A Flexible Standard for Biological Part
Assembly.” Journal of Biological Engineering 4 (1): 1-12. doi:10.1186/1754-1611-4-1.

3. Temme, Karsten, Howard Salis, Danielle Tullman-Ercek, Anselm Levskaya, Soon-Ho Hong,
and Christopher A Voigt. 2008. “Induction and Relaxation Dynamics of the Regulatory Network
Controlling the Type III Secretion System Encoded within Salmonella Pathogenicity Island 1.”
Journal of Molecular Biology 377 (1): 47-61. doi:10.1016/j.jmb.2007.12.044.

4. Datta, Simanti, Nina Costantino, and Donald L. Court. 2006. “A Set of Recombineering
Plasmids for Gram-Negative Bacteria.” Gene 379 (September): 109-15.
doi:10.1016/j.gene.2006.04.018.
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The Pprgn N0 CDS plasmid (pKIJMO054) was constructed using the ecoRIl and bamHI
restriction sites into a modified BglIBrick vector that had the promoter removed via linearization
of the backbone and recircularization via the ecoRI site (gift from Sergey Boyarskiy, UC,
Berkeley). The Pprgn prgl plasmids were constructed by amplification of each of the prgl alleles
carried in the Piacuvs vectors listed in Table 4.4 with the primers listed in Table 4.2. The PCR
inserts were cloned into the bglll and bamHI restriction sites of the Pprgn N0 CDS vector.

GAATTCaaaagatcttttaagaaggagatatacatatggcgagtagcgaagacgttatcaaagagttcatgcgtttc
aaagttcgtatggaaggttccgttaacggtcacgagttcgaaatcgaaggtgaaggtgaaggtcgtccgtacgaagg
tacccagaccgctaaactgaaagttaccaaaggtggtccgectgeccgttecgettgggacatcctgteccececgecagttece
agtacggttccaaagcttacgttaaacacccggctgacatcccggactacctgaaactgtceccttcececcggaaggttte
aaatgggaacgtgttatgaacttcgaagacggtggtgttgttaccgttacccaggactcctcecccectgcaagacggtga
gttcatctacaaagttaaactgcgtggtaccaacttccecgteccgacggtccggttatgcagaaaaaaaccatgggtt
gggaagcttccaccgaacgtatgtacccggaagacggtgctctgaaaggtgaaatcaaaatgcgtctgaaactgaaa
gacggtggtcactacgacgctgaagttaaaaccacctacatggctaaaaaaccggttcagctgccgggtgecttacaa
aaccgacatcaaactggacatcacctcccacaacgaagactacaccatcgttgaacagtacgaacgtgctgaaggtce
gtcactccaccggtgcttaaggatccaaactcgagtaaggatctccaggcatcaaataaaacgaaaggctcagtcga
aagactgggcctttcgttttatctgttgtttgtcggtgaacgectctctactagagtcacactggectcaccttegggt
gggcctttctgcgtttatacctagggatatattcecgettectegetcactgactecgectacgecteggtegttegactg
cggcgagcggaaatggcttacgaacggggcggagatttcctggaagatgccaggaagatacttaacagggaagtgag
agggccgcggcaaagccgtttttccataggctceccgeccececctgacaagcatcacgaaatctgacgctcaaatcagtyg
gtggcgaaacccgacaggactataaagataccaggcgtttccececctggeggecteccecctegtgegetetectgttectyg
cctttcggtttaccggtgtcattcecgectgttatggececgegtttgtctcattccacgectgacactcagttecgggta
ggcagttcgctccaagctggactgtatgcacgaacccccececgttcagtecgaccgectgegecttateccggtaactate
gtcttgagtccaacccggaaagacatgcaaaagcaccactggcagcagccactggtaattgatttagaggagttagt
cttgaagtcatgcgccggttaaggctaaactgaaaggacaagttttggtgactgcgectcecctccaagccagttaccte
ggttcaaagagttggtagctcagagaaccttcgaaaaaccgccctgcaaggecggttttttegttttcagagcaagag
attacgcgcagaccaaaacgatctcaagaagatcatcttattaatcagataaaatatttctagatttcagtgcaatt
tatctcttcaaatgtagcacctgaagtcagccccatacgatataagttgttactagtgecttggattctcaccaataa
aaaacgcccggcggcaaccgagcgttctgaacaaatccagatggagttctgaggtcattactggatctatcaacagg
agtccaagcgagctcgatatcaaattacgccccecgceccecctgceccactcatcgcagtactgttgtaattcattaagecatte
tgccgacatggaagccatcacaaacggcatgatgaacctgaatcgccagecggcatcagcaccttgtegecttgegta
taatatttgcccatggtgaaaacgggggcgaagaagttgtccatattggccacgtttaaatcaaaactggtgaaact
cacccagggattggctgagacgaaaaacatattctcaataaaccctttagggaaataggccaggttttcaccgtaac
acgccacatcttgcgaatatatgtgtagaaactgccggaaatcgtcgtggtattcactccagagcgatgaaaacgtt
tcagtttgctcatggaaaacggtgtaacaagggtgaacactatcccatatcaccagctcaccgtectttcattgeccat
acgaaattccggatgagcattcatcaggcgggcaagaatgtgaataaaggccggataaaacttgtgecttatttttet
ttacggtctttaaaaaggccgtaatatccagctgaacggtctggttataggtacattgagcaactgactgaaatgcecce
tcaaaatgttctttacgatgccattgggatatatcaacggtggtatatccagtgatttttttctccattttagectte
cttagctcctgaaaatctcgataactcaaaaaatacgcccggtagtgatcttatttcattatggtgaaagttggaac
ctcttacGTGCCGATCAACGTCTCATTT

Figure 4.2 Plasmid sequence for modified BgIBrick vector used to construct Pprgn prgl plasmids.

4.2.3 Recombineering

Recombineering was performed by the methods of Thomason et al. 2014. See the Appendix
for a more detailed protocol. Briefly, a strain of S. enterica was transformed with the pSIM6
plasmid, which contains the lamba Red recombinase genes and has a temperature-sensitive
replicon (Datta, Costantino, and Court 2006). Next, a linear dsDNA insert was prepared by PCR
amplification of the genome from the strain E. coli TUCOL to create a ~3.5 kb amplicon that was
subsequently desalted with a PCR clean-up kit (Promega). This insert was designed to have ~50
bp regions of homology to the desired S. enterica locus on the ends of the insert. The interior of
the insert contained a sequence for the cat-sacB cassette, which allows for positive and negative
selection. The primers used to amplify the cat-sacB cassette are listed in Table 4.5.
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Table 4.5 Primers used to amplify the cat-sacB cassette from the TUC01 genome.
Sequence Used for the construction of:

FWD:
AGGCCATTGGTATTTCCCAAGCCCACTTTAATTTAACGTAAATAAGGAAG
TCATTATCAAAGGGAAAACTGTCCATAT

REV:
TAACGGCATTCTCAGGGACAATAGTTGCAATCGACATAATCCACCTTATA
ACTGATGTGACGGAAGATCACTTCG

cat-sacB cassette

The strain carrying the pSIM6 plasmid was grown to an ODeoo 0f 0.4, shifted to 42°C for
15 minutes, and then rapidly cooled in an ice-water bath. The cells were then prepared for
electroporation and the strain was transformed with the cleaned-up PCR product. Cells were
recovered in SOC media for 1 hr and plated on LB agar plates containing 10 pg/mL
chloramphenicol. Colonies were checked by PCR and DNA sequencings for correct genomic
modification.

To replace the cat-sacB cassette, the new prgl allele was amplified from a plasmid carrying
the correct gene. Primers were designed to have ~50 bp regions of homology to the desired S.
enterica locus. Primers used to amplify the different prgl alleles from the plasmids listed in Table
4.4 are listed in Table 4.6. The procedure was performed as above, but electroporated cells were
recovered with SOC media and transferred to culture tubes with 10 mL LB-Lennox. Cells were
grown for 4 hr and plated on LB agar plates containing 6 % w/w sucrose without NaCl. Colonies
were checked by PCR and DNA sequencing for correct genomic modification. Strains created are
listed in Table 4.1.

Table 4.6 Primers used to amplify mutant prgl alleles from the plasmids listed in Table 4.4.

Sequence Used for the construction of:
FWD:
CCCAAGCCCACTTTAATTTAACGTAAATAAGGAAGTCATTATGGCAACAC
CTTGGTCAGG i
REV: prgl inserts
GGACAATAGTTGCAATCGACATAATCCACCTTATAACTGATTAACGGAAG
TTCTGAATAATGGC

4.2.4 Protein separation, staining, and western blotting

Culture samples were separated by SDS-PAGE with homemade 12.5% acrylamide gels.
Samples were run with equal culture volumes in the same gel, note that the ODegoo Were similar
between all samples. Gels were stained with Sypro Ruby per manufacturer’s instructions (Thermo
Fisher).

