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Abstract
Engineering a High-Yield Platform for Protein Secretion in Bacteria
By
Lisa A Burdette
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley
Professor Jay D. Keasling, Chair

Recombinant proteins comprise billion-dollar industries, from therapeutics to enzymes
used as catalysts in industrial processes. As the application space of recombinant
proteins expands as a result of advancements in protein design and engineering, so does
the demand for production systems that minimize the cost of developing and
manufacturing the new protein products. Protein secretion in bacteria has the potential to
combine the inexpensive cultivation, genetic tractability, and high productivity of
traditional intracellular bacteria expression with the simplified downstream processing
provided by eukaryotic systems that secrete the product into the extracellular space. The
SPI-1 type Il secretion system (T3SS) of Salmonella enterica Typhimurium is an ideal
engineering target for heterologous protein secretion in bacteria—it is well-characterized,
not essential for cell viability, and has demonstrated the capability to secrete heterologous
proteins at titers up to hundreds of milligrams per liter.

This work expands upon initial engineering achievements in adapting the SPI-1 T3SS for
heterologous protein production. Chapters 2 and 3 describe design rules for growth
media promote high secretion titers. A simple combination of glycolytic carbon source,
buffering agent, high osmolarity, and essential nutrients was sufficient to increase
secretion titer at least fourfold for multiple secreted proteins. Chapter 4 describes the
advantages and disadvantages of several methods to measure secretion titer. Chapter
5 combines the knowledge acquired in Chapters 2-4 to create a library construction and
screening workflow to identify hypersecreting variants of the T3SS needle protein, Prgl,
via systematic, comprehensive mutagenesis. In addition to identifying many
hypersecreting variants, systematic mutagenesis of Prgl revealed design rules for
functional needle assembly and high secretion titers. Finally, Chapter 6 outlines strain
modifications that increase the utility of S. enterica Typhimurium as a recombinant protein
production strain. Deletion of several pathogenic and non-essential genetic loci had a
minimal effect on secretion titer, while deletion of the T3SS tip complex increased
secretion titer. In combination with an optimized growth medium, genomic modifications
that increased expression of the master regulator hilD produced higher secretion titers
than observed in Chapter 2 and, importantly, simplified T3SS system expression.
Collectively, the work described here advances the SPI-1 T3SS as a heterologous protein
production platform and provides insight into the native function of the system.
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Chapter 1: Introduction

Portions of the following were adapted with permission from Burdette, L.A., Leach, S.A.,
Wong, H.T., Tullman-Ercek, D. Developing Gram-negative bacteria for the secretion of
heterologous proteins. Microb Cell Fact 17, 196 (2018).

1.1 Industrial Protein Production in Gram-negative Bacteria

The development of recombinant insulin and its production in Escherichia coli in
the 1980s [1] launched an industry that comprises billion-dollar markets, with products
ranging from protein biologics ($91B) [2] to industrial enzymes ($4.8B) [3,4]. In recent
years, the chemical and structural diversity of protein products has expanded rapidly, with
targets such as short anti-microbial peptides [5], antibody-like binding proteins for
diagnostics [6], and protein biomaterials [7,8]. These vast differences in physicochemical
properties call for a variety of strategies to ensure that production of heterologous proteins
is robust and scalable.

Secreting protein to the extracellular space increases initial purity and thus can
decrease the complexity of downstream processing. Eukaryotic hosts such as
Saccharomyces cerevisiae, Pichia pastoris Chinese hamster ovary (CHO) cells, or HEK
293 cells secrete recombinant proteins through their native secretion machinery at high
titers [9—12]. Mammalian cells, however, are slow growing, expensive to culture, have
large batch to batch variations, and can be difficult to genetically engineer [10,13]. Yeasts
typically are faster growing but can suffer from genetic instability and clonal variation [14].

Bacterial hosts offer fast growth, relative genetic simplicity, and genetic stability
[15]. Gram-positive bacteria such as Bacillus subtilis and Streptomyces lividans allow
protein secretion directly to the extracellular medium through the general secretory
pathway, as they lack an outer membrane (OM). Secretion stress response systems and
folding chaperones provide extracellular quality control. B. subtilis has a high secretion
capacity—titers on the order of grams per liter have been achieved [16—18]. Compatibility
with heterologous proteins is largely limited to enzymes, however, and extracellular
proteolytic degradation is a significant product quality issue [19]. S. lividans has low
extracellular protease activity while retaining a high secretion capacity. Nevertheless, the
range of compatible proteins remains narrow, and growth of filamentous organisms such
as S. lividans is difficult at scale. Progress in engineering these and other Gram-positive
hosts for protein production is well-summarized in several review articles [18—22].

Gram-negative bacteria, including E. coli, are favored as bacterial hosts for protein
production—they can express a broad range of heterologous proteins at high titers and
are robust in industrial-scale culture [23]. A typical production process involves
intracellular product expression, which requires cell lysis and multi-step purification to
isolate the product from the cellular contents [1,2]. Though this process is used for many
products at industrial scale—including insulin, interleukin-2 (IL-2), and human growth
hormone (hGH)—intracellular expression introduces product and process development
challenges [24]. For example, expression of IL-2 in E. coli required mutation of an internal
cysteine to ensure proper disulfide bond formation after cell lysis [25]. Further,
intracellular overexpression of recombinant proteins in bacteria often leads to the
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formation of insoluble aggregates, or inclusion bodies. Initial product purity is higher in
inclusion bodies compared to soluble cytosolic expression, but product recovery requires
solubilization and refolding steps that must be optimized for each product [26]. Finally,
some classes of proteins, particularly biomaterials, are toxic when expressed
intracellularly in Gram-negative hosts, which yields low titers [27,28].

Gram-negative bacteria secrete few native proteins [29]. Thus, heterologous
protein secretion from Gram-negative bacteria combines the advantages of bacterial
production with broad substrate compatibility and the high baseline purity afforded by
extracellular secretion. Gram-negative bacteria possess seven secretions systems—
types I-VI and type VIll—that are known to secrete protein to the extracellular space [30].
Recombinant proteins are secreted successfully by five of these systems: type |, type Il,
type lll, type V, and type VIl secretion systems (T1SS, T2SS, T3SS, T5SS, and T8SS,
respectively) [24,31]. Moreover, some proteins are natively secreted by E. coli via other,
as-yet unknown mechanisms and are used as fusion partners to facilitate secretion of
recombinant proteins [32-34]. As another alternative, the outer membrane can be
engineered to release periplasmic protein [35,36]. The following sections describe
characteristics of Gram-negative bacterial secretion systems, outline general engineering
strategies for improving protein secretion via those systems, and highlight the T3SS as a
promising platform for heterologous protein production.

1.1.1 Characteristics that Differentiate Secretion Systems

Bacterial secretion systems can be divided into two classes, based on whether
their cargo enters or bypasses the periplasm. One-step systems secrete proteins directly
to the extracellular space from the cytosol, while two-step systems first export proteins to
the periplasm through the general secretory (Sec) or twin arginine translocation (Tat)
pathways. In this latter system, the target subsequently traverses the outer membrane to
the extracellular medium. Table 1.1 provides a summary of each secretion system.

The type | and type lll secretion systems are both one-step systems. In these
pathways, protein cargo must be either completely or partially unfolded to secrete
successfully. Still, several groups have shown that proteins exported by these systems
can fold properly in the extracellular media, even when disulfide bridges or salt bridges
are required [37—40]. In addition, one-step systems are not required for cell viability, which
expands the engineering space available for these systems [41,42].

Two-step systems, including the type Il and type V secretion systems, provide
access to useful machinery found in the periplasm, including foldases, chaperones, and
other protein-folding enhancers [43,44]. However, Sec is always essential for cellular
viability, and Tat can be essential depending on the strain and growth conditions. Thus,
using the Sec and Tat pathways can limit the engineering space of the system [31,45].

Before selecting a production platform, it is critical to understand the features of
bacterial secretion systems that affect compatibility with a desired protein product (Table
1.2, Figure 1.1, Figure 1.2). While rigorous criteria have not been explicitly developed for
any of the secretion systems, empirical evidence suggests that folding kinetics, folding
complexity, and protein size can play a role in secretion efficiency [8,37,46]. Table 1.3
lists a selection of proteins that are successfully secreted by Gram-negative bacteria.
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Figure 1.2 Two-step secretion systems.
A Proteins (dark blue) are exported through the inner membrane (IM) via either Sec or Tat before passively
diffusing into the extracellular space. B An example of transport via a fusion partner. Export pathway
specificity is unknown for many fusion partners, but YebF (purple box) is secreted only when it is exported
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The translocation domain (yellow) inserts in the outer membrane and the passenger domain (green) is
secreted through the pore. An autocleavage event releases the passenger domain in the class of T5SS
discussed here. E Proteins fused to the curli subunit (teal) are exported through Sec and are thought to
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absence of the protein that anchors curli subunits to the outer membrane, fibers spontaneously polymerize
and aggregate into networks in the extracellular space.

Table 1.1 Summary of Gram-negative bacterial secretion systems for heterologous protein
production.

Model
Secretion
Secretion System Model Organisms Genetic Locus Tag Master Regulator
Type | Pseudomonas HiDEF TIiA
fluorescens

Type | E. coli hlyA, hlyB, hlyD HlyA
Type Il E. coli gsp Unknown
Generalized Two- E. coli N/A YebF
Step
Type llI Salmonella enterica  SPI-1 SptP HilA

, . FigM
Type llI Salmonella enterica  fli, IhDC (flagellar) FIhD4C2 (flagellar)

: locus of
Type Il Egﬁ?ggtg)o genic E. enterocyte EspA Ler
effacement (LEE)
Type Ill Shigella flexneri Shigella virulence g VirB, VirF
plasmid
Yersinia pYV virulence .
Type enterocolitica plasmid YopE Virk
Type V E. coli tps Pet
CsgD (not

Type VI E. coli csg CsgA necessary for

synthetic induction)

1.1.2 Overview of Engineering Strategies

In addition to dividing bacterial secretion systems into two classes, the engineering
strategies for increasing protein secretion can be divided into four categories: 1) modifying
the secretion tag that targets a protein for secretion; 2) engineering the secretion system
machinery; 3) transferring a secretion system to a more desirable production strain; and
4) manipulating the genetic regulation of the secretion system.

All secretion systems identified here require a signal sequence, a peptide secretion
tag that is appended to the N- or C-terminus of the protein cargo, to facilitate secretion by
the desired system [47]. Much engineering effort on the Sec and Tat pathways has
uncovered clear design rules and minimal signal sequences that facilitate secretion
through these systems. These rules form the basis of prediction algorithms that determine
whether a given sequence is likely to be exported via one of these systems [47—49].
Similar approaches have been applied to other bacterial secretion systems, and the
results suggest that secretion efficiency is highly dependent on the heterologous protein,
though concrete design rules remain elusive [50]. Continuing this work to define design
rules for secretion signal sequences will expedite process optimization for new protein
products.
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Altering the secretion apparatus can lead to higher secretion titer by improving the
properties or increasing the capacity of the secretion system, though this approach is
more feasible for secretion systems that are not essential to growth or survival [51,52].
Traditional protein engineering tools, such as random mutagenesis, have been used in
the directed evolution of the secretion apparatus with some success [50,53]. However,
limited sequence space can be surveyed using this approach. For future efforts, the
development of high throughput screens and selections is critical to increase the utility of
this strategy [54—-56].

The ability to synthetically overexpress the secretion machinery is an important
tool to maximize secretion titer [57]. This is especially the case for secretion systems that
are not essential for growth and thus not constitutively expressed or highly expressed,
such as the Tat pathway and the type lll secretion system [41,58-60]. Successes in this
area include overexpressing master regulators that control the expression of the system
[41,58,59] and synthetic expression of individual system components [60,61]. This
strategy increases the pool of secretion system machinery available for heterologous
protein secretion.

Finally, many bacterial secretion systems are natively part of pathogenesis, and
yet industrial-scale production requires safe and, ideally, non-pathogenic strains. Two
approaches are being studied for using these systems in a non-pathogenic context. One
strategy is to move the secretion machinery into a strain of E. coli that is already optimized
for industrial protein production [58,61-64]. Another viable strategy is to derive a non-
pathogenic production strain from the pathogenic parent strain through genomic
engineering [65,66].

Table 1.2 Features of Gram-negative bacterial secretion systems to consider when selecting a
production platform.

Secretion Access to
Number Tag Pathogenic Folding Secretion System
Secretion System of Steps  Cleavage Origin Chaperones Induction Scheme
Type | One No Yes No Synthetic
Type Il Two Unknown Yes Yes Constitutive
Leaky Membrane Two No tag No Yes Constitutive
needed
Unknown Mechanism Two No No Yes Constitutive
Type llI One No Yes No Synthetic
Yes, but
. unfolded for :
Type V Two Partial Yes transport Synthetic
across OM
Type VI Two No Yes Yes Synthetic




Table 1.3 A selection of heterologous proteins secreted by Gram-negative bacteria.

Secretion Product Extracellular
Secretion System Mechanism  Product Type Titer Reference
Type | HIyA scFv antibody 2 mg/L [67]
Type | HIiyA CGTase industrial 0.58 mg/L [68]
Type | HIyA Cutinase industrial 334 U/mL [69]
Type | HIiyA Interferon alpha 2 therapeutic 6 mg/L [37]
. . . . 8450 U/mL,
Type | TIDEF, HIyA Lipase industrial 3 mglL [37],[61]
Type | TIDEF Metalloprotease industrial 789 mg/L [62]
Type | TIDEF Endo-g-1,4- industrial ~ 4.65 mg/L [70]
mannanase
Type Il and .
generalized two-step TatExpress hGH therapeutic 30 mg/L [60]
Type Il gnd TatExpress scFv antibody N/A* [60]
generalized two-step
Tvoe Il and Periplasmic
ype 1l expression via 1gG antibody 236.5 mg/L [71]
generalized two-step SRP
Type Il and Leaky OM  Human parathyroid y oo tic 680 mg/L [36]
generalized two-step hormone
Type Il and .
generalized two-step Leaky OM Fab antibody 6g/L [72]
Type Il and Leaky OM  IFN-a therapeutic  N/A* [73]
generalized two-step
Type Il and Unknown, Cel- . . 637.4 U/ml, 348
generalized two-step CD fusion CGTase industrial mg/L [341.074]
Type Il and Cel-CD fusion Caroohydrate oy ial 348 mgiL [34]
generalized two-step binding domain
Type Il and Cel-CD fusion Neuritin therapeutic 211 mg/L [34]
generalized two-step
Type Il and 150 pmol
) YebF a-amylase industrial glucose/min/mg  [54]
generalized two-step protein
Type Il and YebF Interleukin-2 therapeutic 43,800 U/mL [75]
generalized two-step
Type Il and YebF NanH2 Sialidase  therapeutic ~ N/A* [76]
generalized two-step
Type Il and . .
generalized two-step OsmY Human leptin therapeutic 250 mg/L [77]
Type Il and . .
generalized two-step OsmY Osteopontin therapeutic 3.6 mg/L [78]
Type Il flagellar Interferon alpha 2 therapeutic 0.6 mg/L [50]
Type llI flagellar Lipase industrial ~420 U/L [79]
Type Il flagellar Enfuvirtide therapeutic  13.4 mg/L [80]
apical membrane . .
Type Il flagellar antigen 1 therapeutic  N/A [81]
Type Il flagellar 0-SVIE therapeutic  N/A” [81]
Type llI flagellar MrVIA therapeutic  N/A’ [81]
Type Il flagellar NCR peptide therapeutic  N/A [81]
Type Il injectisome Spider silk material 14 mg/L [27]
monomer




Secretion Product Extracellular

Secretion System Mechanism Product Type Titer Reference
Type Il injectisome Elastin material 20 mg/L [27]
Type llI injectisome Resilin material 20 mg/L [27]
Type V Type V Pertactin therapeutic 1 mg/L [39]
Type V Type V Ag85B therapeutic  N/A’ [39]
Type VI Type VI sdAb antibody N/A [82]
Type VI Type VIl Cecropin A therapeutic igfiﬁ’;‘agt/i'arﬁ?ﬂer [83]
Type VIII Type VI Mussel foot protein material N/A [84]

*The study did not report secretion titer

1.2 Engineering the T3SS for Heterologous Protein Production

One of the best characterized systems for heterologous protein secretion in bacteria
is the type lll secretion system. A wide variety of proteins are successfully secreted by
the T3SS (Table 1.3), and the T3SS is not required for cell viability, which makes it an
attractive engineering target. The following sections provide a broad overview of the T3SS
and summarize efforts to engineer it for heterologous protein secretion.