For western blots, proteins were transferred to a polyvinylidene fluoride (Millipore) using
the TransBlot SD unit or the Mini Trans-Blot Cell (Bio-Rad). No difference in transfer was
detected between the two methods. Membranes were interrogated with Mouse anti-FLAG
antibodies per manufacturer’s instructions (Sigma). A secondary labeling step was carried out with
Goat anti-Mouse I1gG (H+L), HRP conjugate antibodies, per manufacturer’s instructions
(Thermo). Bands were visualized with west-pico or west-femto chemiluminescent substrate
(Thermo) and imaged with a ChemiDoc XRS+ unit (Bio-Rad).
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4.3 Results

4.3.1 Prgl is homolog to MxiH

Kenjale, et al. reported new secretion phenotypes for MxiH mutants in S. flexneri. MxiH
is a Prgl homolog and the alignment of the protein sequences is given in Figure 4.3. Prgl has 65%
identity to MxiH, and the C-terminal domain has greater identity than the N-terminal domain. This
is not surprising, as the N-terminal domain is more structurally different between these two
proteins (Loquet et al. 2012).

Prgl 1 MATPWSG---YLDDVSAKFDTGVDNLQTQVTEALDKLAAKPSDPALLAAYQSKLSEYNLY 57

MxiH 1 MSVTVPNDDWTLSSLSETEFDDGTQTLQGELTLALDKLAKNPSNPQLLAEYQSKLSEYTLY 60
xe L. KX ek Kk ks kk sak ckkkkkk skkek kkk AAKAAAAK KK

Prgl 58 RNAQSNTVKVFKDIDAAIIQNER 80

MxiH 61 RNAQSNTVKVIKDVDAAIIQNFR 83

KAkAkhkkhkk Ak k keoekhkkeoehkkhkkhAkhAkhkkkh*k

Figure 4.3 Sequence alignment of MxiH of S. flexneri str. M90T and Prgl of S. enterica str.
SL1344. Alignment was performed with the ClustalW2 multiple sequence alignment program
(Larkin et al. 2007).

From the study by Kenjale et al., | selected three mutations (Table 4.7) identified to give
higher secretion of Ipa and Ipg effectors in uninduced overnight cultures and in congo-red-induced
cultures. These point mutations are given in Table 4.7, along with the corresponding mutation in
Prgl, as identified from the sequence alignment in Figure 4.3. These mutations would be tested as
an initial screen of the effect of Prgl sequence on secreted protein titer.

Table 4.7 Mutations that gave an increased secretion phenotype in Shigella, and the corresponding
mutation that was achieved in Prgl.

MxiH Prgl

P44A P41A
Q51A  Q48A
D73A  D70A

Two further mutations were tested to serve as negative controls. The mutation MxiHM2A,
which corresponds to Prgl“®A, resulted in a secretion-deficient strain (Kenjale et al. 2005). The
mutation MxiHY>™A, which corresponds to PrglY>*A, resulted in a secretion-defective mutant due
to a defect in needle self-assembly. These two mutations are used to demonstrate the ability to
modulate secreted protein titer both above and below wild type levels.

4.3.2 prgl does not complement on a plasmid

First, a plasmid-based strategy was attempted. This strategy had precedence; the Kenjale
et al. study used a mxiH" strain with a plasmid-based mxiH mutant allele (Kenjale et al. 2005), and
secretion of native effectors has been complemented in a prgl™ strain with a plasmid-borne prgl
(Kimbrough and Miller 2000). To replicate the study by Kimbrough and Miller, prgl alleles were
expressed on a plasmid under the control of PyrgH, Which is the native promoter that controls prgl
expression (Lostroh and Lee 2001). All strains carried the pKJMO010 upregulation vector to enable
transcriptional control of SPI-1 genes (Metcalf et al. 2014). Samples were taken 8 hr after
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subculture. Culture supernatant samples were separated by SDS-PAGE and the gel was stained
with Sypro Ruby to visualize proteins in the gel and is presented in Figure 4.4.

WT Prgl
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—‘ a A8 -~ .. .
43— . RS
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Figure 4.4 Sypro Ruby stained SDS-PAGE gel of culture supernatants. All strains carried the
pKJMO10 upregulation vector and a Pprgn prgl plasmid with the corresponding allele. Samples
were loaded equal culture volume. Samples were precipitated with trichloroacetic acid and loaded
equal culture volume.

The WT sample serves as a positive control. The bands present in this lane are characteristic
of native effectors found in the culture supernatant. The band at 72 kDa can be assigned to SipA,
a native effector of the SPI-1 T3SS (Kimbrough and Miller 2000; Widmaier et al. 2009). The
second lane comes from a culture that did not carry a prgl gene and serves as a negative control,
as this genotype is secretion-deficient (Kimbrough and Miller 2000). All complemented strains
had similar banding patterns to the negative control. This indicates that the plasmid-based system
was not able to complement protein secretion of native effectors in my system.

4.3.3 Mutation of genomic prgl gives increased secreted protein titer

Given the inability to complement the prgl deletion strain using a plasmid carrying prgl, a
recombineering-based approach was taken (Datta, Costantino, and Court 2006). Here, the genomic
copy of prgl was exchanged for a new allele in a scarless and markerless fashion. This procedure
proceeded in two steps, where the prgl gene was first replaced with a two-component selectable
marker allowing for both positive and negative selections, the cat-sacB cassette. Next, the new
prgl allele was recombined into the prgl locus, removing the cat-sacB cassette in the process.
Verification of allelic replacement was performed by amplification of the locus and Sanger
sequencing of the amplicon.

The effect of prgl allele on secreted protein titer was tested by western blot. Note that all
cultures carried the export plasmid and the upregulation plasmid (pKJMO035). First, the test protein
DH, a domain of the human protein intersectin (Section 3.3.1), was tested. The production of this
protein in the whole culture lysate was similar in the strains carrying different prgl alleles (Figure
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4.5). This indicates that expression of the DH fusion protein does not vary with prgl allele.
However, the culture supernatant shows a higher signal in the Prgl®*'A and Prgl®*®A mutants. This
indicates that the secreted protein titer is greater in these mutant strains, relative to wild-type prgl.
The PrgIP°A and PrglY**A mutants did not give secreted protein titer different from the WT strain.
No secretion of the DH fusion was detected in the Prgl“®A mutant.

Prgl allele
N\ W
$ o e

culture
supernatant (cs)

whole culture |.-
lysate (wcl)
Figure 4.5 Western blot of culture supernatant and whole culture lysate samples from cultures
producing DH fusion.

The effect of prgl allele on beta-lactamase (Bla) secretion was determined to test for the
generality of the effect on secretion. This protein is of bacterial origin and is structurally and
phylogenetically distinct from the DH protein. Indeed, increased secreted protein titer is seen for
the Bla fusion with the PrgI®*'A and PrgI®*®A mutants (Figure 4.6). Again, this effect is independent
of protein production, as the amount of fusion protein in the whole culture lysate is similar for all
prgl mutants tested. The trend of the effect of Prgl mutants on secreted titer held for Bla fusion,
as the PrgI®7%A and PrglY>** mutants showed secreted protein titers similar to WT, and no secreted
protein was observed for the Prgl-*4 mutant.
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Figure 4.6 Western blot of culture supernatant and whole culture lysate samples from cultures
producing Bla fusion.

4.4 Discussion

Increased protein secretion was observed in Prgl®*** and Prgl?4®* mutants (Figure 4.5 and
Figure 4.6). Similar production of the protein of interest indicates that prgl mutations did not
change protein production, but instead changed protein secretion. This effect was found with the
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secretion of both DH and Bla fusions, indicating that the effect may be general. Further, the Prgl-®A
mutation resulted in undetectable secretion, indicating that mutation to the prgl gene can result in
both increased and decreased secreted protein titer, relative to the wild type.

The effect of increased secreted protein titer from mutations to prgl may result from two
mechanisms: 1) increased duration in a secretion-active state; and 2) increased effective secretion
rate. These two mechanisms are not necessarily mutually exclusive, as the secretion-active state
may simply be a state where the secretion apparatus increases the effective secretion rate.
However, below I consider these two effects as distinct, but potentially related mechanisms.
Importantly, I rule out changes in protein production as explaining the increased secreted protein
effect, as there was no differences observed in overall production of the protein of interest in the
culture (Figure 4.5 and Figure 4.6).