1.2.1 System Structure and Overview

There are two classes of type lll secretion systems: the injectisome and the
flagellar T3SS (fT3SS). Pathogens such as Salmonella enterica, Yersinia enterocolitica,
and Shigella flexneri use the needle-like injectisome to secrete proteins that facilitate
virulence into host cells. The fT3SS natively secretes and assembles the bacterial
flagellum. Both T3SSs are multimeric protein structures that span the inner and outer
membranes (Figure 1B) [85]. Proper T3SS function requires additional regulatory proteins
and sRNAs, so it is difficult to transfer the T3SS to a plasmid, much less a non-native
host. An N-terminal secretion signal targets proteins to the secretion apparatus, where
they are secreted in an unfolded state directly from the cytosol to the extracellular space.
Some secretion signals require a cognate chaperone to carry out this function. The
secretion signal remains attached to the secreted protein [86].

Researchers have successfully secreted high titers of a wide variety of proteins
using these systems. Proteins such as scFvs, alkaline phosphatase, and spider silk
monomers are secreted at titers up to 130 mg/L via the injectisome [8,24,38]. The flagellar
T3SS secretes a variety of substrates as well, including GFP, neuroactive peptides, and
a-enolase at titers up to 15 mg/L [87,88]. The T3SS is particularly attractive for its ability
to express and secrete otherwise difficult-to-express proteins [27].

Though researchers achieved high titers using the T3SS, design rules for
compatible substrates and secretion tags remain elusive. Regulation of the T3SS is tightly
controlled and sensitive to environmental input and growth phase [86]. Moreover, the
T3SS injectisome in particular is found in pathogenic bacteria, which are undesirable
hosts from an industrial perspective. Recent research has focused on characterizing the
secretion signal, transferring the T3SS to non-pathogenic organisms, and overriding
native control of the system to increase titer and decrease sensitivity to environmental
input [38,50,58].



1.2.2 Flagellar T3SS

1.2.2.1 Signal Sequence Engineering

The library of available flagellar secretion tags are empirically-determined
truncations of native substrates [41,59]. However, in two recent studies, researchers
sought to characterize the secretion tags through a more systematic approach [50,89]. In
general, these studies revealed that secretion recognition and regulation via the fT3SS is
complex, and that design rules might be challenging to define. For example, truncations
of FIgB and FIgE fused to B-lactamase (Bla) required a native flgB 5’UTR for efficient
secretion, while secretion of a FIlgK-Bla fusion remained unchanged in the presence of
the native flgB 5’UTR [89]. A long truncation of FliC fused to interferon-a (IFN-a) secreted
better than a short truncation, while the inverse was true for MBP, and there was no
difference in secretion titer for GFP [50]. Secretion efficiency depended strongly on the
combination of the secretion tag and the heterologous protein, and no correlations have
yet been identified.

1.2.2.2 Manipulating Native Regulation

The flagellar T3SS integrates numerous inputs in its complex regulatory circuit.
|dentifying critical nodes of control can increase secretion efficiency, as described above
for the T3SS injectisome. A systematic evaluation of factors that could affect secretion
titer via the S. enterica fT3SS determined that master regulator overexpression, increased
chaperone stability, and high ionic strength (e.g. 200 mM NacCl) all increased secretion
titer. Both knocking out native substrates and deleting SPI-1, which is known to participate
in regulatory crosstalk with the fT3SS, had no effect or caused a slight decrease in
secretion titer. However, combining the factors that improved secretion into an optimized
strain facilitated secretion of difficult-to-express proteins such as conotoxins 8-SVIE and
MrVIA, nodule-specific, cysteine-rich antimicrobial peptides (NCR), and a malaria surface
antigen domain of apical membrane antigen AMA-1 [81].

1.2.2.3 Transferring the Secretion Machinery

The flagellar system is largely conserved throughout the domain of Eubacteria and
thus improvements in one flagellar system can be applied to another. Many strains of E.
coli currently used for biotechnological purposes lost their flagellar machinery during the
domestication of those strains [90]. Auer and colleagues sought to restore flagellar
machinery by inserting the fT3SS operon into the genome of the biotechnologically-
relevant HMS174(DE3) strain and placing it under the control of the Pjacuvs promoter [59].
This construct was insufficient to generate observable FIgM secretion, but adding a
second copy of the operon to increase gene products of the flagellar machinery and
swapping the Piacuvs promoter with the stronger T7 promoter produced measurable
secretion titer. Absolute titer was not reported, making direct comparisons to the native
fT3SS in S. enterica challenging.

1.2.3 Injectisome
1.2.3.1 Strain Engineering

Native T3SS injectisome machinery integrates a variety of input signals to ensure
that T3SS machinery is constructed only when required for its pathogenic function.
Although this strategy confers obvious evolutionary benefit, it often works counter to the
goal of maximizing secretion titer. Thus, researchers have sought to manipulate and
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engineer regulatory pathways to exploit positive regulation and remove or circumvent
negative regulation.

T3SS activation and assembly is controlled by at least one master regulator.
Overexpressing a master regulator allows synthetic induction and can increase secretion
activity in the population. In S. enterica, synthetic overexpression of the SPI-1 T3SS
master regulator HilA increased the proportion of cells expressing the T3SS from around
30% to near 100% and increased secretion titer of a model protein tenfold [41]. This
modification also promoted secretion of other heterologous proteins that were previously
considered incompatible with the T3SS. Crucially, this increase in secretion titer and
activity occurred in conditions that are known to repress the T3SS, such as high
oxygenation, which is desirable to increase cell density and therefore bulk secretion titer.

Subsequent studies combined this work with strain engineering to secrete a variety
of biopolymers at titers up to 130 mg/L [27,52]. This titer was achieved by knocking out a
protein present in the needle tip complex, SipD, and adding purified SipD exogenously.
The AsipD strain increased titer 50-fold relative to wild type, and exogenous addition of
purified SipD increased titer an additional twofold. The mechanism of the increase in
secretion as a result of exogenous SipD addition has not yet been determined
conclusively.

To remove all native regulatory inputs to the S. enterica T3SS, Song et al. recently
reported a remarkable bottom-up approach to refactor the entire 35 kb SPI-1 locus,
essentially rebuilding it from scratch [65]. The researchers removed non-essential genes,
codon optimized certain genes, scrambled the gene order, and replaced non-coding
genes with synthetic, controllable, well-studied genetic parts. The result was a minimal
16 kb SPI-1 that was about half the nucleotide length of wild type. The refactored system
was completely controlled by synthetic regulation, and it was active in T3SS-repressing
conditions. In addition to fully decoupling the T3SS from native regulation, this bottom-up
approach revealed new information about necessary regulatory elements in the native
system. For example, the researchers were able to identify at least two new essential
factors—the small RNA, InvR, and an internal start site that generated a shorter version
of the structural protein SpaO.

1.2.3.2 Engineering Non-Pathogenic Secretion Strains

The most popular approach for removing the T3SS from a pathogenic context is
transferring the T3SS genes to a non-pathogenic host. This is a non-trivial endeavor
because of its size and complexity, so a number of avenues have been explored. Much
of this work is motivated by vaccine delivery efforts, as well-formed T3SSs can inject
proteins directly into the cytosol of mammalian cells. The T3SS injectisomes of Vibrio
parahaemolyticus, Yersinia pestis, and S. enterica can be expressed from plasmids in
non-pathogenic E. coli; however, genomic integration of a synthetically controlled T3SS
would create a more robust, programmable production strain [63,91,92]. One such
strategy involved constructing a series of five rationally designed transcriptional units
(TUs) that encoded the structural genes from the enteropathogenic E. coli (EPEC) locus
of enterocyte effacement (LEE). Each TU was placed under the control of a synthetic
Ptac promoter and integrated into a specific location in the E. coli K-12 genome to create
a synthetic injector E. coli (SIEC) strain. The SIEC strain was capable of secreting native
substrates expressed from a plasmid into HelLa cells [64].
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Reeves et al. pursued yet another approach to transfer the S. flexneri T3SS into
E. coli DH10B [58]. The researchers cloned the 31 kb of DNA necessary to express a
functional T3SS from the Shigella virulence plasmid to a 44 kb synthetic plasmid that also
contained the genetic elements necessary to transfer the T3SS to a defined “landing pad”
on the DH10B chromosome. The resulting strain, mT3 E. coli, was secretion-active upon
synthetic induction of a master regulator present on a separate plasmid. The strain was
capable of secreting equal levels of endogenous proteins as native S. flexneri and
successfully translocated proteins into HelLa cells. The researchers used this
programmable, non-pathogenic strain to identify signal sequences that promoted
secretion of therapeutically relevant proteins such as mammalian reprogramming factors
and TALENSs.

Creating a replication-deficient host can also abstract the T3SS from a pathogenic
context, as demonstrated by Carleton et al. in AminD S. enterica [93]. The AminD strain
divided aberrantly to produce minicells that lacked chromosomes and therefore could not
replicate further. The minicells were metabolically active and could synthesize proteins
from a plasmid introduced in the parent strain. The researchers created T3SS-active
minicells by overexpressing the master regulator HilA and expressing the secretion target
from a plasmid.

Ittig et al. engineered the host strain directly to reduce pathogenicity [66]. In this
study, all native substrates of the Yersinia enterocolitica T3SS were knocked out, and a
synthetic growth dependency on meso-2,6-diaminopimelic acid was engineered, making
the strain consistent with biosafety level 1 standards. The engineered strain was capable
of secreting a variety of heterologous proteins expressed from plasmids into HeLa cells.

1.2.3.3 High Throughput Screening Methods

Some T3SS injectisomes, such as those of S. flexneri and Y. enterocolitica, are
activated by the addition or depletion of small molecules [94,95]. Lesser and colleagues
recently showed that this property could be exploited to establish high-throughput
screening methods for rapid engineering of the T3SS [56]. The S. flexneri T3SS is
activated in the presence of the dye Congo red, so the researchers developed a solid
plate-based assay in which liquid cultures were spotted onto solid media that contained
Congo red and then transferred onto another solid plate that contained IPTG to induce
the expression of the desired secretion product. A nitrocellulose membrane was attached
to the plate that contained IPTG, incubated overnight, and probed with antibodies to
detect secretion. This method allowed them to rapidly screen secretion titers of S. flexneri
T3SS substrates in a multitude of conditions. The mT3 E. coli strain described previously
was also compatible with this system. Though only a subset of T3SSs can be activated
with a small molecule, the design of this screen could be adapted to other systems to
enable rapid engineering.

1.3 SPI-1 T3SS Biology: Considerations for Developing Engineering

Strategies

As the preceding sections outline, the SPI-1 T3SS of S. enterica Typhimurium has
been a frequent and successful target of engineering efforts to adapt it for heterologous
protein secretion [8,27,38,41,52]. Though the refactoring effort of Song et al. stripped it
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of its native biological regulation [65], most engineering efforts focused on co-opting its
native regulation to increase heterologous protein secretion. The following sections
provide a more detailed overview of the native regulation and structure to highlight
considerations for engineering the SPI-1 T3SS as a heterologous protein secretion
platform.

1.3.1 SPI-1 T3SS Regulation

The 35 kb SPI-1 genetic locus contains most of the genes that code for regulatory,
structural, and secreted proteins of the SPI-1 T3SS [96]. SPI-1 genes are organized in
the inv, prg, and sic operons (Figure 1.3). The master regulator HilD is proposed to
participate in a feed-forward loop with HilC and RtsA to control expression of the master
regulator HilA and induce a signal cascade that assembles and activates the T3SS [97].
HilD appears to be the dominant regulator—its absence decreased hilA expression
tenfold, while lack of HilC or RtsA decreased hilA expression only twofold.

Environmental
Signals

prgH

N l
N

= = hlIA / ‘\
PlnvF 2 |nvF 1 SICA

| invFGEABCIJspaOPQRS SicAsipBCDAiacPsicPsptP

Figure 1.3 Salmonella pathogenicity island 1 regulation.

The Salmonella pathogenicity island 1 contains regulatory and structural genes for the T3SS. The master
regulator HilA integrates environmental cues to trigger a signal activation cascade that builds and activates
the T3SS. Environmental signals travel through two component systems or more complex signal cascades
to control HilD expression at the transcriptional, translational, and post-translational levels. Some signaling
pathways control hilA transcription directly [98]. The figure was adapted from [96] and [98].
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Expression of the genes within SPI-1 is controlled by a confluence of
environmental signals to ensure that cells express the ~4 MDa apparatus only when they
exist in the correct environment to use it [96,98—100]. Natively, S. enterica uses the SPI-
1 T3SS to prepare mammalian gut epithelial cells for invasion, an early step in its
pathogenic program. Thus, environmental cues that signal proximity to the gut epithelium
induce SPI-1 T3SS expression, while environmental cues that signal that the cells have
advanced to the next stage of the infection program repress SPI-1 genes. A sample of
environmental conditions that control SPI-1 gene expression are listed in Table 1.4.

Table 1.4 Environmental conditions that control SPI-1.

System that
Transmits Signal

Point of Control in

Environmental Factor to SPI1 SPI-1 Reference

Divalent cations PhoPQ hilA transcription [99,101]
PhoBR hilA transcription [99,101]

Phosphate BarA/SirA hilD translation [102]

Iron Fur hilD autoinduction [98]

Glucose Csr via BarA/SirA  hilD translation [102,103]

Short chain fatty acids BarA/SirA hilD translation [104]
sRNAs FnrS, . .

Oxygen ArcZ hilD translation [105]

Osmolarity BarA/SirA hilA, hilD transcription  [106]

Temperature H-NS, Hha f”A' hilb, hilC, rtsA 1107 108]

ranscription
pH Unknown hilA transcription [100]
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1.3.2 SPI-1 T3SS Structure

The ~4 MDa T3SS injectisome is composed of 1-100 copies each of >20 different
proteins that are precisely assembled to form a basal body, needle, and tip complex that
spans the inner and outer membranes of the bacterial cell [109] (Figure 1.4). The
components of the basal body are exported through the Sec pathway. After the basal
body assembles correctly, the protein chains that compose the needle are secreted
through the nascent T3SS structure and spontaneously polymerize to form the lumen
through which substrates are secreted [110]. A tip complex is the last structural
component to be added. The order of substrate secretion and the needle length are tightly
controlled, though the mechanisms of control are disputed [111-116]. The proteins that
compose the SPI-1 T3SS are listed in Table 1.5.

Extracellular space

Tip Complex

60 nm —Needle

(1.5-2.5 nm diameter)

oM

0....0.......00....0..........!MMM OOOOOO MM%%MM
Periplasm 30 nm . ] ~Basal body

IM Export apparatus
Cytosol

25 nm

Figure 1.4 Structure of the T3SS.

The T3SS is composed of an export apparatus and basal body that span the inner and outer membranes,
a needle that is anchored in the basal body and extends into the extracellular space, and a tip complex that
caps the needle.
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Table 1.5 Components of the SPI-1 T3SS apparatus.

Part of Apparatus Component Function Reference
Export apparatus InvA Gate [109],[117]
Export apparatus InvC ATPase [109],[117]
Export apparatus InvE Gatekeeper [109],[117]
Export apparatus Invl Stalk [109],[117]
Export apparatus OrgB Stalk [109],[117]
Export apparatus SpaO Sorting platform [109],[117]
Export apparatus SpaP Sorting platform [109],[117]
Export apparatus SpaQ Sorting platform [109],[117]
Export apparatus SpaR Sorting platform [109],[117]
Export apparatus SpaS Substrate specificity switch [109],[117]
Basal body InvG OM ring (secretin) [109],[117]
Basal body InvH Pilotin [109],[117]
Basal body PrgH IM ring [109],[117]
Basal body PrgJd Inner rod [109],[117]
Basal body Prgk IM ring [109],[117]
Needle Prgl Filament [109],[117]
Tip SipB Translocon [109],[117]
Tip SipC Translocon [109],[117]
Tip SipD Tip [109],[117]

1.3.3 SPI-1 T3SS Protein Secretion

Substrates of the type lll secretion system are targeted for secretion by an N-
terminal peptide sequence [8,86]. Each N-terminal tag contains a 15-20 amino acid signal
sequence and a 20-154 amino acid chaperone binding domain [118]. The chaperone
binding domain is required for targeting to the T3SS, and the secretion signal is required
for export [86,118]. Secretion titer increases for polypeptides targeted to the T3SS when
the cognate chaperone is co-expressed [8]. The chaperone is thought to perform a dual
role by targeting cargo to the correct T3SS and maintaining an unfolded state, “priming”
the cargo for secretion [118,119]. A list of SPI-1 T3SS substrates and their secretion
signals is provided in Table 1.6. The various secretion signal-chaperone combinations
show differential secretion of heterologous cargo, but this effect has not been

systematically evaluated [8].
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Table 1.6 Native substrates and secretion tags for the SPI-1 T3SS.

Full-length Amino Used for

Molecular Total Acids in Heterologous

Weight Amino  Secretion Protein
Substrate (kDa) Acids Signal Chaperone Secretion? Reference
AvrA 34 301 - Unknown No [120]
InvJ 36 336 15 Unknown Yes [121]
SipA 74 685 169 InvB Yes [122],[8]

. Possibly

SipB 62 593 160 SicA Yes [123],[124]
SipC 43 409 121 SicA Yes [123],[125],[8]
SipD 37 343 - Unknown No [126]
SopA 87 782 96 InvB Yes [1271,[8]
SopB 62 561 168 SigE Yes [128],[129],[8]
SopD 36 317 40 None (self)  Yes [130],[8]
SopE2 26 240 105 InvB Yes [131],[8]
SptP 60 543 159 SicP Yes [132],[8]

The overall mechanism of protein secretion via the T3SS is not well described,
though several components of the process have been investigated [111,115]. Natively,
rapid secretion of non-structural substrates is thought to be activated by direct contact
with the mammalian epithelium [133]. Schlumberger et al. showed that docking to the
mammalian epithelium triggered SipA and SopE2 secretion within one minute of contact
[134]. That study also provided quantitative evidence that the number of secreted copies
of each substrate is tightly controlled.

The energy for protein secretion via the SPI-1 T3SS is hypothesized to be provided
by a combination of the ATPase InvC and the proton motive force (PMF) [135,136]. The
substrate-chaperone complex binds the ATPase directly, inducing dissociation of the
chaperone from the substrate and substrate unfolding to prepare for secretion [137].
However, ATPase function is dispensable for secretion via the T3SS, while the PMF is
essential [138]. Though neither the contributions of the Ay and ApH components of the
PMF nor the exact mechanism of PMF influence on SPI-1 T3SS function have been
investigated rigorously, the requirement for a functional PMF provides yet another
environmental point of control.

1.4 Other Virulence Factors of Salmonella enterica Typhimurium

The SPI-1 T3SS is but one component of the pathogenic program of S. enterica
Typhimurium. Genes that encode a second injectisome, promote adhesion to host cells,
enhance colonization, and promote long-term survival within host cells are organized into
four other pathogenicity islands and a virulence plasmid, pSLT [139,140]. Additionally,
virulence-enhancing genes that encode fimbrial surface structures, the flagellum, and
other biofilm-related structures are distributed throughout the genome [139]. Table 1.7
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lists operons and pathogenicity islands that contribute to the virulence of S. enterica
Typhimurium. These virulence factors and their interaction with SPI-1 are important to
consider in the development of the SPI-1 T3SS as a heterologous protein production
platform.

Table 1.7 Selected virulence-enhancing genetic elements in S. enterica Typhimurium.

Name Length (kb) Function Notable Genes (Function) Reference
SPI-2 T3SS; tetrathionate

SPI-2 40 reduction pathway ssrAB (master regulators) [141]

SPI-3 17 Various mgtCB (survival in [142]
macrophages)

SPI-4 25 Adhesion SiiE (adhesion to [143]
epithelium)

SPI-5 7 Various sopB (SPI-1T3SS [144]
substrate)

Flagellar , . flhDC (master regulators);

operons Various fT3SS, chemotaxis fiZ (SPI-1 T3SS regulator) [98,145]

fim operon 9 :eygpj;tif:)mnti;':?n?\l:zl'1 fimYZ (master regulators) [146]

csgoperon 5 ;[)?zitggﬁr“)’ biofilm csgD (master regulator) Vv

gggni d 95 Various spvR (master regulator) [147,148]

1.5 Conclusions and Engineering Goals

Despite remarkable advancements in biotechnology over the past forty years,
many new protein products and those in development are challenging to produce in a
cost-effective manner using the current suite of production organisms. Furthermore, the
emerging concept of point-of-care, on-demand manufacturing for personalized medicine
will require new production organisms and technologies because of the unique challenges
of such a system [129,130]. Finally, much of the cost of a new protein product is derived
from its product development. Secretion systems in Gram-negative bacteria have the
potential to address these needs.

The SPI-1 T3SS shows particular promise as a heterologous protein secretion
platform. It can secrete a wide range of heterologous proteins at titers up to hundreds of
milligrams per liter, and secreted proteins can be recovered in pure, active forms after
only one chromatography step [27,38]. Several challenges remain in adapting it for large-
scale use, however. The “platform” is not established—design rules for its secretion tags,
its compatibility with desired heterologous proteins, and ideal process conditions are not
optimized or broadly characterized. Further, high-throughput screening methods and
selections have not been developed for the system. Finally, using the SPI-1 T3SS as a
protein production platform will require a production strain that is generally regarded as
safe (GRAS). The SPI-1 T3SS has not been successfully expressed in a GRAS strain,
and even the refactored T3SS produced by Song et al. exists in a strain with the remaining
pathogenicity islands and other virulence-enhancing operons intact [65].
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This thesis outlines efforts to advance the SPI-1 T3SS beyond initial engineering
successes to create a robust protein production platform. First, | discuss design rules for
rich growth media that increase secretion titer (Chapter 2). | extend those design rules to
chemically defined media and discuss new process optimization challenges that arose
from extending secretion beyond the standard eight-hour timeline (Chapter 3). In Chapter
4, | describe the challenges, successes, and failures of attempting to establish a universal
high-throughput assay to measure secretion titer. | apply the process optimization
knowledge acquired in Chapters 2-4 to secretion system optimization by creating a library
construction and screening method to find high-secreting variants of the T3SS needle
protein, Prgl (Chapter 5). Finally, | identify strain modifications that advance the
development of a GRAS strain derived from S. enterica Typhimurium and simplify
secretion system activation while retaining high secretion titers (Chapter 6).
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Chapter 2: Medium Composition Affects Secretion Titer

The following is in preparation (Burdette, Wong, Tullman-Ercek)

2.1 Introduction

The ever-increasing diversity of commercial protein products coupled with the high
cost of developing these products is driving engineering efforts to develop low-cost, easy-
to-manipulate production systems. Bacterial hosts are robust, genetically tractable, and
inexpensive to cultivate, but traditional intracellular expression strategies present several
challenges. Products must be recovered from a complex lysate mixture, which requires
several downstream purification steps [1,2]. Further, intracellular overexpression of
heterologous proteins often causes aggregation in insoluble inclusion bodies. Initial
product purity is often higher in inclusion bodies, but resolubilization and refolding
processes must be developed for each product [26]. Finally, many heterologous proteins,
including biomaterials such as spider silk, are difficult to express at high levels because
they are toxic to the host [27,28]. Engineering bacteria to secrete heterologous proteins
into the extracellular space eliminates these constraints.

The type Il secretion system (T3SS) is a multimeric protein needle complex that
spans the inner and outer membranes of the bacterial cell and secretes proteins from the
cytoplasm to the extracellular space in a single step [86]. The T3SS is not required for
cell viability, which facilitates engineering efforts and allows it to be used solely for
heterologous cargo. The Salmonella pathogenicity island 1 (SPI-1) T3SS of Salmonella
enterica Typhimurium has been successfully engineered to secrete high titers of several
heterologous proteins, including spider silk monomers, antimicrobial peptides, and single
chain variable fragments (scFvs) [8,27,38]. Despite these successes, secretion titers
remain below 1 g/L, and T3SS function is sensitive to numerous extracellular inputs,
including osmolarity, pH, and nutrient concentrations [98—100] (Table 1.4).

The SPI-1 regulatory network is complex—it receives input from regulatory systems
that are essential for normal cellular function such as the DNA-binding protein HN-S, the
Csr carbon storage regulatory system, and the osmolarity sensor OmpR/EnvZ
[103,107,149]. Given this complexity, we hypothesized that instead of attempting to
relieve T3SS repression at the genetic level, we could take an “outside-in” approach and
engineer growth medium composition to identify and optimize environmental factors that
promote consistently high secretion titers. Here, we screened common rich bacterial
growth media and found that carbon source choice, buffering agents, and ionic content
were critical factors for T3SS activity and secretion titer. We found that individually, non-
ionic carbon sources repressed secretion via the T3SS while high ionic content increased
secretion titers. The combination of a carbon source, a buffering agent, and high ionic
content, however, had a synergistic effect to boost secretion titer further. SPI-1 T3SS
transcriptional activity showed that this optimal combination increased secretion titer in
part by elevating transcriptional activity and prolonging secretion system activation. An
optimized combination of glycerol, potassium phosphate, and sodium chloride in LB
medium increased secretion titer at least fourfold for several model proteins.
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2.2 Methods

2.2.1 Strains and Growth Conditions

Strains and plasmids used in this work are listed in Table 2.1 and Table 2.2.
Secretion experiments were started by growing a single colony from a fresh streak of a
frozen glycerol stock in the lysogeny broth Lennox formulation (10 g/L tryptone, 5 g/L
yeast extract, 5 g/L NaCl) with appropriate antibiotics (34 ug/mL chloramphenicol, 50
pug/mL kanamycin) for 12-16 hours overnight in an orbital shaker at 37°C and 225 rpm.
Overnight cultures were diluted 1:100 into the appropriate medium supplemented with
100 pug/mL isopropyl B-D-1-thiogalactopyranoside (IPTG) with appropriate antibiotics. All
culturing steps were performed in 24-well deepwell plates (Axygen). Secretion was
performed for 8 hours at 37°C and 225 rpm in an orbital shaker. Whole culture lysate
samples for SDS-PAGE were prepared by adding cell suspension to Laemmli buffer [150]
at the end of secretion. The secretion fraction was harvested by centrifuging cultures at
4000 x g for 10 minutes. SDS-PAGE samples for the secretion fraction were prepared by
adding supernatant to Laemmli buffer. All SDS-PAGE samples were boiled at 95°C for 5
minutes immediately after preparation.

Table 2.1 Strains used in Chapter 2.

Strain Name Comment Reference
ASTE13 LT2-derived lab strain similar to DW01 This study; DWO01 [65]
ASTEA3 invE-~GFPmut? GFPmut? inserted immediately downstream of This study
invE coding sequence
ASTE13 prgH::GFPmut2 GFPmutZ" inserted immediately downstream of This study
prgH coding sequence
ASTE13 sipC-GFPmut2 G_FPmut_Z inserted immediately downstream of This study
sipC coding sequence
ASTE13 AphoB phoB knockout This study
Based on [52], newly
ASTE13 AsipD sipD knockout constructed for this
study

Table 2.2 Plasmids used in Chapter 2.

Plasmid Name ORFs under inducible control ORI abR Reference
Psic DH sicP sptP-DH-2xFLAG-6xHis colE1 cam [41]
Psic MAG1 sicP sptP-MAG1-2xFLAG-6xHis  colE1 cam This study
Psic 14B7* sicP SptP-14B7*-2xFLAG-6xHis  colE1 cam  [38]
Psic rhGH sicP SptP-rhGH-2xFLAG-6xHis colE1 cam This study
Pracuvs hilA hilA p15a kan [41]
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2.2.2 Medium Formulations

“LB” refers to a base medium formulation of 10 g/L tryptone and 5 g/L yeast extract,
and “TB” is the standard Terrific Broth formulation: 12 g/L tryptone, 24 g/L yeast extract,
9.4 g/L KoHPO4, 2.2 g/L KH2PO4, and 0.4% w/v glycerol. LB-L is 10 g/L tryptone, 5 g/L
yeast extract, and 5 g/L NaCl. Carbon sources were prepared as 20% w/v solutions,
sterile filtered, and diluted into the medium to final concentrations of 0.4% w/v at the time
of subculture. Media with buffers and salts were formulated by autoclaving LB medium at
a 1.2X concentration and adding the appropriate volumes of 1M K2HPO4, 1M KH2PO4,
1M MOPS, or 5 M NaCl. Ultrafiltered water was added as necessary to achieve a final 1X
LB concentration. The pH of all media was adjusted to 7.4 using HCI or NaOH as
appropriate. Tryptone and yeast extract were sourced from BD Bacto. Conductivity and
pH were measured using a Fisher Scientific accumet AB150 meter.