Increased duration in a secretion-active state would increase the secreted protein titer due
to a longer amount of time spent actively secreting protein. To simplify the discussion here, |
consider a three-state system: 1) no secretion apparatus present; 2) low-secretion state, apparatus
present; and 3) high-secretion state, apparatus present (Section 1.6.1). In state 1, no secretion
occurs because the machinery that is necessary for secretion is not present. This may be the
situation at early times in the culture, before SPI-1 expression. State 2 may represent a basal
secretion rate, and this is the expected condition in the absence of host cells. When the secretion
apparatus is activated, it enters state 3, which is a highly active secretion state. If a prgl mutant
were to increase the duration in a secretion-active state, it would increase the proportion of time
spent in state 3. To test this hypothesis, one will likely need to be able to differentiate between
states 2 and 3. To date, no method exists to differentiate different secretion states. However, the
secretion apparatus is activated for secretion by contact with host cells (Zierler and Galan 1995)
and controls the sequential secretion order of several different natively secreted proteins (Lara-
Tejero etal. 2011). These data suggest maturation of the secretion apparatus and distinct functional
states. A potential indicator of distinct functional states is the maturation of the needle tip through
the addition of translocases that mediate attachment to host cells. The presence of the early needle
tip protein, SipD, and the later needle tip proteins, SipB and SipC, has been detected on live cells
using immunofluorescence microscopy (Lara-Tejero and Galan 2009). The presence of SipB and
SipC on the tip of the needle domain of the secretion apparatus may be an indicator of a high-
secretion state. However, this phenotype does not necessarily indicate a difference in functional
secretion states and would need further evidence to support this hypothesis.

The effective rate of secretion depends on the individual steps of secretion. Secretion is
known to initiate on the cytosolic side of the inner membrane via an unfolding event that is
catalyzed by the InvC unfoldase (Eichelberg, Ginocchio, and Galan 1994). The N-terminus of the
unfolded protein enters the lumen of the secretion apparatus first and the protein is translocated to
the extracellular space, where the unfolded protein is ejected. The energy that powers this chain of
events is not clear; ATP hydrolysis drives protein unfolding, but it is not known the energy that
drives unfolded protein translocation through the secretion apparatus (Galan et al. 2014; Barison,
Gupta, and Kolbe 2013; Lee and Rietsch 2015). Further, it is not clear how changes in the Prgl
sequence could result in differences in secretion rate, beyond activation of the needle to a high-
secretion state. Thus, | propose that mutations to Prgl modulate secretion by changing the
activation of the apparatus to a high-secretion state, and is not due to changing the intrinsic
secretion rate in this state.
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A recombineering-based approach was taken to introduce prgl mutations in situ. This was
done due to the inability to complement the prgl deletion strain with a plasmid-borne prgl (Figure
4.4). The ability to complement a prgl deletion strain has been reported previously (Kimbrough
and Miller 2000), so I discuss here differences between that study and mine that could explain this
discrepancy. | created a prgl deletion strain using the methods of Datsenko and Wanner (Datsenko
and Wanner 2000). This strain was created with the pKD13-derived insert, which may introduce
a polar effect (Datsenko and Wanner 2000). Note that the prgl gene is the second gene from the
5’ end in the seven-gene prg operon (Lostroh and Lee 2001). In the study by Kimborough and
Miller, an in-frame deletion of prgl was achieved by allelic exchange. Further, they showed
complementation of prgl in prgl deletion strains under the control of both Ppgn and Peap
(Kimbrough and Miller 2000). However, the phenotype that was complemented in that study was
secretion of native effectors without hilA overexpression. This is an important distinction, as 1 did
not seek to replicate the Kimborough and Miller study exactly. For the purpose of production and
secretion of heterologous proteins, culturing conditions and growth strategies are used to maximize
product yield.

The results in this chapter present a strategy for genome engineering of a bacterial strain
for increased secreted protein titer. The method described here is complementary to and distinct
from other approaches to engineer genomic DNA for improved phenotypes (Wang et al. 2009).
This recombineering strategy does not require inactivation of methyl-directed mismatch repair or
introduction of silent mutations. Further, longer sequences of DNA can be recombined when using
dsDNA. ssDNA-based strategies experience an upper limit of ~90 nucleotides per strand for
efficient recombination (Sawitzke et al. 2011; Wang et al. 2009). This strategy may be an efficient
method for the introduction of libraries of a given allele site-specifically, which has been shown
to be an efficient strategy in Saccharomyces cerevisiae (Ryan et al. 2014).
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CHAPTER 5

PROTEIN FOLDING AFTER TYPE Il
SECRETION

5.1 Introduction

Heterologous protein production is used to make protein products, such as therapeutics and
industrial enzymes, and enables researchers to study proteins that would otherwise be difficult to
isolate from their native source. In order for a protein to perform its function, the protein must
adopt a three dimensional structure that allows for proper function. When producing a
heterologous protein, it is desired to maximize both product titer and proper folding of the protein
of interest. Secretion of heterologous proteins to the extracellular space holds several advantages
over intracellular production: proteins accumulate outside the cell, limiting cytotoxicity associated
with intracellular accumulation; secretion serves as a first step of purification, as the cell
selectively secretes proteins to the extracellular space; and lysis of the production organism is not
required, enabling continuous protein production (Georgiou and Segatori 2005; Stader and Silhavy
1990). These advantages are apparent in the use of secretion in protein production processes that
use eukaryotic host organisms with a native propensity to secrete heterologous proteins, such as
Saccharomyces cerevisiae and Chinese hamster ovary cells.

The type Il secretion system (T3SS) is a protein secretion machine found in Gram-
negative pathogenic bacteria. This multimeric heteroprotein structure is characterized by a long
passageway that is 2-3 nm in internal diameter, termed the needle (Cornelis 2006). Given the
diameter of a typical folded protein, considerable unfolding of the protein is required in order to
fit through the needle. It is hypothesized that only secondary structures could exist in the secreted
protein during translocation. Indeed, cryo-electron microscopy of secretion suggests that proteins
are fully linearized before being ejected into the extracellular space (Radics, Kénigsmaier, and
Marlovits 2013). Proteins secreted by a T3SS have been previously shown to adopt a native
conformation after secretion, both in the extracellular space and when delivered to the cytoplasm
of a neighboring cell (Metcalf et al. 2014; Derouazi et al. 2008; Majander et al. 2005).

The constraints of this system present a unique condition for protein folding. Proteins are
secreted by the T3SS at a rate of 103-10* amino acids per second (Singer et al. 2012; Schlumberger
et al. 2005) (about 1-10 proteins per second) and must be unfolded in order to pass through the
T3SS (Radics, Konigsmaier, and Marlovits 2013). Thus, proteins are released rapidly into the
extracellular space in an unfolded and extended confirmation, in contrast the mechanism of co-
translational folding. Additionally, the extracellular space has a much lower macromolecule
concentration compared to inside the cell (Hingorani and Gierasch 2014). As a result, protein
folding post-secretion may resemble in vitro refolding in dilute solution. By capitalizing on this
feature of protein folding and coupling production with secretion, this T3SS-based approach may
hold advantages over industrial approaches that are based on inclusion body formation that
requires a separate refolding step. (Clark 2001).
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In this study, we tested the biochemical requirements for protein function to understand
protein folding following secretion by the T3SS. We used protein function (e.g., enzymatic activity
or antigen binding) as a proxy for folding. We investigated the ability two enzymes (beta-lactamase
and alkaline phosphatase) and one single-chain variable fragment (scFv) of an antibody to adopt
an active conformation after secretion. We found in all cases that protein secretion to the
extracellular space allows the production of functional, correctly folded protein product.
Moreover, we found that the concentration of sodium chloride in the culture medium could affect
both secreted protein titer and the fraction of secreted proteins that are correctly folded, allowing
for simultaneous optimization of both protein titer and folding.

5.2 Methods

5.2.1 Strains and growth conditions

All S. enterica experiments used derivatives of the SL1344 strain (Hoiseth and Stocker
1981). The prgl deletion strain was described by Metcalf et al. 2014. All strains were grown from
colonies from fresh transformations or fresh streaks from frozen stock in lysogeny broth (LB-
Lennox, LB-L) (10 g/L tryptone, 5 g/L yeast extract, and 5 g/L NaCl) (VWR #EM1.00547.5007)
with appropriate antibiotics (34 pug/mL chloramphenicol and/or 50 pg/mL kanamycin) for 12-16
hr at 37 °C and 225 rpm in an orbital shaker overnight. Overnight cultures were subcultured into
fresh LB-L media supplemented with 100 uM isopropyl B-D-1-thiogalactopyranoside (IPTG) and
the appropriate antibiotics. All culturing steps were performed in 24-well blocks (Axygen).

S. enterica strains were transformed with the plasmids listed in Table 5.1 using
electroporation. All experiments were performed using a two-plasmid system, with the
upregulation vector (Piacuvs hilA), as reported by Metcalf et al. 2014, in addition to the export
vector that carried the gene coding for the protein of interest (Widmaier et al. 2009). Controlled
overexpression of hilA allows for controlled expression of genes coding for both the secretion
apparatus and the protein of interest (Metcalf et al. 2014).
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Table 5.1 Plasmids used in this study.