2.2.3 Plasmid Construction

PCR was performed with Phusion DNA polymerase using the primers listed in
Table 2.3. Golden gate cloning was used to construct plasmids for this study [151]. Genes
for proteins to be secreted were inserted into a modified pPROTet.133 backbone vector
(BD Clontech) under the control of the sic promoter [8]. All secretion plasmids expressed
the SptP chaperone sicP and the sptP secretion signal (nucleotides 1 to 477). The SptP
secretion tag was fused N-terminal to the protein of interest, and 2xFLAG and 6xHis tags
were fused C-terminal to the protein of interest. The gene for rhGH was ordered from
Twist Biosciences with overhangs compatible with golden gate cloning. All cloning was
done in E. coli DH10B cells, and all DNA sequences were confirmed by Sanger
sequencing (Quintara).

2.2.4 Recombineering

Recombineering was performed in S. enterica Typhimurium ASTE13 as described
by Thomason et al. [152]. Briefly, a cat-sacB cassette conferring chloramphenicol
resistance and sucrose sensitivity was amplified using primers with 40 bp of homology 5’
and 3’ to the locus of interest. The GFPmut2 gene was amplified using primers containing
the same 40 bp of homology 5 and 3’ to the locus of interest as used for the cat-sacB
cassette. PCR was performed with Phusion DNA polymerase with the primers listed in
Table 2.3. S. enterica Typhimurium ASTE13 was first transformed with pSIM6. A first
round of recombineering was performed to insert the cat-sacB cassette at the locus of
interest, and a second round of recombineering replaced the cat-sacB cassette with an
appropriate DNA product. The replacement DNA was GFPmut2 for transcriptional
fusions, a 60 bp oligo containing the first and last 30 bp of phoB for the phoB gene
knockout, and a 200 bp double-stranded PCR product containing the first and last 30 bp
of sipD flanked 5’ and 3’ by 70 bp of homology to the sipD genetic locus. The genomic
modifications were confirmed by Sanger sequencing (Quintara), and the strains were
cured of pSIM6. Primers used for recombineering are listed in Table 2.3.
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Table 2.3 Primers used in Chapter 2.

Sequence Amplicon Used to Construct
AATGGCAGAACAGCGTCGTACTATTGAAAAGC I
TGTCTTAA tgtgacggaagatcacttcg cat-sacB ASTE13 invE::gfpmut2
GAGAAAGCAGCACTATAGGTATCCTGTTAATA I

TTAAA atcaaagggaaaactgtccatat cat-sacB ASTE13 invE::gfpmut2
AATGGCAGAACAGCGTCGTACTATTGAAAAGC I
TGTCTTAA attaaagaggagaaaggtcatgag gfomut2 ASTE13 invE:.gfpomut2
GTAGAGAAAGCAGCACTATAGGTATCCTGTTA I
ATATTAAA ttatttgtatagttcatccatgccatg glpmut2 ASTE13 invE::gipmut2
AATGAGCCCAGGCCATTGGTATTTCCCAAGCC .
CACTTTAA tgtgacggaagatcacttcg cat-sacB ASTE13 prgH::gfpmut2
AAGGTGTTGCCATAATGACTTCCTTATTTACGT .

TAAA atcaaagggaaaactgtccatat cat-sacB ASTEA3 prgH:-gomut2
AATGAGCCCAGGCCATTGGTATTTCCCAAGCC .
CACTTTAA attaaagaggagaaaggtcatgag gfomut2 ASTE13 prgH..gipmut2
ACCAAGGTGTTGCCATAATGACTTCCTTATTTA .
CGTTAAA ttatttgtatagttcatccatgccatg glemut2 ASTEA3 prgH.:-gfomut2
ATCCGCACTCGCTGCTATCGCAGGCAATATTC A
GCGCTTAA tgtgacggaagatcacttcg cat-sacB ASTE13 sipC::gfomut2
AATCACACCCATGATGGCGTATAGATGACCTT A
TCAGA atcaaagggaaaactgtccatat cat-sacB ASTE13 sipC-.gipmut2
ATCCGCACTCGCTGCTATCGCAGGCAATATTC o
GCGCTTAA attaaagaggagaaaggtcatgag gfemut2 ASTE13 sipC::glomut2
TTAAATCACACCCATGATGGCGTATAGATGAC .
CTTTCAGA ttatttgtatagttcatccatgccatg gfemut2 ASTEA3 sipC..gipmut2
AAATTATGGCGAGACGTATTCTGGTCGTAGAA

GATGAGGC tgtgacggaagatcacttcg cat-sacB ASTEA3 AphoB
GGCATTAAAAGCGGGTCGAAAAACGATACCCT

GTCCCGC atcaaagggaaaactgtccat cat-sacB ASTEA3 AphoB
ATGGCGAGACGTATTCTGGTCGTAGAAGATGA
GGCGCGGGACAGGGTATCGTTTTTCGACCCG N/A ASTE13 AphoB
CTTTTAA

TTTAATCGCGCTCCTGATGGCGAACTGGGGAT ,
ATTATGCTTAATATTCAA tgtgacggaagatcacttcg cat-sachB ASTE13 AsipD
CTTACACTTGTAACCATTATTAATATCCTCTTC

TGTTATCCTTGCAGGAA cat-sacB ASTE13 AsipD
atcaaagggaaaactgtccatat

TCTGAAAGGTCATCTATACGCCATCATGGGTG
TGATTTAATCGCGCTCCTGATGGCGAACTGGG  self ASTE13 AsipD
GATATT atgcttaatattcaattcctgcaaggataa

TCTGCATACCTGGCATTATGACGGGGGGCTG
AGTCCTTACACTTGTAACCATTATTAATATCCT  self ASTE13 AsipD

CTTCTG ttatccttgcaggaattgaatattaagcat
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2.2.5 Protein Separation and Western Blotting

Samples were separated by SDS-PAGE and transferred to a polyvinylidene
fluoride membrane (PVDF, Millipore) for western blotting using the Bio-Rad Criterion
blotter. Samples were diluted such that all band signals were within twofold of the average
signal across the blot. Membranes were probed with mouse anti-FLAG per
manufacturer’s instructions (Sigma Aldrich). To facilitate chemiluminescent detection, a
secondary labeling step was performed with goat anti-mouse IgG (H+L) HRP conjugate
according to manufacturer’s instructions (Thermo Fisher). Bands were detected with the
SuperSignal West Pico Plus substrate (Thermo Fisher) and a ChemiDoc XRS + imaging
system (Bio-Rad).

2.2.6 Protein Quantification

All relative protein quantities were calculated by performing densitometry using
Image Lab software (Bio-Rad) and normalizing to the average of the replicates of the
specified normalization condition. Relative protein amounts were corrected for dilution if
appropriate. Absolute secretion titers were measured by performing SDS-PAGE, staining
with Coomassie according to Studier [153], and calculating densitometry relative to a
bovine serum albumin standard curve (Thermo). Background was calculated by
averaging the signal at the same molecular weight as the protein of interest across all
other lanes containing secreted fractions and then subtracted from the signal of the
protein of interest. Error bars are standard deviation on three biological replicates unless
otherwise specified.

2.2.7 Flow Cytometry

ASTE13 strains carrying invE::gfpmut2, prgH::gfomut2, or sipC::gfpmut2
transcriptional fusions and Pjacuvs hilA were grown and induced as specified in “Strains
and Growth Conditions”. Samples were prepared by diluting cultures to an optical density
at 600 nm of 0.005 to 0.05 in PBS with 1 mg/mL kanamycin in round-bottom 96-well plates
(Greiner Bio-One #650101). Plates were sealed and stored at 4°C for analysis. For each
sample, an Attune NxT flow cytometer (Life Technologies) was used to collect 10,000
events within a gated population determined to be cells. Data was analyzed using FlowJo
10.5.3 (TreeStar, Inc.). The experiment was performed in biological triplicate, and error
bars represent standard error.
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2.3 Results

2.3.1 Growth medium affects secretion titer

Traditionally, secretion via the SPI-1 T3SS is activated by shifting cells to high
osmolarity, low aeration growth conditions [8,154]. These growth conditions yield low
secretion titers, however, because maximum cell density is low and only ~33% of cells
have T3SS activity. In prior work, we showed that overexpressing the SPI-1 T3SS master
regulator HilA solved these challenges and increased secretion titer by an order of
magnitude [41]. HilA overexpression activated the T3SS in more than 90% of the
population, and it provided higher cell densities by facilitating secretion in low-salt (5 g/L
NaCl) LB-Lennox (LB-L) medium with moderate aeration. In subsequent work, combining
HilA overexpression, moderate aeration, and the high osmolarity medium traditionally
used to induce the SPI-1 T3SS, LB-IM (17 g/L NaCl), increased secretion titer further [38].

An optimal medium for protein production is composed of nutrients that maximize
cell density and protein production per cell, or specific productivity. The increase in
secretion titer observed in LB-IM with HilA overexpression highlights a unique challenge
for protein production via the T3SS, however—secretion titer is increased in high-salt
conditions that limit cell density. As a result, an ideal growth medium for protein production
via the T3SS will need to strike the optimal balance between maximizing cell density and
specific productivity.

Though numerous environmental inputs to the T3SS are documented (Table 1.4),
they were not characterized in the context of our engineered system. Thus, to expand our
knowledge of medium components that affect secretion titer, we began simply by
measuring expression and secretion titer of a model protein in the common bacterial
growth media 2X YT and terrific broth (TB). The model protein, or protein of interest (POI),
was the soluble catalytic DH domain from the human protein intersectin-1L fused C-
terminal to the T3SS secretion tag SptP to facilitate secretion [8,155]. SptP-DH-2xFLAG-
6xHis was co-transformed with a HilA overexpression plasmid to activate the T3SS and
maximize secretion titer in ASTE13, a derivative of S. enterica Typhimurium DWO01 [65].
The native SPI-1 promoter Psic controlled SptP-DH-2xFLAG-6xHis expression so that
T3SS and POI expression could be activated with a single induction event [8,41].
Secretion titers were measured relative to LB-L using semi-quantitative western blotting.

Bulk secretion titer increased threefold in 2X YT and fivefold in TB (Figure 2.1A)).
2X YT and TB increased expression of SptP-DH threefold and fourfold (Figure 2.1Aii),
suggesting that an increase in secretion titer is correlated with an increase in expression
of the target protein. The relative increase in secretion titer was higher than the relative
increase in SptP-DH expression in TB, indicating that some components in TB caused a
higher percentage of expressed protein to be secreted. We will henceforth refer to the
fraction of expressed protein that is secreted as “secretion efficiency”.

TB contains two defined components that are not present in LB-L: 0.4% w/v glycerol
and 89 mM potassium phosphate (Figure 2.1B). We hypothesized that adding those
components to LB-L could recapitulate the increase in secretion titer and efficiency
observed in TB. Surprisingly, separate addition of those components to LB-L revealed a
competing dynamic—glycerol repressed secretion, while phosphate buffer promoted
secretion. Combining the two components in LB-L, however, had a synergistic effect,
matching the fivefold increase in secretion titer observed in TB.
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Figure 2.1 Medium composition affects secretion titer.

A Relative bulk secretion titer (i), expression (ii), and representative western blots (iii) of SptP-DH-2xFLAG-
6xHis in LB-L, 2X YT, and TB. B Bulk secretion titer (i), expression (ii), and representative western blots
(iii) of SptP-DH-2xFLAG-6xHis secreted LB-L supplemented with the defined components in TB. All western
blots are representative of four biological replicates. Samples were diluted to fall within the linear range of
the LB-L signal. Boxed bands are from the same blot but were rearranged for clarity. “WCL” is whole culture
lysate and “SF” is secreted fraction. Error bars represent one standard deviation.
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2.3.2 Non-ionic carbon sources decrease secretion titer

SPI-1 T3SS transcriptional activity is repressed in the presence of glucose [102],
so the discovery that glycerol negatively impacted secretion titer led us to screen a panel
of carbon sources in LB-L to determine the nature of the effect of carbon sources on T3SS
activity. We included sodium succinate because we use it in minimal media formulations
for S. enterica growth [156]. We evaluated SptP-DH-2xFLAG-6xHis secretion titer,
expression, and T3SS transcriptional activity for each carbon source in LB-L.
Transcriptional activity over time was measured by performing flow cytometry on strains
with GFP integrated into one of the SPI-1 inv, prg, or sic loci. The inv, prg, and sic operons
code for regulatory, structural, and natively secreted proteins, respectively [96].

SptP-DH-2xFLAG-6xHis secretion titer decreased relative to no added carbon
source in the presence of all carbon sources except succinate, and SptP-DH-2xFLAG-
6xHis expression decreased in the presence of all carbon sources except glycerol and
succinate (Figure 2.2A). The trends in SptP-DH-2xFLAG-6xHis expression generally
correlated with the maximum level of transcriptional activation at SPI-1 T3SS loci (Figure
2.2B), though increased transcriptional activity relative to no added carbon source did not
translate to increased expression. Transcriptional activity was less explanatory for
secretion titer. Low transcriptional activity did trend with low secretion titer, but glycerol
and sorbitol had transcriptional activity similar to no added carbon source and reduced
secretion titer. Transcriptional activity in cultures containing glucose and galactose
ceased at least an hour earlier than the other conditions tested, which might contribute to
the negligible secretion titer observed in those cultures.

The decrease in secretion titer observed in the presence of all carbon sources
except succinate might also be explained by acidification of the medium (Figure 2.2A)),
an environmental condition known to repress SPI-1 T3SS activity [99,100]. The increase
in pH in cultures containing succinate suggests that amino acid catabolism occurred,
which could result from succinate being exhausted or succinate not being catabolized at
all. If the latter was true, its distinct could be solely due to its ionic character.
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Figure 2.2 Non-ionic carbon sources decrease secretion titer in LB-L.

A Relative bulk secretion titer (i), expression (ii), and representative western blots (iii) of SptP-DH-2xFLAG-
6xHis. Error bars represent one standard deviation. Expression and secretion titer were normalized to LB-
L with no carbon source using densitometry measurements on western blots. Western blots are
representative of three biological replicates. The pH of the secreted fraction was recorded at the end of the
experiment. B Transcriptional activity at the inv (i), prg (ii), and sic (iii) loci was measured by performing
flow cytometry on strains with transcriptional fusions of GFPmut2 at the appropriate locus. The
invE::gfpmut2 data was rescaled to highlight differences. Error bars represent standard error of the GFP
geometric mean for three biological replicates.
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2.3.3 Secretion titer increases with ionic content

Phosphate is a unique buffer species because in addition to providing buffer
capacity, it contributes significantly to the ionic content of the media. To decouple the
effects of buffering and increased ionic content, we compared secretion titer in media
containing a base of 10 g/L tryptone and 5 g/L yeast extract supplemented with a range
of concentrations of potassium phosphate, MOPS, sodium chloride, or MOPS
supplemented with sodium chloride (Table 2.4). We selected MOPS as an alternative
buffer species because it is the main buffer component in a defined medium explicitly
designed for S. enterica cultivation [157], it has a minimal contribution to ionic strength,
and it is one of Good’s buffers [158]. To mimic the simultaneous contributions of buffering
and ionic content inherent to phosphate, we supplemented MOPS with sodium chloride.
Finally, sodium chloride changes ionic content without a buffering effect. We monitored
ionic content by measuring conductivity. The concentrations of sodium chloride with and
without MOPS were chosen to match the conductivities of the specified concentrations of
potassium phosphate. Expression and secretion titer were compared to LB-L with no
additives using semi-quantitative western blotting.