Plamid name ORFs under inducible control ORI abR IIDIIDasmld Reference
Pacuvs hilA hilA pl5a  kan pKIMO35 %eﬁa'f etal,
Psica bla sicP; sptP-bla-2xF-6xH colEL cam pKIML12 %eﬁa'f etal,
Psica bI2ST2TS sicP; sptP-blaT"*TS-2xF-6xH colEl cam pKJIM129 This study
Psica bla®">® sicP; sptP-bla®"S-2xF-6xH colEl cam pKJIM142 This study
Psica bla®t213 sicP; sptP-bla21S-2xF-6xH colEl cam pKJIM130 This study
Psica phoA sicP; sptP-phoA-2xF-6xH colEl cam pKIM153 This study
Psica phoAS19%A  sjcP; sptP-phoASI%A-2xF-6xH  colE1 cam pKJIM225  This study
Psica phoAC1®8S  sicP; sptP-phoACi®S-2xF-6xH  colE1 cam pKJIM221  This study
Psica phoACL8S  sicP; sptP-phoAC®S-2xF-6xH  colE1 cam pKJIM222  This study
Psica phoAC285S  sicP; sptP-phoAC?8%5-2xF-6xH  colE1 cam pKJIM223  This study
Psica phoA®33S  sicP; sptP-phoAC335-2xF-6xH  colE1 cam pKJIM224  This study
Psica phoAT®R  sicP; sptP-phoATeR-2xF-6xH colE1l cam pKIM323 This study
Psica 14B7* sicP; sptP-14B7*-2xF-6xH colEl cam pKJIM175 This study
Psica 14B7*C405  sicP; sptP-14B7*4%5-2xF-6xH  colE1 cam pKJIM261 This study
Psica 14B7*C105  sicP; sptP-14B7*C105.2xF-6xH  cOlE1 cam pKJIM262  This study
Psica 14B7*C187S  sicP; sptP-14B7*C1%7S.2xF-6xH  colE1 cam pKJIM263  This study
Psica 14B7*%*1S  sicP; sptP-14B7*“%15-2xF-6xH  colE1 cam pKJIM264 This study

5.2.2 DNA manipulations

PCR was performed with Pfu DNA polymerase and the primers listed in Table 5.2.
Restriction enzymes and ligase (NEB) were used according to the manufacturer’s instructions. For
all cloning, E. coli DH10B cells were used. Mutations to Bla, PhoA, and 14B7* are specified with
respect to the full-length mature wild type protein. The bla gene was amplified from the plasmid
pTrc99A (Amann, Ochs, and Abel 1988). The phoA gene was amplified from E. coli MG1655.
The 14b7* gene was amplified from the plasmid pFLAG-APEx 14B7* (gift from the Georgiou

lab).
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Table 5.2 Primers used in this study. For each pair, the top row is the forward primer and the
bottom row is the reverse primer.

Sequence Used for the construction of:
FWD: GAACGTTTTCCAATGATGACCTCTTTTAAAGTTCTGCTATG bl ST71TS
REV: CATAGCAGAACTTTAAAAGAGGTCATCATTGGAAAACGTTC a mutant
FWD: CTTTTAAAGTTCTGCTAAGCGGCGCGGTATTATCCCG
REV: CGGGATAATACCGCGCCGCTTAGCAGAACTTTAAAAG
FWD: GACAGTAAGAGAATTAAGCAGTGCTGCCATAAC bl C121S
REV: GTTATGGCAGCACTGCTTAATTCTCTTACTGTC a mutant
FWD: attaggtctcaGCTTCGGACACCAGAAATGCCTG Psica SicP sptP-phoA-2xF-

REV: attaggtctcaCGCTTTTCAGCCCCAGAGCGG 6xH p|a3mid

FWD: CTACGTCACCGACGCGGCTGCATCAG hoASIO2A mutant
REV: CTGATGCAGCCGCGTCGGTGACGTAG pnho mutan
FWD: GACCTCGCGCAAAAGCTACGGTCCGAG

REV: CTCGGACCGTAGCTTTTGCGCGAGGTC

FWD: GCGACCAGTGAAAAAAGCCCGGGTAACGCTCTG
REV: CAGAGCGTTACCCGGGCTTTTTTCACTGGTCGC
FWD: GCCCGCAGTCACCAGCACGCCAAATCCGC

REV: GCGGATTTGGCGTGCTGGTGACTGCGGGC

FWD: CATGCTGCGAATCCTAGCGGGCAAATTGGCGAG
REV: CTCGCCAATTTGCCCGCTAGGATTCGCAGCATG
FWD: GGGGACTCGGAAATTCGCGCCGCACGTAATTATG HOATEOR
REV: CATAATTACGTGCGGCGCGAATTTCCGAGTCCCC pho mutant
FWD: aggtctcaGCTTGAGGCCCAGCCGGCCATG Psica SiCP SptP-14B7*-2xF-

REV: aggtctcaCGCTTGCGGCCGCGAATTCGG 6xH p|a3mid

FWD: GAGTCACCATCAGTAGCAGGGCAAGTCA 14B7%C49S mutant
REV: CTGACTTGCCCTGCTACTGATGGTGACTC

FWD: GATATTGGCACTTACTTTAGCCAACAGGGTAATACG
REV: CGTATTACCCTGTTGGCTAAAGTAAGTGCCAATATC
FWD: CTCAGTGAAGATTTCCAGCAAAGATTCTGGCTAC
REV: GTAGCCAGAATCTTTGCTGGAAATCTTCACTGAG
FWD: GCGGTCTATTTCAGIGCAAGGTCGGG

REV: CCCGACCTTGCACTGAAATAGACCGC

bla®"s mutant

phoAC88S mytant

phoAC18S mutant

phoA®285S mutant

phoA®33S mutant

14B7*C195 mytant

14B7*C167S mutant

14B7*C241S mytant

5.2.3 Protein separation and western blotting

Samples were separated by SDS-PAGE. Proteins were transferred to a polyvinylidene
fluoride (Millipore) membrane for chemiluminescence detection, using the TransBlot SD unit
(Bio-Rad). Membranes were interrogated with Mouse anti-FLAG antibodies per manufacturer’s
instructions (Sigma). A secondary labeling step was carried out with Goat anti-Mouse 1gG (H+L),
HRP conjugate antibodies, per manufacturer’s instructions (Thermo). Bands were visualized with
west-pico or west-femto chemiluminescent substrate (Thermo) and imaged with a ChemiDoc
XRS+ unit (Bio-Rad).

5.2.4 Protein purification

Culture homogenate was purified using a His GraviTrap column (GE Healthcare # 11-
0033-99). Eluted protein sample was separated by SDS-PAGE, stained with Coomassie G-250,
and quantified using densitometry relative to a bovine serum albumin standard (Thermo). Purified
protein samples were diluted in LB-L and stored at 4 °C for enzyme activity assays.
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5.2.5 Protein quantification

Supernatant samples were harvested from the cell culture as described earlier. Purified
protein samples were used to create four standards that were included with each blot to construct
a standard curve. Dried supernatant samples were resuspended in an appropriate volume of
Laemmli buffer, separated by SDS-PAGE, and transferred to a polyvinylidene fluoride
(Millipore). A linear least-squares regression of the standard samples were used to calculate the
concentration of each supernatant sample.

5.2.6 Beta-lactamase activity assay

Samples were grown overnight in LB-L media, then subcultured 1:100 in LB-L media and
grown for eight hours at 37 °C and 225 rpm. The cultures were pelleted by one centrifugation step
of 2,272 x g for 10 minutes and the supernatant was passed through a 0.45 um filter. Samples were
then subjected to a nitrocefin hydrolysis assay, per the substrate vendor (Sigma). 100 pL of
reaction buffer (0.1 M phosphate, 1 mM ethylenediaminetetraacetic acid, 50 g/mL nitrocefin
(EMD Millipore), 0.5% dimethyl sulfoxide, pH 7) was mixed with 10 pL culture supernatant and
the absorbance at 486 nm was observed over time. The reaction was performed in a disposible
UV-Transparent cuvette (BrandTech, part# 759215) without stirring at 37 °C. The absorbance at
486 nm was measured every 5 seconds for 60 seconds with a UV-Vis spectrophotometer
(Nanodrop, part# 2000c). The reaction was linear for the first 40 seconds of all reactions tested
and the change in the absorbance as a function of time was determined using a linear least-squares
fit. The initial reaction velocity was calculated using an extinction coefficient of 20,500 M cm™,
as specified by the vendor. The experiment was performed on different days in biological triplicate.
Error bars represent one standard deviation.