Table 2.4 Medium additives for Figure 2.3.

[KH2PO4/
Medium K:HPO,4] (mM) [MOPS] (mM)  [NaCI] (nM) Conductivity (mS/cm)
1 10 0 0 4.0
20 0 0 5.6
3 40 0 0 8.4
4 80 0 0 14
5 160 0 0 25
6 0 10 0 2.5
7 0 20 0 2.8
8 0 40 0 3.5
9 0 80 0 4.7
10 0 160 0 7.1
11 0 10 12 3.8
12 0 20 24 5.4
13 0 40 48 8.1
14 0 80 97 14
15 0 160 193 23
16 0 0 14 3.5
17 0 0 28 4.9
18 0 0 56 7.5
19 0 0 112 13
20 0 0 224 23
LB-L 0 0 86 11
LB-IM 0 0 291 31

Expression and secretion titer increased linearly with conductivity. The correlation
was stronger for secretion titer (R? = 0.9) than expression (R? = 0.8). LB-IM and the
highest concentrations of potassium phosphate and MOPS+NaCl provided the highest
secretion titers. Expression was maximal in the highest concentrations of sodium chloride,
MOPS+NaCl, and potassium phosphate.
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Figure 2.3 Expression and secretion increase with ionic content.

A Relative bulk secretion titer (/) and expression (ii) of SptP-DH-2xFLAG in media containing 10 g/L
tryptone, 5 g/L yeast extract, and the additives specified in Table 2.4 plotted versus medium conductivity.
Bulk expression and secretion titer were normalized to LB-L with no additives (dotted lines). Error bars
represent one standard deviation. B Western blots are representative of three biological replicates.
Samples at the highest additive concentrations were diluted 0.5X to fall within the linear range of the LB-L
signal. Boxed bands are from the same blot but were rearranged for clarity. “WCL” is whole culture lysate

and “SF” is the secreted fraction.
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2.3.4 Carbon sources and buffers have a synergistic effect on expression and
secretion titer

Independent addition of buffers, salts and carbon sources showed that secretion
titer increases with ionic content and decreases with carbon sources that cause
acidification of the culture. If acidification of the culture was the sole cause of decreased
secretion titer, addition of a buffer would return secretion titer to levels at least equivalent
to no added carbon source. Potassium phosphate and glycerol in LB-L had a synergistic
effect, however, suggesting that high ionic strength, buffering, and added carbon sources
are a critical combination for increased secretion titer.

To determine if the synergistic effect could be a result of any combination of carbon
source and buffer at high ionic strength or whether the effect was specific to the
combination of phosphate and glycerol, we measured secretion of SptP-DH-2xFLAG-
6xHis in LB media containing potassium phosphate, MOPS, sodium chloride, and MOPS
plus sodium chloride with added glycerol, glucose, or succinate. The potassium
phosphate and MOPS concentrations were 90 mM to match the concentration of
potassium phosphate in TB, and the concentrations of sodium chloride with and without
MOPS buffer were chosen to approximate the conductivity of 90 mM potassium
phosphate (Table 2.5). Expression and secretion titer of SptP-DH-2xFLAG-6xHis were
measured in comparison to LB-L with no added carbon source using semi-quantitative
western blotting.

Table 2.5 Conductivity of LB supplemented with buffers, salts, and carbon sources.

[KH2PO4/ Conductivity (mS/cm)

K2HPO4] [MOPS] [NaCl]
Medium (mM) (mM) (mM) None Glucose Glycerol Succinate
KH2PO4/K2HPO4 90 0 0 14 14 14 18
MOPS 0 90 0 5.0 5.4 54 9.9
MOPS+NaCl 0 90 199 20 20 20 24
NaCl 0 0 234 22 22 21 26

Buffering was essential to maintain secretion in the presence of glucose and
glycerol, and the combination of buffering and increased ionic content was necessary to
increase expression and secretion titer (Figure 2.4A). LB-MOPS with glucose or glycerol
produced secretion titers similar to LB-L with no added carbon source, while secretion
titer decreased in LB-NaCl with glucose or glycerol. The decrease in secretion was likely
due to acidification of the extracellular environment, as observed in Figure 2.2 (Table 2.6).
Both LB-(KH2PO4/K2HPO4) and LB-(MOPS+NaCl) with added glucose or glycerol
provided at least a threefold increase in secretion titer. The combination of phosphate
and glycerol appeared to have a specific beneficial effect on secretion titer—it provided
the largest increase in secretion titer even though expression in LB-(MOPS+NaCl) with
glycerol increased by a larger margin (Figure 2.4B).

We want to maximize secretion efficiency in addition to bulk secretion titer, so we
evaluated expression and secretion on a per cell basis for the combinations of media
additives. Total protein expression per cell increased with ionic content if solution pH
remained above 5.0 (Table 2.6) and was highest in LB-(MOPS+NaCl) with glucose and
glycerol. Secretion per cell showed a more complex pattern. LB-(KH2PO4/K2HPO4) and
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LB-(MOPS+NaCl) provided similar increases in secretion per cell in combination with
glucose, but glycerol and LB-(KH2PO4/K2HPO4) had a greater synergistic effect than
glycerol and LB-(MOPS+NaCl). Secretion efficiency in LB-(KH2PO4/K2HPO4) was also
superior to that in LB-(MOPS+NaCl) with glycerol. Relative secretion per cell was higher
than relative bulk secretion for media containing succinate because the high ionic strength
of those media limited cell density.
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Figure 2.4 Sugars and buffers have a synergistic effect on expression and secretion titer.

A Relative bulk secretion titer (/) and expression (i) of SptP-DH-2xFLAG-6xHis secreted in media
containing 10 g/L tryptone, 5 g/L yeast extract, and the additives listed in Table 2.5. Bulk expression and
secretion titer were normalized to LB-L with no additives (dotted lines). B Western blots are representative
of three biological replicates. Samples were diluted to fall within the linear range of the LB-L signal. Boxed
bands are from the same blot but were rearranged for clarity. “WCL” is whole culture lysate and “SF” is
secreted fraction.
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Figure 2.5 Expression and secretion per cell vary among combinations of buffers, salts and
carbon sources.

(/) Relative secretion titer per cell and (ii) relative expression per cell of SptP-DH-2xFLAG-6xHis in the
media listed in Table 2.5. This is the same data set as Figure 2.4. Expression and secretion per cell were
calculated by dividing densitometry by ODesoonm and normalizing to LB-L with no additives. Error bars
represent one standard deviation for three biological replicates.

Table 2.6 pH of the Secreted Fraction from Figure 2.4.

[KH2PO./ pH of Secreted Fraction
K:HPO;] [MOPS] [NaCl]
Medium (mM) (mM) (mM) None Glucose Glycerol Succinate
MOPS 0 90 0 7.6£0.0 6.7%0.1 6.8+0.0 7.610.2
KH2PO4/K2HPO4 90 0 0 7.5£0.0 6.5+0.0 6.6+0.0 7.6£0.1
MOPS+NacCl 0 90 199 7.310.0 6.31+0.0 6.810.0 7.410.1
NaCl 0 0 234 7.910.1 4.610.0 4.8+0.0 8.0£0.1

2.3.5 Carbon sources and buffers affect T3SS transcriptional activity

Flow cytometry performed on ASTE13 strains containing transcriptional fusions of
GFP at the sic (Figure 2.6), prg, and inv (Figure 2.7) loci in the media listed in Table 2.5
showed that SPI-1 transcriptional activity varied with medium composition.
Transcriptional activity increased with conductivity for no added carbon source or
succinate. In media containing glucose or glycerol, the trends were more complex.
Transcriptional activity was repressed in LB-NaCl and highest in LB-(MOPS+NacCl). The
positive effect of LB-(KH2PO4/K2HPO4) with glucose or glycerol was stronger at the prg
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operon than either the inv or sic operons. Relative to media with no added carbon source
or succinate, glucose and glycerol also prolonged transcriptional activation in buffered
media while causing an early decrease in unbuffered media. Histograms for the data in
Figure 2.6 and Figure 2.7 are available in Appendix A.

Flow cytometry measures transcriptional activity on a per cell basis, so it should
be compared to expression and secretion per cell to identify correlations. Increased
transcriptional activity relative to LB-L with no added carbon source corresponded with
increased expression per cell of SptP-DH-2xFLAG-6xHis (Figure 2.5, Figure 2.6, Figure
2.7). As in Figure 2.2, transcriptional activity was less explanatory for secretion titer, but
media that prolonged and increased transcriptional activation also increased secretion
titer. Transcriptional activity did not explain why potassium phosphate and glycerol
produced a higher increase in secretion titer than LB-(MOPS+NaCl) and glycerol—the
transcriptional activity better corresponds with the expression data, and both media
prolonged transcriptional activity compared to LB-L, LB-MOPS, and LB-NacCl.
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Figure 2.6 Carbon sources and buffers affect T3SS transcriptional activity.

Transcriptional activity at the sic locus for (i) no added carbon source, (ii) glucose, (iii) glycerol, and (iv)
succinate in the media listed in Table 2.5 was measured over time by performing flow cytometry on ASTE13
strains containing a sipC::gfpmut2 transcriptional fusion. Error bars represent standard error of the GFP
geometric mean for three biological replicates.
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Figure 2.7 Carbon sources and buffers affect T3SS transcriptional activity.

A Transcriptional activity at the inv locus in (/) no added carbon source, (ii) glucose, (iii) glycerol, and (iv)
succinate. B Transcriptional activity at the prg locus in (/) no added carbon source, (i) glucose, (iii) glycerol,
and (iv) succinate. Flow cytometry was performed on ASTE13 strains containing invE::gfpmut2 (A) or
prgH::gfpmut2 (B) transcriptional fusions. Note that the invE::gfomut2 data has a different scale. Error bars
represent standard error of the GFP geometric mean for three biological replicates.
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2.3.6 The phosphate-sensing system PhoBR has no effect on expression or

secretion titer with the engineered T3SS

Phosphate could affect secretion titer in three ways—by buffering the media, by
increasing ionic content, or by inducing a specific regulatory cascade to increase SPI-1
activation. The two-component system PhoBR has been implicated in repressing SPI-1
activity in response to phosphate starvation [99,101]. We are studying phosphate in great
excess of the starvation condition, so we hypothesized that our conditions were more
likely to impact SPI-1 activity indirectly via metabolic pathways or osmolarity sensing
[106]. Nevertheless, we compared secretion titer of SptP-DH-2xFLAG-6xHis in LB-
(KH2PO4/K2HPO4) with 0.4% w/v glycerol in WT and AphoB strains (Figure 2.8). We were
surprised to discover that deleting PhoB had a small negative impact on secretion titer in
LB-(KH2PO4/K2HPOa4) with glycerol. It had no other significant effects.
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Figure 2.8 Expression and secretion titer are not affected by PhoB.

A Relative bulk secretion titer (/) and expression (ii) of SptP-DH-2xFLAG-6xHis in ASTE13 WT and AphoB
strains in LB-(KH2PO4/K2HPO4) with no added carbon source, 0.4% w/v glucose, or 0.4% w/v glycerol.
Expression and secretion titer were measured via semi-quantitative western blotting and normalized to LB-
L with no additives. Error bars represent one standard deviation. B Western blots are representative of
three biological replicates.
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2.3.7 An ideal medium formulation includes glycerol, phosphate, and sodium
chloride

Of the media tested in this work, secretion titer was highest in TB and LB-L with
0.4% wi/v glycerol and 89 mM KH2PO4/K2HPO4. The conductivity of LB-L supplemented
with glycerol and 89 mM KH2PO4/K2HPO4 was 21 mS/cm, which is higher than the 14
mS/cm measured for the LB-(KH2PO4/K2HPO4) medium listed in Table 2.5. The results
of Figure 2.3 suggest that the increased conductivity could be responsible for the higher
secretion titer. To evaluate the impact of the ratio of potassium phosphate and sodium
chloride, we chose two conductivity levels and added the appropriate amount of sodium
chloride to 20, 40, or 80 mM potassium phosphate in a base of 10 g/L tryptone and 5 g/L
yeast extract to achieve the specified conductivity. We compared expression and
secretion of SptP-DH-2xFLAG-6xHis in those six media with no added carbon source,
0.4% wlv glucose, and 0.4% w/v glycerol (Figure 2.9).

Expression was highest in media with 40 mM or 80 mM KH2PO4/K2HPO4 and
glucose. Secretion titer was consistent across all media with no added carbon source.
Secretion titer in media with glucose varied—secretion titer was negligible in media with
20 mM KH2PO4/K2HPO4, equal to no added carbon source in media with 40 mM
KH2PO4/K2HPO4, and increased fivefold in combination with 80 mM KH2PO4/K2HPOa.
Glycerol provided a fivefold increase in all media, though variability was higher in media
with lower concentrations of potassium phosphate. The correlation between the pH of the
secreted fraction and secretion titer matched the results of Figure 2.2, Figure 2.4, and
Table 2.6—when the pH of the secreted fraction dropped below 6.0, secretion titer
decreased dramatically.

35



Relative Expression

mM KH,PO,/
KoHPO,
mM NaCl

Conductivity
(mS/cm)

B

[KH,PO,/
K,HPO,]
(mM)

20
20
40
40
80

m m o 0O WP

80

None

m Glucose

u Glycerol

40 40 80
150 210 90
21 26 21

80

150
26

pH of Secreted Fraction

None Glucose Glycerol

8.110.0
8.11+0.1
8.0+0.0
8.0£0.1
7.810.0
7.810.0

5.0+0.0
4.9+0.1
6.1£0.1
6.0+0.1
6.6+0.0
6.6+0.1

6.4+0.1
6.5+0.1
6.7+0.1
6.8+0.1
7.0£0.1
7.0+0.0

Relative Secretion Titer

None

m Glucose

u Glycerol

20 20 40 40 80 80

180 240 150 210 90 150
20 26 21 26 21 26

N
Medum A B C D E F ¥
a-FLAG}---—--- -‘WCL

O-FLAGP ————— -‘SF

None
Medum A B C D E F ¥
O-FLAG [ #55 s  WVCL

a-FLAG[ ———— -‘ SF

Glucose

QJ'\J
Medum A B C D E F ¥
O-FLAG[-_ — = ,9 E‘ WCL

a-FLAGF—---- —|SF

Glycerol

Figure 2.9 An ideal medium formulation includes glycerol, phosphate, and sodium chloride.
A Relative bulk expression (i) and secretion titer (ii) of SptP-DH-2xFLAG-6xHis media with 10 g/L tryptone,
5 g/L yeast extract, and the listed additives at pH 7.4. Glucose and glycerol were 0.4% w/v. Expression and

secretion titer were normalized to LB-L with no additives using semi-quantitative western blotting. Error bars
represent one standard deviation. B pH of the secreted fractions after harvest. C Western blots are
representative of three biological replicates. Samples were diluted to fall within the linear range of the LB-

L signal. Boxed bands are from the same blot but were rearranged for clarity.
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2.3.8 Increases in secretion titer from optimized growth media and strain

improvements are additive and general for diverse secreted proteins

We previously showed that knocking out a protein in the SPI-1 T3SS tip complex,
SipD, increased secretion titer twofold in strains with hilA overexpression [52]. An ideal
T3SS production platform would combine all features that increase secretion titer, so we
evaluated if AsipD was additive with an optimized medium. To determine if the effect was
general, we selected a variety of test proteins in addition to DH: magainin-1 (MAG1), an
antimicrobial peptide; 14B7*, an scFv against the protective antigen of the anthrax toxin
[159,160]; and recombinant human growth hormone (rhGH, mature somatropin). All
proteins were cloned in the format SptP-POI-2xFLAG-6xHis and secreted in ASTE13 WT
and AsipD strains in Medium “E” from Figure 2.9B (LB-ES for “enhanced secretion”).

The AsipD strain improvement and the optimized medium were indeed additive for
all proteins tested (Figure 2.10). Secretion titer increased by varying amounts, but the
minimum increase provided by the combination of AsipD and LB-ES was six-fold above
a WT strain in LB-L. Total protein expression showed a different pattern from secretion
titer. SptP-MAG1-2xFLAG-6xHis and SptP-DH-2xFLAG-6xHis followed similar
expression patterns, and the apparent effect of AsipD and LB-ES was to increase
secretion efficiency for these proteins. SptP-rhGH-2xFLAG-6xHis and SptP-14B7*-
2xFLAG-6xHis increased by a surprising eight- and fourteen-fold, however. SptP-rhGH-
2xFLAG-6xHis expression increased by the same fraction as secretion titer in each
condition, suggesting that secretion titer increased with expression while secretion
efficiency was unchanged. SptP-14B7*-2xFLAG-6xHis secretion titer increased by a
much smaller margin than expression in both WT and AsipD strains with LB-ES. We
hypothesize that the discrepancy was caused by loss of expressed protein to insoluble
aggregates, preventing secretion.
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Figure 2.10 Increases in secretion titer from optimized media and strain modifications are additive.
A Relative bulk secretion titer (i) and expression (i) of test proteins from WT and AsipD strains in LB-L or
LB-ES media. “LB-ES” is 10 g/L tryptone, 5 g/L yeast extract, 80 mM KH2PO4/K:HPO4 pH 7.4, 90 mM NacCl,
and 0.4% w/v glycerol. Bulk relative expression and secretion titer were normalized to secretion from
ASTE13 WT in LB-L for each protein using semi-quantitative western blotting. Error bars represent one
standard deviation. B Western blots are representative of three biological replicates. Samples were diluted
to fall within the linear range of the normalization signal. Boxed bands are from the same blot but were
rearranged for clarity.

38



| BSA (ng) N A ~
O O 0,0 W '\"?) i“o
kDa NI I 0 )
130 —
95 —
T2 . e——— — T T A SRR N
55— =1 F——F — *
S . ~—~—  4—5piP-rhGH
34 —
26 - s i .
17 —
]| 1
160 30 r
y = 1E-05x- 16 @
140 | Rz =(0.08 :_—I: 05
- . U’
20 [ k3
< 80 . = 15
R 60 | 5
e E 10 F
40 5]
e 5 |
20+ ® 0
[ X
0 - L 1 ) 0 1 == L
0E+00 5E+06 1E+07 2E+07 SptP-MAG1 SptP-14BT7* SptP-rhGH
Signal (AU)

Figure 2.11 Titer of secreted proteins.

MAG1, 14B7*, and rhGH were secreted from an ASTE13 AsipD strain in LB-ES according to Methods. All
proteins were in the format SptP-POI-2xFLAG-6xHis. Secretion titer (i) was measured by performing
densitometry relative to a BSA standard curve (i/) on a Coomassie-stained gel (/). The rhGH secreted
fractions were diluted fivefold relative to those of MAG1 and 14B7*. Error bars represent one standard
deviation.

2.4 Discussion

Heterologous protein secretion in bacteria retains the robust, low-cost potential of
bacterial protein production while significantly decreasing the complexity of the product
purification process. The secreted fraction contains many fewer biomolecules than lysate,
which allows recovery of the purified product in a single step [27]. Here we expanded our
efforts to engineer the S. enterica SPI-1 T3SS as a heterologous protein production
platform by identifying and optimizing medium components that promoted high secretion
titers. The combination of high ionic content, buffering capacity, and a glycolytic carbon
source was critical for increased secretion titer. A mixture of phosphate buffer, sodium
chloride, and glycerol fulfilled this requirement and provided titers of 10 £ 1 mg/L for the
antimicrobial peptide magainin 1, 1 + 0.3 mg/L for the scFv 14B7*, and 25 £ 3 mg/L for
human growth hormone (Figure 2.11).

Transcriptional activity at the inv, prg, and sic loci trended with expression of the
secreted protein but was less explanatory for secretion titer, especially in low-pH
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conditions. Acidification of the medium to a pH below 6.0 appeared to cause an early
arrest of transcriptional activity at all T3SS loci, but it had an even stronger negative effect
on secretion titer. Secretion via the T3SS requires the proton motive force (PMF) [138],
so it is possible that acidification of the extracellular environment deactivated the
secretion apparatus.

Increased secretion titer correlated with increased expression, though secretion
efficiency varied with medium composition. The data in Figure 2.10 implies that that there
is an upper limit for the benefit of increased expression, however, so secretion efficiency
is a more desirable optimization target. Maximizing secretion efficiency—finding the
optimum between expression and secretion titer that minimizes product loss to insoluble
aggregates and maximizes the fraction of expressed protein that is secreted—will
optimize use of cellular resources. The T3SS is a ~4 MDa structure, so optimizing use of
cellular resources is critical to create an efficient cellular reactor with selectivity for T3SS
assembly, heterologous protein expression, and T3SS operation for heterologous protein
secretion.

Though expression and secretion titer increased with medium conductivity, a proxy
for ionic content, conductivity was insufficient to fully explain the effect of medium
composition. TB and LB-(KH2PO4/K2HPO4) had the same conductivity and the same
concentrations of glycerol and potassium phosphate, but TB had higher expression and
secretion titer (Figure 2.12). Likewise, LB-L and 2X YT had the same conductivity, yet
expression and secretion titer differed by threefold. Specific components present in
tryptone or yeast extract could be responsible, but it is also important to consider
osmolarity. Non-ionic carbon sources, tryptone, and yeast extract contribute primarily to
osmolarity and minimally to conductivity. Direct measurement of osmolarity requires an
osmometer, which is quite expensive, and we did not have access to one. We can
assume, however, that 2X YT and TB have a higher osmolarity than LB-L given their
increased concentrations of tryptone and yeast extract (Figure 2.1). Tryptone and yeast
extract are complex mixtures, and it is difficult to isolate the effects of their components.
A chemically defined medium is necessary to specifically evaluate the effects of the
chemical identity, concentration, and contribution to osmolarity of the components of
tryptone and yeast extract on expression and secretion titer.

Medium design is a critical aspect of any protein production process, but it is
especially important for heterologous protein production via the SPI-1 T3SS because of
the sensitivity of the T3SS to the extracellular environment. The regulation that governs
that sensitivity is multilayered and interwoven [98—100], but here we identified a simple
combination of glycolytic carbon source, buffer, and high osmolarity that increased
secretion titer at least fourfold for a variety of secreted proteins. That combination can
form the base of a fully chemically defined medium, which will expand on this work by
allowing precise investigation of the effect of medium composition on secretion titer. A
chemically defined medium will also facilitate precise investigation of other environmental
effects on secretion titer, such as dissolved oxygen concentration and controlling growth
via fed-batch or continuous culture strategies. Taking advantage of native T3SS
regulation to define an extracellular environment that promotes robust, high secretion
titers will identify new regulatory mechanisms and advance the development of the T3SS
as a heterologous protein production platform.
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Figure 2.12 Undefined media components affects expression and secretion titer through
mechanisms other than conductivity.

A Relative bulk secretion titer (i) and expression (i) and B relative secretion titer (/) and expression (ii) per
cell versus conductivity for secretion of SptP-DH-2xFLAG-6xHis from ASTE13 WT in media from Figure
2.1, Figure 2.4, and Figure 2.9.
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Chapter 3: A Defined Medium for Increased Protein Secretion
Titer

3.1 Introduction

The previous chapter outlined the importance of the physical and chemical
environment for secretion system function and identified a combination of glycerol,
phosphate, and sodium chloride at high osmolarity as critical for increased secretion titer.
Those experiments were conducted with a base of undefined medium components,
however, so interactions between the critical ingredients and nutrients in the undefined
portion of the medium formulation were impossible to discern. Explicitly defining the
chemical composition of the medium is necessary to precisely investigate environmental
effects on secretion titer.

Bacterial growth media can be sorted into three categories: undefined media, in
which the chemical composition is unknown except for one or two ingredients; semi-
defined media, in which the chemical composition is known with the exception of one or
two ingredients, and defined media, in which the chemical composition is known explicitly.
Undefined and semi-defined media often produce more biomass than defined media, but
it is difficult to isolate factors that influence growth, cellular physiology, or other
experimental outcomes like protein expression because the chemical composition of
those media is unknown. Chemically defined media alleviate this challenge and provide
the additional benefit of reducing batch-to-batch variability.

In this chapter, | describe initial optimization of defined growth media for consistent
and high titers of heterologous protein via the S. enterica T3SS. | evaluated three minimal
growth media, NCE, M9, and PCN, and compared secretion titer to that in LB-L. | tested
the effect of adding difference carbon sources to NCE, and | modified the formulas of
NCE and PCN using the information learned in Chapter 2 to maximize secretion titer.

3.2 Methods

3.2.1 Strains and Growth Conditions

Strains and plasmids used are listed in Table 3.1 and Table 3.2. Defined media
formulations were as listed in Appendix B. Carbon sources were added as specified.
Secretion experiments were started by growing a single colony from a fresh streak of a
frozen glycerol stock in the lysogeny broth Lennox formulation (LB-L: 10 g/L tryptone, 5
g/L yeast extract, 5 g/L NaCl) with appropriate antibiotics (34 pg/mL chloramphenicol, 50
pug/mL kanamycin) for 12-16 hours overnight in an orbital shaker at 37°C and 225 rpm.
For secretion experiments, overnight cultures were diluted 1:100 into the appropriate
medium. All media were supplemented with 100 pg/mL isopropyl [-D-1-
thiogalactopyranoside (IPTG) and appropriate antibiotics. All culturing steps were
performed in 24-well deepwell plates (Axygen). Secretion was performed for the time
specified at 37°C and 225 rpm in an orbital shaker. Whole culture lysate samples for total
protein expression were prepared for SDS-PAGE by adding cell suspension to Laemmli
buffer [150] in a 1:2 ratio prior to centrifugation. The secretion fraction was harvested by
centrifuging cultures at 4000 x g for 10 minutes. SDS-PAGE samples for the secreted
fraction were prepared by adding supernatant to Laemmli buffer in a 3:1 ratio [150]. All
SDS-PAGE samples were boiled at 95°C for 5 minutes immediately after preparation.
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For growth curves, 1 mL of overnight culture was pelleted at 5000 x g for 5 minutes.
The supernatant was discarded, and cells were resuspended in 1 mL of the medium used
for the growth curve. The resuspended cells were diluted to the specified OD in 5 mL of
the appropriate medium supplemented with appropriate antibiotics. All culturing steps
were performed in 24-well deepwell plates (Axygen). 100 yL samples were taken hourly
for ODsoo measurement and diluted in H20 to fall within an ODsoo range of 0.2-0.8. Growth
rates were calculated by identifying the linear region (with a minimum of three time points)
and calculating the slope via linear regression. Doubling time was calculated with ¢, =

log(2) /slope.
Table 3.1 Strains used in Chapter 3.

Strain Name Comment Reference
ASTE13 LT2-derived lab strain similar to DW01 This study; DWO01 [65]
ASTE13 Aprgl prgl knockout [41]

Table 3.2 Plasmids used in Chapter 3.

Plasmid Name ORFs under inducible control ORI abR Reference
Psic bla sicP SptP-bla-2xFLAG-6xHis colE1 cam [41]
Psic DH-GFP11 sicP SptP-DH-GFP11-2xFLAG-6xHis colE1 cam This study
Psic bla-GFP11 sicP sptP-bla-GFP11-2xFLAG-6xHis colE1 cam This study
Piacuvs hilA hilA p15a kan [41]

Table 3.3 Primers used in Chapter 3.

Sequence Amplicon Used to Construct

A GGTCTC A GCTT gatatgttgaccccaactgaaag DH-GFP11 2’?{ ;_";'SDH'GFM 1-2xFLAG-
A GGTCTC C CGCT

GGTGATGCCCGCCGCGTTCACGTATTCATGC DH-GFP11 sptP-DH-GFP11-2xFLAG-
AGCACCATATGATCCCGCGAACCACCCCCAG 6xHis

ATCCACCCCC agagttctccttctccege

sptP-bla-GFP11-2xFLAG-

A GGTCTC A GCTT cacccagaaacgctggtga bla-GFP11 6xHis

A GGTCTC C CGCT
GGTGATGCCCGCCGCGTTCACGTATTCATGC
AGCACCATATGATCCCGCGAACCACCCCCAG  bla-GFP11
ATCCACCCCC ccaatgcttaatcagtgagg

sptP-bla-GFP11-2xFLAG-
6xHis

DNA Manipulations

Table 3.3PCR was performed with Phusion DNA polymerase using the primers
listed in Table 3.3. Golden gate cloning was used to construct plasmids [151]. Genes for
proteins to be secreted were inserted into a modified pPROTet.133 backbone vector (BD
Clontech) under the control of the sic promoter [8]. All secretion plasmids expressed the
SptP chaperone sicP and the sptP secretion signal (nucleotides 1 to 477). The SptP
secretion tag was fused N-terminal to the protein of interest, and 2xFLAG and 6xHis tags
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were fused C-terminal to the protein of interest. The GFP11 tag was added C-terminal to
the protein of interest using 3’ extensions of the primers to append the tag 3’ to the gene
of interest. All cloning was done in E. coli DH10B cells, and all DNA sequences were
confirmed by Sanger sequencing (Quintara).

3.2.2 Protein Separation and Western Blotting

Samples were separated by SDS-PAGE and stained with Coomassie R-250
according to Studier [153] or transferred to a polyvinylidene fluoride membrane (PVDF,
Millipore) for western blotting using the Mini-Transblot cell (Bio-Rad). For western blotting,
membranes were probed with mouse anti-FLAG per manufacturer’s instructions (Sigma
Aldrich). To facilitate chemiluminescent detection, a secondary labeling step was
performed with goat anti-mouse IgG (H+L) HRP conjugate according to manufacturer’s
instructions (Thermo Fisher). Bands were detected with the SuperSignal West Pico or
Pico Plus substrate (Thermo Fisher) and a ChemiDoc XRS + imaging system (Bio-Rad).
All relative protein quantities were calculated by performing densitometry using Image
Lab software (Bio-Rad) and normalizing to the specified normalization condition. Error
bars are standard deviation on three biological replicates unless otherwise specified.