5.2.7 Alkaline phosphatase activity assay

Samples were grown overnight in LB-L media, then subcultured 1:100 in LB-L media and
grown for eight hours at 37 °C and 225 rpm. The cultures were pelleted by one centrifugation step
of 2,272 x g for 10 minutes and the supernatant was passed through a 0.45 pm filter. Samples were
then subjected to a para-nitrophenolphosphate assay, modified from Glasgow, et al. (Glasgow et
al. 2012). Briefly, supernatant samples were mixed with the appropriate volume of 1 M Tris (base),
pH 8.0 and 0.4 w/w% para-nitrophenolphosphate. For endpoint assays, multiple equal-volume
reactions were performed simultaneously in a 96-well microtiter plate and incubated at 37 °C
without shaking for at least 1 hour. The absorbance at 405 nm of each well was measured using a
Synergy HTX Multi-Mode Reader spectrophotometer (Bio-Tek). For kinetic assays, the reaction
was performed in a disposible UV-Transparent cuvette (BrandTech, part# 759215) without stirring
at 37 °C. The absorbance at 405 nm was measured every 5 seconds for 60 seconds with a UV-Vis
spectrophotometer (Nanodrop, part# 2000c). The reaction was linear for the first 40 seconds of all
reactions tested and the change in the absorbance as a function of time was determined using a
linear least-squares fit. The initial reaction velocity was calculated using an extinction coefficient
of 18,000 M cm™ as specified by the vendor. The experiment was performed on different days
in biological triplicate. Error bars represent one standard deviation.

5.2.8 Enzyme-linked immunosorbent assay (ELISA)

Samples were grown overnight in LB-L media, then subcultured 1:100 in LB-L media and
grown for eight hours at 37 °C and 225 rpm. The cultures were pelleted by one centrifugation step
of 2,272 x g for 10 minutes and the supernatant was passed through a 0.45 um filter. The wells of
a 96-well microtiter plate (Santa Cruz Biotechnology, Inc., part# sc-204463) was coated with 100
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ML of a solution of 4 pg/mL protective antigen (PA) of the anthrax toxin (List Biological
Laboratories, part# 171E) in 5 mM HEPES, 50 mM NacCl, pH 7.5 covered at 4 °C overnight. Liquid
was removed by inversion and wells were incubated with a 200 pL blocking solution (200 pL 2%
milk, 0.05% TBST) at room temperature for one hour. Liquid was removed by inversion and 100
pL filtered culture supernatant was added to the wells. Samples were incubated at room
temperature for 2 hours. Liquid was removed by inversion and wells were rinsed with 0.05% TBST
three times. Next, 100 pL of primary labeling solution (1:10,000 dilution of Mouse anti-FLAG
antibody (Sigma) diluted in 0.05% TBST) was added to the wells and incubated 1 hour at room
temperature. Liquid was removed by inversion and wells were rinsed with 0.05% TBST five times.
Then, 100 pL of secondary labeling solution (1:5,000 dilution of Goat anti-Mouse 1gG (H+L),
HRP conjugate antibodies (Thermo) diluted in 0.05% TBST) was added to the wells and incubated
1 hour at room temperature. Liquid was removed by inversion and wells were rinsed with 0.05%
TBST five times. 100 pL of 3,3",5,5'-Tetramethylbenzidine (TMB) Liquid Substrate (Thermo) was
added to the wells and incubated for approximately 20 minutes at room temperature. The reaction
was quenched with 100 pL 2 M H2SO4. Absorbance at 450 nm was measured using a Synergy
HTX Multi-Mode Reader spectrophotometer (Bio-Tek).

5.2.9 Cysteine alkylation

Filtered supernatant samples were precipitated with trichloroacetic acid (20% w/w final
concentration) overnight at 4 °C, washed twice with cold acetone, and dried by heating. Dried
samples were resuspended in 50 pL resuspension buffer (1 M Tris (base), pH 7.5, 3% w/w sodium
dodecyl sulfate). Resuspension buffer was supplemented with 10 mM tris(2-
carboxyethyl)phosphine (TCEP) for reduced samples, as necessary. Samples were incubated at
room temperature for 10 minutes. Next, 8.8 pL of 100 mM 4-acetamido-4'-maleimidylstilbene-
2,2'-disulfonic acid (AMS) was added to samples (final concentration is 15 mM), as necessary.
Samples to which AMS was not added were diluted with equal volume distilled water. Samples
were incubated at room temperature for 2 hours, protected from light. Samples were then mixed
with Laemmli buffer, boiled, and separated by SDS-PAGE, and bands were detected by a western
blot, as specified above.

5.2.10 Error estimation of Michaelis-Menten model

Error estimation was conducted using Matlab (Mathworks, R2014a). Biological replicates
were treated as independent samples. Three independent replicates were then analyzed for both
purified and secreted samples. Least-squares minimization was used to fit a modified Michaelis-
Menton model (Eqg. 5.1) to the measured values and determine the parameters k&:” and K.

v, k3]
E} K, +[5) &Y

where Vg is the initial reaction rate, [E]r is the total enzyme concentration, [S] is the
substrate concentration, and k&:” and Kw are fitting parameters. In this formulation, k&" refers to
the apparent rate constant, such that increasing the percentage of misfolded protein will decrease
the value of k&i". To compare the parameters from different treatments, a t-test (Eq. 5.2) was used
where the degrees of freedom was determined by the pooled sample size.
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t= ﬂl_ﬂz (52)

\/Sef —Se2

where t is the t-statistic, £ is the fitting parameter of interest (i.e., k&’ and Kv), and Se is
the standard error of the estimate calculated from the nonlinear regression. A p-value of 0.05 was
used to define significance.

5.2.11 Calculation of ffoig

First, we assume that secreted proteins exist in two states: state 1) catalytically active; and
state 2) catalytically inactive. Yet, the quantitative western blot assay experimentally determines
the total secreted protein concentration, [E]t, which includes both active (state 1) and inactive
(state 2) forms of the secreted enzyme (Eq. 5.3):

[E]T = [E]active + [E]inactive (53)

where [E]active is the concentration of secreted enzyme that is catalytically active (state 1)
and [ElJinactive 1S the concentration of secreted enzyme that is not catalytically active (state 2). We
then define a parameter, froig, that is the fraction of secreted enzyme that is active:

frola = [E[l]zajﬁve (5.4)

In this two state model, secreted enzymes in state 1 catalyze reactions with the rate constant
kcat, While secreted enzymes in state 2 do not catalyze reactions, and thus have a rate constant,
inactive

at e, equal to zero. We then apply this assumption to a modified Michaelis-Menten equation,
yielding Eq. 5.5:

d_P — kcat [E]active[s] + k(i:Z?Ctive[E]inactive[S] — kcat [E]T [S] f
fold
dt K, +[S] K,, +[S] K,, +[S]

(5.5)

We then define an apparent rate constant, k&i”, that is the observed reaction rate constant:

kapp = ffoldkcat (56)

cat

We combine Egs. 5.5 and 5.6 to yield Eq. 5.7:

o _kerlells)

cat
= 5.7
gt~ K, +[S] &7
Thus, we calculate the value of fiiq by taking the ratio of the values of the fitted parameters
k&t and kear. This allows for calculation of the fraction of total secreted protein that is folded,
using protein purified from the cytosol as a reference state that we assume to be exclusively in
state 1.
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5.3 Results

5.3.1 Secreted proteins are functional after secretion

Beta-lactamase (EC:3.5.2.6, class A) is a monomeric enzyme that forms one intrachain
disulfide bond, but is not required for activity (Schultz et al. 1987). No cofactors are required for
activity (Expasy). We previously reported that the enzyme beta-lactamase adopts a catalytically
active conformation after secretion by the T3SS (Metcalf et al. 2014). We confirmed that beta-
lactamase was indeed active in the extracellular space after secretion by the T3SS, and found that
enzymatic activity in the extracellular space was both enzyme- and secretion-dependent (Figure
5.1A). No secretion or activity was detected when secretion was prevented by deletion of the prgl
gene, which codes for an essential component of the SPI-1 T3SS (Kimbrough and Miller 2000).
No activity was detected when the catalytic site of the enzyme was knocked out (ST71TS)
(Dalbadie-McFarland, Neitzel, and Richards 1986), though the protein was still secreted. These
results indicate that detected activity in the extracellular space was due to a catalytically active
beta-lactamase. We mutated the two cysteine residues in beta-lactamase to serine to prevent
disulfide bond formation. Both mutant enzymes were secreted, and the C121S mutation resulted
in a catalytic activity similar to the wild type. Interestingly, the C75S mutation was not catalytically
active, in contrast to previous reports in the literature (Schultz et al. 1987). Differences in N- and
C-terminal modification may explain this difference—our secreted beta-lactamase bears a
substantial N-terminal secretion signal and C-terminal epitopes that may affect the essentiality of
Cys75.

The enzyme alkaline phosphatase (EC 3.1.3.1, isozyme 1) requires the acquisition of two
Zn?* and one Mg?* cofactors, dimerization, and the formation of two intrachain disulfide bonds
for catalytic activity (Stec, Holtz, and Kantrowitz 2000). Catalytic activity in the extracellular
space was detected, indicating that alkaline phosphatase folded and satisfied all structural
requirements for activity in the extracellular space (Figure 5.1B). No secretion or activity was
detected when secretion was prevented by deletion of the prgl gene, and no activity was detected
when the catalytic site of is knocked out (S102A) (Butler-Ransohoff et al. 1992), though the
protein was still secreted. Systematic mutation of each of the four cysteines to serine to prevent
disulfide bond formation resulted in secreted but catalytically inactive enzyme. In addition, no
activity was detected after chemical reduction of wild type alkaline phosphatase with 10% v/v 2-
mercaptoethanol. Further, no activity was detected in a monomeric alkaline phosphatase mutant
(T60R) (Boulanger and Kantrowitz 2003), though this mutant protein was still secreted. Together,
these data indicate that alkaline phosphatase folds into a catalytically active conformation,
including the correct formation of disulfide bonds, in the extracellular space after secretion by the
SPI-1 T3SS.

A single-chain variable fragment (scFv) of an antibody is a monomeric protein that forms,
but does not necessarily require, two intrachain disulfide bonds. 14B7* is an scFv of a mouse 1gG
antibody that binds to the protective antigen (PA) of the anthrax toxin (Leysath et al. 2009; Little,
Leppla, and Cora 1988). Binding of secreted 14B7* to PA was detected by ELISA (Figure 5.1C).
No secretion or activity was detected when secretion is prevented by deletion of the prgl gene.
Systematic mutation of each of the four cysteines to serine to prevent disulfide bond formation
resulted in secretion and antigen binding, though each of the four mutants exhibited lower binding
than wild type. Binding activity equivalent to wild type was detected after chemical reduction of
wild type 14B7* with 10% 2-mercaptoethanol.
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Figure 5.1 Secreted proteins adopt functional conformations (from previous page). Activity or
ELISA signal is given for samples analyzed from the culture supernatant. Genetic modifications
described are with respect to the mature native protein sequence of the POI in the fusion. All
proteins are of the format SptP-POI-2xFLAG-6xHIS. Results are plotted for the POIs A. Bla B.
PhoA C. 14B7*. The mean is plotted from three biological replicate experiments and the error bars
represent one standard deviation. Western blots are representative of the samples analyzed in the
functional assays.

5.3.2 Secreted proteins form disulfide bonds

The presence of disulfide bonds in secreted proteins was confirmed by selective cysteine
alkylation with the reagent 4'-acetamido-4'-maleimidylstilbene-2,2'-disulfonic acid (AMS). AMS
selectively adds to free thiols, adding ~500 Da of mass with each addition. It will not covalently
modify cysteines that participate in a disulfide bond. Reduction of the protein sample with tris(2-
carboxyethyl)phosphine (TCEP) will reduce disulfide bonds and convert all cysteines to the free
thiol form. Thus, we can observe the disulfide bond state of a protein by detecting changes in
molecular weight resulting from redox-dependent protein modification by AMS (Sechi and Chait
1998). Greater cysteine modification will result in a protein that migrates more slowly in a
denaturing polyacrylamide gel. For all proteins tested, the N-terminal SptP secretion signal
sequence contains a cysteine residue at position 112 that is not expected to participate in a disulfide
bond and is thus a free thiol. Indeed, a shift in migration was detected when all proteins are
modified with AMS without TCEP pretreatment, indicating that the cysteine in the SptP secretion
signal sequence is modified (Figure 5.2, lane 3).

Disulfide bonds were detected in beta-lactamase (Figure 5.2A). This protein contains one
intrachain disulfide bond in the native protein, giving a total of three cysteine residues in the fusion
protein. An increase in apparent molecular weight was observed when the protein was modified
with AMS after TCEP pretreatment, indicating that the protein contained a disulfide bond in the
extracellular space. Disulfide bonds were also detected in both alkaline phosphatase and the 14B7*
scFv (Figure 5.2B and C). Both of these proteins contain two intrachain disulfide bonds in the
native protein, giving a total of five cysteine residues in the fusion protein. When the sample was
pretreated with TCEP before modification with AMS, a further increase in apparent molecular
weight was observed, indicating that disulfides were present in the secreted protein.
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Figure 5.2 Western blots of secreted fusion protein samples subjected to the selective alkylation
procedure separated by SDS-PAGE. All proteins are of the format SptP-POI-2xFLAG-6xHIS.
Representative images are presented from a western blot for the POIs A. Bla B. PhoA C. 14B7*.

5.3.3 Specific activity of secreted enzymes is affected by salt concentration in growth
medium

Activity of the secreted enzymes was compared with enzyme purified from the cytosol.
While activity of the secreted enzymes was detected as shown in Figure 5.1, it was not clear what
fraction of the secreted enzymes were active. We define the parameter friq as the fraction of
functional secreted protein, relative to the same protein fusion purified from the cytoplasm.
Briefly, we assume that secreted enzymes that are folded are also active and catalyze reactions
with rate keat, While misfolded secreted enzymes do not contribute to catalysis. The sample thus
catalyzes reaction with an apparent rate constant, k", that is less than or equal to kcat (See Section
5.2.11 for a thorough description of the froi parameter and the apparent rate constant k).
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Beta-lactamase and alkaline phosphatase were purified from the cytosol and the enzyme
concentration, [E]r, and the kinetic parameters K, k&i”, and Vimax were calculated for each sample.
In addition, the same kinetic parameters were calculated for secreted enzyme (Table 5.3). First,
this analysis was performed in standard production media (Lysogeny Broth, Lennox; 5 g/L NaCl)
(Metcalf et al. 2014).

Table 5.3 Analysis of refolding efficiency of secreted enzyme in the culture supernatant, relative
to purified, soluble cellular enzyme. Uncertainty is given as standard error of the estimate and is
propagated for the frig calculation. All experiments were performed three times in biological
replicate. Parameters for secreted samples were calculated for samples generated in LB media with
5 g/L NaCl.

secreted purified
Protein ken® (s1) Km (UM) ker® (s1) Km (UM) frold
Bla 384 28+ 11 248 £ 11 42+ 6 0.15x£0.02
PhoA 22+2 100 £ 40 26+2 230 =80 0.85+0.10

The fraction of secreted beta-lactamase enzymes that are active was 15 + 2 %, relative to
the purified form. The Kinetic parameters Km and k& of the purified beta-lactamase fusion
compared well with published values for the wild type enzyme for the nitrocefin substrate (110
UM and 900 sec, respectively) (Sigal et al. 1984). No statistically significant difference in the
value of Km was found between purified and secreted beta-lactamase fusion. However, the secreted
and purified forms of beta-lactamase significantly differed in the calculated apparent rate constant,
két” (p < 0.05), suggesting a folding defect in the secreted enzyme, relative to the enzyme purified
from the cell.

The fraction of secreted alkaline phosphatase enzymes that are active was 85 + 10 %,
relative to the purified form. Both kinetic parameters, Km and k&, of the purified alkaline
phosphatase fusion were significantly different from the published values for the wild type enzyme
for the para-nitrophenylphosphate substrate (35 + 5 pM and 176 + 6 sec, respectively)
(Wojciechowski and Kantrowitz 2002). It should be noted that these reported kinetic parameters
reported by Wojciechowski and Kantrowitz were calculated for reactions performed at 25 °C in a
Tris-buffered solution, while all reactions with alkaline phosphatase in this study were conducted
at 37 °C in LB media, prohibiting a direct comparison of the values. No statistically significant
differences in the values of Km and k&i” were found between purified and secreted alkaline
phosphatase fusion. Thus, the activity of the alkaline phosphatase fusion studied in this work did
not experience a significant folding defect after secretion, compared to protein purified from
soluble cytosolic fraction. It should be noted that while the value of Kv for the secreted and purified
samples was not statistically significantly different, the large difference in Km between the samples
may indicate that the folding of alkaline phosphatase is not well described by our simple two-state
model (see Section 5.2.11 for details on two-state model).

We attempted to increase the parameter fio1q by changing culturing conditions. By changing
the components in the growth medium, we hypothesized that the folding of secreted protein could
be modulated. The ionic strength of a solution is known to affect protein folding, likely through
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charge-charge interactions (Song, Cho, and Raleigh 2007). The concentration of NaCl in the
growth medium was varied between 5 and 17 g/L (0.09 and 0.3 M, respectively). The activity was
then calculated using activity assays and quantitative western blotting, as above. Interestingly,
activity of secreted beta-lactamase monotonically increased with increasing [NaCl]. However,
secreted protein titer also increased monotonically with increasing [NaCl] (Figure 5.3A.i). As a
result, the activity of beta-lactamase at saturating concentrations of substrate increased with NaCl
concentration in the growth medium, but the increased activity in Figure 5.3A.i was due to both
increased enzyme concentration and increased froig (Figure 5.3A.ii). Further, the calculated value
of Km for secreted beta-lactamase was not significantly different between the three media
conditions tested (Figure 5.3A.iii).