3.2.3 Protein Purification

All proteins were purified from S. enterica Typhimurium ASTE13 Aprgl. Cells were
grown and induced as described in “Strains and Growth Conditions” except that the
growth vessel was a 250 mL Erlenmeyer flask containing 50 mL of terrific broth (TB).
Cells were harvested by pelleting at 5000 x g for 10 minutes. The supernatant was
discarded, and the cell pellets were frozen at -80°C. Cell pellets were thawed and
resuspended in 10 mL 20 mM sodium phosphate pH 7.4 with 500 mM NaCl and 20 mM
imidazole. The resuspended cell solution was homogenized via sonication. The soluble
and insoluble fractions were separated by centrifugation at 17,000 x g for 20 minutes at
4°C. The soluble fraction was filtered with a 0.2 ym syringe filter before being applied to
a His GraviTrap column (GE Life Sciences) for purification. The eluted protein was buffer-
exchanged into phosphate-buffered saline using a PD-10 desalting column and quantified
compared to a BSA standard using densitometry on an SDS-PAGE gel stained with
Coomassie R-250 [153].

3.2.4 Fragmentation Analysis and Zymograms

Proteins were purified as described. Secretion experiments were performed as
described with ASTE13 WT lacking plasmids, ASTE13 WT expressing Piacuvs hilA, and
ASTE13 Aprgl expressing both Piacuvs hilA and the secretion vector containing the protein
of interest. The secreted fraction was collected as specified in “Strains and Growth
Conditions” and concentrated fivefold using Vivaspin 500 Centrifugal Concentrators with
a 10 kDa cutoff (Sartorius). Equal volumes of the concentrated supernatant and the
purified protein were mixed, and PBS was used as a control. The mixtures were held at
37°C for 22 or 24 hours and sampled as specified. Samples were prepared for regular
SDS-PAGE by mixing the protein sample with Laemmli buffer and boiled at 95°C for 5
minutes.

Samples for the zymogram gel were prepared by mixing the concentrated
supernatants by with Laemmli buffer lacking a reducing agent. 20 yL of the prepared
sample was loaded on a Novex 10% Zymogram Plus Gel containing gelatin (Invitrogen
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#7Y00100BOX). Electrophoresis and zymogram development were performed according
to manufacturer’s instructions. Briefly, following electrophoresis, the gel was placed in 50
mL Renaturing Buffer (Invitrogen) and rocked gently at room temperature for 30 minutes.
The Renaturing Buffer was replaced with 1X Developing Buffer (Invitrogen) and rocked
gently at room temperature for 30 minutes. The gel was placed in a fresh 50 mL of 1X
Developing Buffer, the box was sealed, and the gel was placed in an orbital shaker set at
25 rpm and 37°C for overnight incubation. The gel was Coomassie-stained according to
Studier [153] and imaged immediately to prevent significant destaining.

3.3 Results

3.3.1 An amino acid supplement in minimal media provides similar growth
characteristics as LB-L

Minimal media formulations are generally undesirable for heterologous protein
production because they provide, by definition, minimal nutrients, and protein production
is a resource-intensive process [161,162]. This is especially true for protein secretion via
the T3SS, as the ~4 MDa apparatus itself is composed of hundreds of proteins. A frequent
method of relieving the biosynthetic burden imposed by growth in minimal media is to
supplement with casamino acids, a tryptic digest of casein. This creates a semi-defined
medium, however, which is undesirable for our studies. Fortunately, the commercially
available EZ-Rich Defined Medium Kit (Teknova), based on PCN medium, includes a
defined amino acid supplement (5X EZ, Appendix B).

Secretion via the T3SS in minimal media requires optimization beyond medium
composition because T3SS induction and expression are growth-phase dependent. The
ideal T3SS induction time is early exponential phase [41], which occurs at the time of
subculture in rich media because there is no lag phase. Also, as observed in Chapter 2,
transcriptional activity at T3SS loci declines significantly by early stationary phase in
unoptimized LB media [41,163]. The biosynthetic burden imposed by minimal media
introduces a lag phase in addition to decreasing growth rate relative to undefined media.
Thus, it was important to determine the growth characteristics of each minimal medium
to find the appropriate induction and harvest times. | selected NCE, M9, and PCN
(Appendix B) as test media because NCE and PCN were specifically optimized for growth
of enterobacteria [157,164], and M9 is the most commonly used minimal medium for
bacterial growth. Iron is known to upregulate SPI-1 activity, so | added 50 uM ferric citrate
to M9 as it lacks a direct iron source. Glycerol and succinate were compared as carbon
sources in each medium.

Glycerol provided higher final cell densities and faster growth rates than succinate
in all media except M9 and LB-L (Figure 3.1, Table 3.4). Glycerol also acidified the
extracellular environment in PCN by 24 hours, which might cause decreased secretion
titer according to the results of Chapter 2. Ferric citrate did not change the growth
characteristics in M9 media. The final cell density in M9 was lower than expected, but
inspection of the medium recipe used for the growth curve revealed that it included a
tenfold lower ammonium chloride concentration than the recipe specified in
Supplementary Table 3.1. Thus, cell cultures in M9 in this experiment were likely nitrogen-
limited, which explains the low final OD. As expected, all minimal media had a slower
growth rate and lower final cell densities than LB-L (Table 3.4). If these media were used
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in these formulations (or with the correct ammonium chloride concentration in M9),
induction of Piacuvs hilA should occur two hours after subculture.

10 ¢

Medium C-Source

1+ NCE Glycerol
—— NCE Succinate

E Mo Glycerol
% 01l M9 Succinate

a M9+ferric citrate Glycerol
© —e— MO9+ferric citrate Succinate
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0.01} —o— PCN Succinate

—e— |B-L Glycerol
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0.001 . . . - . .
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Figure 3.1 Growth curves in minimal media and LB-L with 0.4% glycerol or 0.4% succinate.
Overnight cultures of ASTE13 containing Piacuvs hilA and Psic sicP sptP-bla-2xFLAG-6xHis were diluted to
an ODeoo of 0.5 in LB-L and subcultured 1:100 into the specified medium to achieve a starting ODeoo of
0.005. Each media contained either 0.4% w/v glycerol or 0.4% w/v succinate as specified. ODeoo was
measured every two hours in a cuvette using a NanoDrop 2000 spectrophotometer. The data represent
one biological replicate.

Table 3.4 Growth rates, end OD, and pH in defined media and LB-L.

Carbon Exponential OD at pH at pH at
Medium Source p (hr')  to (hr) Phase 24 hr 12 hr 24 hr
NCE Glycerol 0.56 1.2 4hr-12hr 4.2 7.5 7.0
NCE Succinate 0.39 1.8 4hr-14hr 23 7.5 8.0
M9 Glycerol 0.46 1.5 4hr-10hr 0.85 7.5 7.5
M9 Succinate 0.36 1.9 4hr-12hr 0.90 7.5 8.5
M9+ferric citrate  Glycerol 0.43 1.6 4hr-10hr 0.97 7.5 7.5
M9+ferric citrate  Succinate 0.27 25 4hr-14hr 1.0 7.5 8.5
PCN Glycerol 0.61 1.2 4hr-10hr 3.2 7.0 5.0
PCN Succinate 0.32 22 4hr-14hr 22 7.5 9.0
LB-L Glycerol 1.3 0.5 1hr-4hr 4.9 5.5 5.0
LB-L Succinate 1.35 0.5 1hr-4hr 6.5 8.0 9.0

| repeated the growth curves and supplemented each minimal medium with 1X EZ
Supplement (Teknova) to provide amino acids and biosynthetic precursors. Sampling was
hourly until 12 hours. Figure 3.2 shows the new growth curves overlaid with LB-L from
the previous experiment. The 1X EZ Supplement produced growth rates and final cell
densities equivalent to those in LB-L for all defined media (Table 3.5).
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Figure 3.2 Growth curves for minimal media supplemented with 1X EZ Supplement and LB-L.
Overnight cultures of ASTE13 containing Picuvs hilA and Psi sicP sptP-bla-2xFLAG-6xHis were
concentrated, resuspended in the media for the growth curve, and seeded at an ODeoo of 0.05. Each media
contained either 0.4% wi/v glycerol or 0.4% w/v succinate as specified. ODesoo was measured in a cuvette
using a NanoDrop 2000 spectrophotometer. Sampling was hourly until 12 hours, and a final optical density
was measured at 26 hours. The data represent a single biological replicate.

Table 3.5 Growth rates in defined media with 1X EZ Supplement compared to LB-L.

Exponential
Medium Carbon Source p (hr) to (hr) Phase Max OD
NCE Glycerol 0.96 0.72 1hr-5hr 6.8
NCE Succinate 0.90 0.77 1hr-5hr 4.5
M9+ferric citrate Glycerol 0.87 0.80 1hr-5hr 5.7
M9+ferric citrate Succinate 0.94 0.74 1hr-5hr 4.6
PCN Glycerol 0.80 0.86 1hr-5hr 4.3
PCN Succinate 0.79 0.88 1hr-5hr 4.7
LB-L Glycerol 1.3 0.52 1hr-4hr 4.9
LB-L Succinate 14 0.51 1hr-4hr 6.5

3.3.2 Supplemented defined media produces secretion titers equivalent to LB-L

Adding the 1X EZ supplement to the defined media allowed secretion experiments
to proceed on the same timeline as those in LB-L, so the next step was to compare
secretion titer. Previously, secretion experiments ended at eight hours because T3SS
transcriptional activity decreased in late exponential phase [41,163]. Chapter 2 showed
that transcriptional activity was extended in the presence of buffers and carbon sources,
however, so the experiment was extended to 24 hours with sampling at 8 and 12 hours.
The data in Figure 3.3 show that secretion continues beyond eight hours in defined media
and LB-L with 0.4% w/v succinate.
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Figure 3.3 Relative expression and secretion titer in defined media.
Relative expression (A,C) and secretion titer (B,D) of SptP-Bla-2xFLAG-6xHis in NCE and M9 containing
1X EZ Supplement and 0.4% w/v succinate were compared to LB-L with 0.4% w/v succinate and un-
supplemented LB-L. Values represent densitometry on semi-quantitative western blots normalized to LB-L
at 8 hours. “Per cell” values are divided by ODeoo at the specified time point. Induction of Pjacuvs hilA
facilitated T3SS and SptP-Bla-2xFLAG-6xHis expression. Representative western blots are displayed in
(E). “Whole culture lysate” represents total expressed protein. “N”, “M”, and “L” are NCE, M9, and LB-L.
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The decrease in relative expression at 24 hours indicates that expression persisted
until at least 12 hours in media that contained succinate but ceased sometime before 24
hours. Within error, all media reached an equivalent maximum secretion titer at 24 hours,
but the relative titers at 8 and 12 hours suggest that the average rate of secretion was
lower in NCE and M9 compared to LB-L with and without succinate.

3.3.3 Glycerol is an optimal carbon source in NCE

| selected NCE as a base medium to study the effect of a panel of carbon sources
on secretion titer. NCE is used for growth and study of S. enterica Typhimurium [156,164],
and it contains a high concentration of phosphate (Supplementary Table 3.1), which
should maximize secretion titer according to the results outlined in Chapter 2.
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Figure 3.4 Relative expression and secretion titer in NCE with various carbon sources.

Expression (A) and secretion titer (B) of SptP-Bla-2xFLAG-6xHis at 8 hours were measured via semi-
quantitative western blotting and normalized to succinate. 1X EZ Supplement was included in NCE. All
carbon sources were 0.4% wi/v. Picuvs hilA induction facilitated T3SS and SptP-Bla-2xFLAG-6xHis
expression. Data represents one biological replicate.

Table 3.6 Optical density at 8 hours in NCE with various carbon sources.

Carbon Source 8hr ODeoo
arabinose 3.4
glucose 3.1
glycerol 2.9
maltose 1.7
sorbitol 3.4
succinate 2.4
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Glycerol provided the highest secretion titer, and the identity of the carbon source
had a stronger impact on secretion titer than expression (Figure 3.4). Maltose was a poor
carbon source—it supported a low cell density and negligible secretion titer (Table 3.6).
Glucose and succinate provided equivalent bulk secretion titers, though secretion per cell
was higher with added succinate according to ODsoo values at 8 hours. The relative
expression and secretion titers with added glucose, glycerol and succinate matched the
trends observed in Chapter 2.

3.3.4 A high phosphate concentration is critical for increased secretion titer in
defined media

To build on the results of sections 3.3.2 and 3.3.3, | supplemented PCN medium
with concentrations of K2HPO4 and KH2POs equivalent to those in NCE to create
‘PCN+P” medium (Appendix B). | performed secretion for 24 hours, sampling at eight
hours, in NCE, PCN, and PCN+P with 0.4% w/v glucose, glycerol, or succinate. The
model protein was SptP-Bla-GFP11-2xFLAG-6xHis, as | was optimizing a split GFP
assay to measure secretion titer in parallel. | discuss those efforts in Chapter 4.

Expression was similar across all media at 8 and 24 hours, which was expected
based on the results of Chapter 2 and the composition of NCE, PCN, and PCN+P (Figure
3.5). PCN with glucose and glycerol showed a slight decrease in relative expression from
8 to 24 hours. The final cell density was lower in these media than other conditions tested
(Table 3.7). The end pH in Table 3.4 from the growth curves suggests that the
extracellular environment was acidified, though pH was not measured directly. The
decrease in relative expression per cell for all media at 24 hours indicated that expression
ceased at some point between 8 and 24 hours.

Secretion titer was more variable than expression. The highest secretion titers
were recorded in NCE with glycerol and PCN+P with any carbon source at 24 hours
(Figure 3.6). PCN with glucose had low secretion titer at eight hours, likely due to
acidification of the extracellular environment. Secretion titer in PCN with glycerol was
similar to PCN with succinate at eight hours, but secretion at 24 hours was lower than
secretion at eight hours, indicating that the secreted protein had degraded.

Analyzing the fold change in secretion from 8 to 24 hours suggests that secretion
rate varied among the media tested (Figure 3.6C), as previously observed when
comparing secretion in NCE and M9 to LB-L (Figure 3.3). Secretion rate was highest in
PCN+P with glucose or glycerol—secretion titer in those media had nearly reached their
maximum values at eight hours. NCE with glycerol, PCN+P with succinate, and PCN+P
with glucose or glycerol achieved similar secretion titers at 24 hours, but secretion rate
was about twofold slower in NCE with glycerol and PCN+P with succinate. NCE with
glucose had the lowest secretion rate of media that provided increased secretion titer.
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Figure 3.5 Expression of SptP-Bla-GFP11-2xFLAG-6xHis in defined media with glucose, glycerol,
or succinate.