The effect of NaCl in the growth media had an opposite effect on alkaline phosphatase. No
change was observed in secreted protein titer or activity at saturating concentrations of substrate
(Figure 5.3B.i). The value of fiiq did not change at low concentrations of NaCl but decreased at
the highest salt concentration (Figure 5.3B.ii). The calculated value of Ku for secreted alkaline
phosphatase was not significantly different between the three conditions tested (Figure 5.3B.iii).
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Figure 5.3 Salt and media can change secreted protein titer and folding efficiency (from previous
page). Both proteins studied are in the fusion format SptP-POI-2xFLAG-6xHIS. For all plots,
unless specified, the mean of three biological replicates is plotted, except where noted by the
symbol * to indicate two biological replicates. Error bars represent one standard deviation, unless
noted. A. i. Plot of raw activity of secreted Bla as a function of growth media with representative
western blot of analyzed samples. ii. Plot of friq for secreted beta-lactamase as a function of growth
media. iii. Plot of Kv for secreted beta-lactamase as a function of growth media. Error bars
represent the standard error of the estimate. B. i. Plot of raw activity of secreted PhoA as a function
of growth media with representative western blot of analyzed samples. ii. Plot of fsiq for secreted
alkaline phosphatase as a function of growth media. iii. Plot of Kyv for secreted alkaline
phosphatase as a function of growth media. Error bars represent the standard error of the estimate.

5.4 Discussion

Pure and correctly folded protein is desired when producing a heterologous protein.
Production of heterologous proteins via secretion to the extracellular space holds many advantages
over intracellular accumulation: purification is simplified; cytotoxicity is alleviated; and cell lysis
is not required (Georgiou and Segatori 2005; Stader and Silhavy 1990). The production and
secretion of heterologous proteins can be achieved using the T3SS of various Gram-negative
bacteria (Majander et al. 2005; Widmaier et al. 2009; Singer et al. 2012; Derouazi et al. 2008;
Azam et al. 2015). However, the mechanism of protein secretion requires an unfolding event
during translocation (Radics, Kénigsmaier, and Marlovits 2013). For this production strategy to
be effective, the protein should fold into a functional conformation after secretion. This event must
occur in the extracellular space, a region of the cell culture thought to be devoid of molecular
chaperones that assist in protein folding. By testing for protein function, the folded state of the
protein is probed, as only folded proteins are expected to be functionally active. The protein
function assays are sensitive enough to give information on the folded state of the protein of
interest in a heterogeneous, dilute protein mixture.

Previous studies have demonstrated the ability of heterologous proteins secreted by a T3SS
to adopt active conformations (Majander et al. 2005; Metcalf et al. 2014; Derouazi et al. 2008). In
this study, we studied the ability of secreted proteins with different chemical and structural
requirements to adopt active conformations. The enzyme beta-lactamase folds into a catalytically
active tertiary structure (Figure 5.1A). The enzyme alkaline phosphatase adopts a catalytically
active tertiary structure, forms a dimer and two intrachain disulfide bonds, and acquires one Mg?*
and two Zn?* ions per chain (Figure 5.1B). The scFv 14B7* folds into a tertiary structure that
permits antigen binding (Figure 5.1C). These data demonstrate that proteins can adopt active
confirmations after secretion. Furthermore, in the extracellular space—an area thought to be
devoid of molecular chaperones that aid in folding inside the cell—formation of disulfide bonds,
multimerization, and acquisition of metal ion cofactors can still occur. We hypothesize that these
interactions occur spontaneously in the extracellular space. The cultures are grown aerobically,
and it is likely that the oxidizing environment of the culture medium allows for disulfide bond
formation. Further, the growth media is not chemically defined and likely contains trace metals.
Nonetheless, it is surprising that these proteins are able to adopt active conformations in the
extracellular space after secretion.
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A comparison of the specific activity of secreted and purified cellular enzyme was
performed to compare the fraction of secreted proteins that adopt active conformations in the
extracellular space. Secreted enzyme that is catalytically inactive will decrease the apparent rate
constant, k&:. Indeed, beta-lactamase had a lower value of k&i" in the secreted sample, compared
to the purified (Table 5.3). This suggests that only a fraction of the secreted enzyme adopts an
active conformation after secretion. We speculate that this is due to misfolding or aggregation.
Increasing the ionic strength of a solution has been shown to increase the thermodynamic stability
of a folded monomeric protein (Song, Cho, and Raleigh 2007), increasing the concentration of
NaCl in the growth medium from 5 to 17 g/L increased froid Of Secreted beta-lactamase by almost
three-fold (Figure 5.3A.ii). This indicates that the ability of the secreted protein to adopt an active
conformation after secretion may be dependent on the chemical environment in which it folds.
Secreted alkaline phosphatase had a k&i® value similar to the purified sample, such that frq is 85
+ 10% for the 5 g/L NaCl sample (Table 5.3). This indicates that the fraction of folding for secreted
alkaline phosphatase is similar to the folding when the enzyme is purified from the soluble cellular
fraction. Increasing the concentration of NaCl from 5 to 10 g/L in the culture medium did not
increase the value of froiq (Figure 5.3B.ii). However, the value of friq decreased at the highest media
NaCl concentration. This effect could be due to increased charge screening at high solution ionic
strength, as charge-charge interactions are known to be important in dimerization of alkaline
phosphatase (Boulanger and Kantrowitz 2003; Torriani 1968).

Understanding protein folding after secretion is important for improving protein
production. Large-scale protein production often involves production of the protein of interest in
inclusion bodies, which are then solubilized and refolded. Parallels exist between protein folding
in the extracellular space and inclusion body solubilization followed by protein refolding in vitro.
In an in vitro refolding procedure, the inclusion body is solubilized in a high concentration solution
of a chaotrope, such as guanidinium chloride. This also unfolds the proteins in the inclusion body.
The solution is then diluted to allow for proteins to fold into a native conformation. Dilution
decreases the concentration of protein in solution in addition to decreasing the concentration of
chaotrope. The lower concentration of protein in solution improves protein refolding, as each chain
is less likely to form interchain aggregates. Secretion of protein to the extracellular space mimics
this process, as the extracellular space also has a lower protein concentration, relative to inside the
bacterial cell. The needle structure of the T3SS extends ~50 nm from the outer membrane (Kubori
et al. 1998), potentially beyond any extracellular cellular structures, such as the lipopolysaccharide
layer. Thus, we speculate that proteins secreted by the T3SS to the extracellular space will
experience a folding environment that, as in in vitro refolding, can be tailored to increase the
folding of the secreted protein. In addition to allowing the facile production of correctly folded
heterologous protein in the supernatant of bacterial culture, protein secretion by the T3SS offers a
unique condition to study protein folding. Refolding of proteins after secretion may access
different folding trajectories than found in co-translational or in vitro folding conditions. Given
the rate and directionality of secretion, proteins may fold in a unique vectorial folding pathway.
Further, the unfolded conformations that are accessible to the protein during secretion are likely
constrained, which in turn may change the conformations that are accessible after secretion. We
anticipate that this system will provide a unique folding environment for future study.
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APPENDIX

RECOMBINEERING PROTOCOL

Protocol for recombineering adapted from Thomason et al. 2001 for genetic manipulations
in S. enterica.

A.1 Reminder

Put sterile water in the refrigerator and turn on the water bath at the beginning of the day
of recombineering. Double check that the water bath has enough water to cover the Erlenmeyer
flask up to the level of the subcultures.

Always construct your desired ApE files for the first and second round before ordering
primers to ensure that your genetic manipulations are as intended.

Court suggests the exclusive use of LB-Lennox for liquid media as there is better
recombination efficiency, compared with LB-Miller. This protocol reflects that recommendation,
though I bet that LB-Miller might work in a pinch.

A.2 Materials
LB-Lennox
5 g/L NaCl
5 g/L yeast extract
10 g/L tryptone

LB-sucrose-agar
5 g/L yeast extract
10 g/L tryptone
60 g/L sucrose
15 g/L agar
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A.3 DNA sequence of cat-sacB cassette
TGTGACGGAAGATCACTTCGCAGAATAAATAAATCCTGGTGTCCCTGTTGATACCGGGAAGCCCTGGGCCAACTTTT
GGCGAAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGCGTA
TTTTTTGAGTTATCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGA
TATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTC
AGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTT
GCCCGCCTGATGAATGCTCATCCGGAATTCCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCA
CCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGC
AGTTTCTACACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAG
AATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTT
CTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTGGCGATTCAGGTTC
ATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGC
GGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTGGTTGCTACGCCTGAATAAGTGATAATAAGCG
GATGAATGGCAGAAATTCGAAAGCAAATTCGACCCGGTCGTCGGTTCAGGGCAGGGTCGTTAAATAGCCGCTTATGT
CTATTGCTGGTCTCGGTACCCGGGGATCGCGGCCGCGGACCGGATCCCATCACATATACCTGCCGTTCACTATTATT
TAGTGAAATGAGATATTATGATATTTTCTGAATTGTGATTAAAAAGGCAACTTTATGCCCATGCAACAGAAACTATA
AAAAATACAGAGAATGAAAAGAAACAGATAGATTTTTTAGTTCTTTAGGCCCGTAGTCTGCAAATCCTTTTATGATT
TTCTATCAAACAAAAGAGGAAAATAGACCAGTTGCAATCCAAACGAGAGTCTAATAGAATGAGGTCGAAAAGTAAAT
CGCGCGGGTTTGTTACTGATARAGCAGGCAAGACCTAARATGTGTARAGGGCARAGTGTATACTTTGGCGTCACCCC
TTACATATTTTAGGTCTTTTTTTATTGTGCGTAACTAACTTGCCATCTTCAAACAGGAGGGCTGGAAGAAGCAGACC
GCTAACACAGTACATAAAAAAGGAGACATGAACG

AAAGAAAATGCCGATATTGACTACCGGAAGCAGTGTGACCGTGTGCTTCTCAAATGCCTGATTCAGGCTGTCTATGT
GTGACTGTTGAGCTGTAACAAGTTGTCTCAGGTGTTCAATTTCATGTTCTAGTTGCTTTGTTTTACTGGTTTCACCT
GTTCTATTAGGTGTTACATGCTGTTCATCTGTTACATTGTCGATCTGTTCATGGTGAACAGCTTTAAATGCACCAAA
AACTCGTAAAAGCTCTGATGTATCTATCTTTTTTACACCGTTTTCATCTGTGCATATGGACAGTTTTCCCTTTGAT

cat-sacB

A.4 cat-sacB cassette preparation
Day 1
1. Design primers with regions of homology to the cat-sacB (eKJM118 TUCO01) cassette
and to the target in the genome. ~25 base pair homology to cat-sacB (see below) and 40
base pair homology to genomic target. The cassette size should be ~3 kb. Note that either
orientation seems to work for us, don’t worry about getting the orientation of the cat-
sacB cassette correct.
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a. The homology sequence we use to the TUCO1 template for ALL amplifications

cat FWD homology (Tm =56 °C)
TGTGACGGAAGATCACTTCG

sacB REV homology (Tm =57 °C)
ATCAAAGGGAAAACTGTCCATAT

b. The more homology to the genome, the better. For a tricky locus (prgl in
SL1344), we used 50 bp homology, as 40 bp homology did not seem to work.

2. Run PCR with primers and TUCO1 template. For best results, miniprep the genome from
an overnight culture, resuspend the pellet in 600 pL 10% SDS, add lysis buffer,
neutralization buffer, 600 pL ddH2O, and then proceed as normal with miniprep.

3. Run a small sample of cat-sacB PCR product on electrophoresis gel. If the correct PCR
product amplified, then do a cleanup with the kit and obtain DNA concentration with by
A260 (Nanodrop)

15t round of recombineering: Knocking out the targeted gene from genome

pSIMG6 is temperature sensitive, so always grow cells with pSIM6 at 30 °C!!!

4. Transform cell with pSIM6 (A red). Cells can still grow on plates with 50 pg/mL
carbenicillin. Then make freezer stock for later use.

a. We typically use electroporation, but chemical transformation will work here, as
well.

Day 2
5. From a plate with a streaked out freezer stock or fresh transform, pick a colony and
inoculate into 5mL of LB-L + 30 pg/mL carb, and grow in 30 °C shaking incubator
overnight.

a. We use a lower concentration of carb because the antibiotic resistance cassette is
on a low copy plasmid, per Court.

Day 3
6. Subculture from overnight 0.5 mL into 35 mL of LB-L (250 mL Erlenmeyer flask) and
grow in 30 °C shaking incubator until cells reach an OD of 0.4-0.6. Recombineering fails
when OD is higher than 0.6. Also, do not add carbenicillin to the 35 mL of LB-L
because antibiotics may inhibit recombination efficiency, per Court lab.

a. This is enough for ~3 transformations plus one control. Scale up culture as
necessary.
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b. This subculture takes 2.5 hrs to reach OD.
c. This is enough for 4-10 transformations (depending on how much you use)

7. Transfer have of the culture into a water bath at 42 °C with shaking on maximum (if
using the old water bath shaker) for induction of the A red system. It is very important, to
induce for only 15 minutes!

8. After exactly 15 minutes have passed, cool in iced water bath for 10 minutes with
constant gentle swirling. More than 15 minutes of induction will cause calls to die.

A.5 Uptake of the cat-sacB cassette
From this point on cells must remain COLD. Cool down the floor centrifuge
before spinning. Place falcon tubes, tube holders, and electroporation cuvettes in
the freezer. Place sterile water in the refrigerator.

9. Prepare cells for electroporation. Transfer the cultures into falcon tubes. Spin for 3
minutes at 4 °C and 4,600 X g. After spin, decant supernatant carefully and slowly so the
cell pellet does not flow away. Rinse with 30 mL of iced cold water. Pippette up and
down at least 3 times and until the whole cell pellet is resuspended. Spin again and rinse
for a total of 2 washes with iced cold water. At the end, resuspend with only 200 L of
ice cold water.

a. To make the cells go further, can add a larger volume of ice cold water here, but |
don't know how dilute is too dilute.

10. Add 50 pL of cell solution and 100 ng of PCR product. Electroporate at 1900 V for 5
msec. Recover quickly with 1 mL of SOC, and then transfer into 1.5 mL eppendorf tubes.
Always include a control of induced culture without DNA. Put the tubes in the 30 °C
shaking incubator for 1-2 hours.

11. Spread 200 uL of recovered cells on an agar plate. The plates need to have a low
concentration of chloramphenicol (10 pug/mL) because of low resistance gene copy
number. Place the plates in the 30 °C incubator if planning to do 2" round of
recombineering. This way the pSIM6 does not need to be retransformed.

Day 4-5
12. In our hands, we have on the order of ~10 colonies on the +DNA plate and ~0 colonies
on the -DNA control plate.

13. OPTIONAL (and not necessary). The next day, to check for correct insertion, check for
sucrose sensitivity or for genotype (by PCR).

a. To test for sucrose sensitivity: Grow two liquid cultures, the knockout and WT

overnight. Do a 10-fold serial dilution series and spot plate 5 microliters of each
parallel to each other out to 10, You should notice a 3-orders of magnitude more
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growth with WT than the cat-sacB knockout on sucrose plates. BE MINDFUL
OF PERMISSIVE GROWTH TEMPERATURE FOR ALL CELL GROWTH
STEPS!

b. You can also screen for insertion by performing colony PCR. You will need
primers outside of the region that you are targeting. You can use the following
primers that anneal to the 5” and 3” ends of the cat-sacB cassette, or just amplify
across the whole cassette. It is important that you do not use the same primers that
you used to amplify the cat-sacB cassette, but instead primers that are outside of
the cassette at your genome locus. Miniprep the genome for best template (see
step 1).

0KJM343 REV cat (Tm =62 °C)
GAATAAAGGCCGGATAAAACTTGTG

0KJIM346 FWD sacB (Tm =65 °C)
TCAAAGACAGCATCCTTGAACAAGG

c. Don't patch to check for sucrose sensitivity. Because you can accumulate loss-of-
function mutations, you are likely to see qualitatively the same phenotype. We
don't see false positives at this point, so you can skip this step and proceed with
the second round. To be really sure, you can check by PCR or colony counting
form liquid culture dilutions.

A.6 2" round of recombineering

14.

15.

16.

17.

Day 6

18.

Amplify the gene of interest with primers having homology to the new allele and targeted
genomic sequence. Use the same genome homology regions as before. Check PCR
product on gel for correct length and followed by a PCR cleanup.

Follow step 4-9
Add 50 pL of cell mixture and 100 ng of DNA. Electroporate at 1900 V for 5 msec.
Recover in 1 mL SOC. Transfer all recovered cells to 10 mL of LB-L in the 37 °C shaker
for 4 hours. Do not cut this step short, because full allele segregation is required. Use test
tubes with the green tops. Always include induced culture without DNA.

a. green tubes are 20 mm diameter
Do a 10-fold serial dilution series and plate 200 pL of the 10 and 107 dilutions on a LB-

sucrose agar plate. Grow plates in the 37 °C incubator

In our hands, we have on the order of ~100 colonies on the +DNA 1072 dilution plate and
~10 colonies on the -DNA 1072 dilution plate.
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19. To check for correct insertion it would be best to sequence. Use primers from the genetic
locus outside of the region you manipulated. Miniprep the genome as in step 12 for a
good template. Amplify your locus, and submit the purified PCR product for sequencing.

20. To make a freezer stock, patch single colonies onto LB-cam?®?, LB-carb, and LB agar
plates. Your strain should be cam®, carb®. The LB agar plate is to recover your strain.
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