Expression of SptP-Bla-2xFLAG-6xHis was measured in NCE, PCN, and PCN+P at 8 (A,C) and 24 (B,D)
hours via semi-quantitative western blotting. Data was normalized to NCE with 0.4% w/v succinate at 8
hours. “Per cell” values are bulk measurements divided by ODeoo values at the appropriate time point. The
T3SS was induced via Pjacuvs hilA expression. Representative western blots are shown in (E).
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Figure 3.6 Relative secretion titer of SptP-Bla-GFP11-2xFLAG-6xHis in defined media with

glucose, glycerol, or succinate.

Secretion titer of SptP-Bla-2xFLAG-6xHis was measured in NCE, PCN, and PCN+P at 8 (A) and 24 (B)
hours via semi-quantitative western blotting. All secretion titers were normalized to NCE with 0.4% w/v
succinate at 8 hours. The T3SS was induced via Pjacuvs hilA expression. Fold change from 8 to 24 hours
was calculated by taking the ratio of relative secretion titers at each time point and propagating error
appropriately (C). Representative western blots are shown in (D).
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Table 3.7 Optical density at 8 and 24 hours in NCE, PCN, and PCN+P with glucose, glycerol, or
succinate.

Medium Carbon Source OD at 8 hr OD at 24 hr
NCE glucose 3.1 4.5
PCN glucose 2.6 2.9
PCN+P glucose 3.4 4.8
NCE glycerol 3.3 5.2
PCN glycerol 3.5 3.8
PCN+P glycerol 3.4 5.6
NCE succinate 2.7 5.0
PCN succinate 2.7 5.1
PCN+P succinate 2.6 5.0

3.3.5 Fragments appear in the secreted fraction after eight hours in the presence

of glucose and glycerol

When | developed the western blots for the experiments described in the previous
section, | was surprised to discover fragmentation in the secreted fractions from media
containing glucose and glycerol (the bar graphs above represent total protein
quantification). | also noticed similar fragmentation in NCE, M9 and PCN with glycerol at
24 hours with SptP-DH-GFP11-2xFLAG-6xHis as the secreted protein (Figure 3.7). The
fragments were different molecular weights for SptP-Bla-GFP11-2xFLAG-6xHis and
SptP-DH-GFP11-2xFLAG-6xHis, but they were offset by the same difference in molecular
weight between DH and beta-lactamase. This detail and the fact that the fragments
appeared on an anti-FLAG western blot suggested that cleavage was N-terminal to the
FLAG tags and occurring within the SptP tag. A quick analysis with ExPasY PeptideCutter
[165] suggested that cleavage was occurring near amino acids 80 and 125 in the SptP
tag, and that a trypsin-like or chymotrypsin-like serine protease was responsible.

| wanted to confirm that cleavage was occurring outside of the cell and identify the
conditions under which the protease(s) might appear in the secreted fraction. If the
cleavage was a result of proteolysis, the protease(s) could appear in the secreted fraction
via several avenues. First, they could appear as a result of normal cellular growth, in
which case they would be present in the secreted fraction of ASTE13 WT harboring no
plasmids. The protease could also appear as a result of T3SS activation, and then it would
be secreted upon overexpression of Pjacuvs hilA. Finally, the protease could be secreted
by the T3SS itself, in which case it would be absent from the secreted fraction in a Aprgl/
strain.

| performed secretion experiments in the strains listed in Table 3.8. The “LMW/Full-
length” column is the ratio of the densitometry values for the low molecular weight (LMW)
and full-length bands. The SDS-PAGE gel in Figure 3.8 is labeled according to the lane
numbers specified in Table 3.8.
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Figure 3.7 Analysis of cleavage product size after secretion for 24 hours.
SptP-Bla-GFP11-2xFLAG-6xHis (A) and SptP-DH-GFP11-2xFLAG-6xHis (B) were secreted for 24 hours
in the specified media following induction of Piacuvs hilA. All carbon sources were 0.4% w/v. Fragment size
for each protein was estimated from the molecular weight marker and listed in (C). “LMW” is “low molecular
weight”.

Table 3.8 Strains used to generate the secreted fraction and analysis of cleavage of purified SptP-
tagged protein.

Carbon
Lane Strain Plasmid(s) Source LMWI/Full Full/PBS
1 ASTE13 WT None Glycerol 0.15 0.87
2 ASTE13 WT  Piacuvs hilA Glycerol 0.19 0.81
ASTE13 Pracuvs hilA
3 Aprgl Psic sicP sptP-bla-GFP11-2xFLAG-6xHis  Glycerol 0.18 0.84
4 ASTE13 WT None Succinate 0.05 1.00
5 ASTE13 WT  Piacuvs hilA Succinate 0.03 1.02
ASTE13 Pracuvs hilA
6 Aprgl Psic sicP sptP-bla-GFP11-2xFLAG-6xHis  Succinate 0.03 0.99
7 PBS N/A 0.03 1.00
8 ASTE13 WT None Glycerol 0.13 0.99
9 ASTE13WT  Placuvs hilA Glycerol 0.26 0.98
ASTE13 Piacuvs hilA
10 Aprgl Psic sicP sptP-DH-GFP11-2xFLAG-6xHis  Glycerol 0.28 0.92
11 ASTE13 WT None Succinate 0.03 1.11
12 ASTE13WT  Placuvs hilA Succinate 0.07 1.11
ASTE13 Piacuvs hilA
13 Aprgl Psic sicP sptP-DH-GFP11-2xFLAG-6xHis Succinate 0.06 1.13
14 PBS N/A N/A 0.01 1.00
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Figure 3.8 Cleavage of SptP-tagged protein in the presence of the secreted fraction.
SptP-Bla-GFP11-2xFLAG-6xHis and SptP-DH-GFP11-2xFLAG-6xHis were expressed in ASTE13 WT and
ASTE13 Aprgl strains in NCE with 1X EZ and 0.4% w/v glycerol or 0.4% w/v succinate, and the secreted
fraction was analyzed via western blotting (A). SptP-Bla-GFP11-2xFLAG-6xHis and SptP-DH-GFP11-
2xFLAG-6xHis were purified and mixed with fivefold-concentrated secreted fractions generated according
to the conditions listed in Table 3.8. The mixtures were incubated at 37°C for 22 hours and Coomassie
stained after SDS-PAGE (B).

Bands appeared at the same molecular weight as the main degradation product in
all mixtures that included secretion fractions produced in the presence of glycerol. The
ratio of the LMW fragment to the full length band and the ratio of the full-length band to
the PBS control suggest that the full-length band decreased by a similar amount as the
LMW fragment increased (Table 3.8). Degradation was not apparent in secreted fractions
produced by cultures containing succinate.

To confirm that the cleavage was mediated by a protease, | purified a new batch
of SptP-DH-GFP11-2xFLAG-6xHis and repeated the degradation experiment for 24
hours at 37°C with and without a protease inhibitor cocktail (Pl). | also added LB-IM with
glycerol as another condition. General degradation occurred in the samples mixed with
concentrated secreted fractions from LB-IM with glycerol, likely due to the low pH of the
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secreted fraction (Figure 3.9). The previously observed cleavage was apparent in
samples containing the secreted fraction from NCE with glycerol, and no degradation was
apparent in the samples containing the secreted fraction from NCE with succinate. The
protease inhibitor cocktail slowed degradation, but the amount used was insufficient to
completely inhibit cleavage.
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Figure 3.9 Cleavage of purified SptP-DH-2xFLAG-6xHis with and without protease inhibitors.
SptP-DH-GFP11-2xFLAG-6xHis was purified and mixed with fivefold-concentrated secreted fractions
generated according to the conditions listed in Table 3.9. Two identical sets of mixtures were generated,
and a protease inhibitor cocktail (Sigma) was added to one set. The mixtures were incubated at 37°C for
24 hours and Coomassie stained after SDS-PAGE.

Table 3.9 Strains and fragmentation analysis.

Carbon LMw/ LMW/
Source Full Full
Lane Strain Plasmid(s) Medium (0.4% wiv)  -PI +PI
1 ASTE13WT  None LB-IM Glycerol 0.03 0.03
2 ASTE13WT  Pracuvs hilA LB-IM Glycerol 0.04 0.02
Piacuvs hilA
3 28:'? 3 Pse SicP sptP-DH-GFP11-  LB-IM Glycerol  0.05  0.02
prg 2XFLAG-6xHis
4 ASTE13WT  None NCE Glycerol 0.17 0.04
5 ASTE13WT  Pracuvs hilA NCE Glycerol 0.23 0.11
Pracuvs hilA
6 28:'? 3 Pse SicP sptP-DH-GFP11-  NCE Glycerol 028 0.3
prg 2XFLAG-6xHis
7 ASTE13 WT None NCE Succinate 0.03 0.02
8 ASTE13WT  Pracuys hilA NCE Succinate  0.05 0.01
Pracuvs hilA
9 ’A*SrT'? 3 Pee SicP sptP-DH-GFP11-  NCE Succinate 005  0.02
prg 2XFLAG-6xHis
10 PBS N/A N/A N/A 0.04 0.02
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Figure 3.10 Zymogram of concentrated secreted fractions.

The fivefold-concentrated secretion fractions listed in Table 3.9 were run on a Novex Zymogram Plus gel
and developed according to the kit instructions.

Zymogram gels, or PAGE gels with protein embedded in the gel matrix, are used
to identify proteases. Samples are prepared in Laemmli buffer without reducing agent,
and SDS-PAGE proceeds as usual. The proteases are renatured in a 2.7% Triton X-100
solution, and “developed” in a proprietary buffer from Invitrogen at 37°C to enable
proteolytic activity. Active enzymes will cleave the embedded protein present at their
location in the gel, and the absence of proteins at that location creates “bands” that do
not stain with Coomassie. Coomassie will stain the rest of the gel, as it contains intact
protein.

The concentrated secretion fractions of Table 3.9 created very faint bands on the
zymogram (Figure 3.10), but a double banding pattern was present in the NCE with
glycerol secreted fractions. A single band appeared in secreted fractions from LB-IM with
glycerol. No bands were visible in the secreted fractions from NCE with succinate. These
results suggested that more than one protease is present in the extracellular environment
when glycerol (and likely glucose) is included as a carbon source.

3.4 Discussion

Growth medium optimization is a critical component of any recombinant protein
production process. Many large-scale recombinant protein production processes in
bacteria occur in semi-defined growth media with yeast extract as the undefined
component [166]. Semi-defined media do not allow identification of specific factors that
affect product titer, however. The T3SS is particularly sensitive to environmental cues, so
creating and optimizing a defined medium is critical for increased and robust protein
secretion titer. The results of this chapter showed that unoptimized defined media
supplemented with biosynthetic precursors such as amino acids supported similar growth
characteristics and secretion titers as LB-L. Including a high concentration of phosphate
in combination with glucose or glycerol as a carbon source provided at least a twofold
increase in secretion titer, though secretion rate varied with medium formulation.

Despite the increase in secretion titer provided by glucose or glycerol, the use of
those carbon sources is complicated by the fragmentation observed in the secreted
fraction after eight hours. The fragments are likely a result of proteolytic cleavage in SptP.
Though cleavage in SptP does not affect the function of the secreted protein, creating
multiple species complicates secreted protein quantification and downstream processing.
Identifying the proteases and knocking them out would solve this issue, but that is
infeasible if the proteases are essential for cell viability. Other solutions include using a
medium with an increased secretion rate, such as PCN+P, to allow a harvest at eight
hours or using PCN+P and succinate with a harvest at 24 hours. Glycerol is a superior
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carbon source to succinate in terms of both energetics [161] and raw material costs,
however, so finding an engineering solution that allows use of glycerol is optimal.

Finding an engineering solution to prevent uncontrolled proteolytic cleavage and
performing a broader and more systematic optimization of medium formulation will require
evaluating many conditions, but the low throughput of western blotting does not support
such experiments. The roughly optimized PCN+P medium demonstrates that defined
media have potential to high secretion titers, but a design-of-experiments (DoE) project
to address other components such as divalent cations and more systematically optimize
the combination of medium components will surely yield higher secretion titers.
Developing an assay that is at least medium throughput for screening secretion titer, then,
is essential to advance medium optimization and maximize secretion titer.
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Chapter 4: Methods for Measuring Protein Secretion Titer

4.1 Introduction

Protein quantification is a critical aspect of engineering a system for protein
production. Experimental scope and throughput are intrinsically tied to the capabilities of
the analytical methods available for measuring protein concentration. Engineering
projects to increase protein production capacity are often conducted with a model protein
reporter that facilitates accurate and high-throughput quantification. In choosing a protein
reporter, one must consider several factors, starting with the compatibility of the reporter
with the target system. Second, the expected protein amount must be well above the limit
of detection of the assay used to measure the reporter. Finally, experimental parameters
or solution conditions might affect reporter activity—it is important to ensure that the
reporter is measuring only protein quantity across all experimental conditions unless
reporter performance is deliberately included in the experimental design.

The T3SS presents several unique challenges for protein quantification. First, we
observe secretion titers on the order of 1-10 mg/L for most proteins, which is near or
below the limit of detection for many techniques, especially in the complex milieu of rich
bacterial growth media. Second, B-barrel fluorescent proteins such as GFP are not
secreted [176]. Third, secreted proteins fold in the extracellular space, which complicates
the use of assays that report on a correctly folded protein such as ELISA and enzyme
activity [38]. Changing the extracellular solution environment as described in Chapters 2
and 3 changes the folding environment, and then it is impossible to dissociate protein
folding and absolute protein quantity. Finally, the secreted protein is not 100% pure, and
the ratio of natively secreted proteins to a heterologous secreted protein is not
characterized. This renders general quantification methods such as BCA, Bradford, and
UV absorption unreliable even in the case where titer exceed the limit of detection.

Our secreted protein titer measurements were previously limited to western
blotting, enzyme activity assays, and ELISAs. ELISAs and enzyme activity assays report
on the folded state of the protein and thus were incompatible with the projects outlined in
Chapters 2 and 3. Western blotting is universally applicable, but it is too variable and
labor-intensive for high-throughput characterization. In this chapter, | will describe several
quantification methods that | evaluated and optimized for measuring secreted protein titer
in a high-throughput manner.

4.2 Methods

4.2.1 Strains and Growth Conditions

Strains and plasmids used are listed in Table 4.1 and Table 4.2. Secretion
experiments were started by growing a single colony from a fresh streak of a frozen
glycerol stock in the lysogeny broth Lennox formulation (10 g/L tryptone, 5 g/L yeast
extract, 5 g/L NaCl) with appropriate antibiotics (34 pg/mL chloramphenicol, 50 pyg/mL
kanamycin) for 12-16 hours overnight in an orbital shaker at 37°C and 225 rpm. Overnight
cultures were diluted 1:100 into the appropriate medium supplemented with 100 pug/mL
isopropyl B-D-1-thiogalactopyranoside (IPTG) with appropriate antibiotics. All culturing
steps were performed in 24-well deepwell plates (Axygen). Secretion was performed at
37°C and 225 rpm in an orbital shaker for the specified time. The secreted fraction was
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harvested by centrifuging cultures at 4000 x g for 10 minutes. SDS-PAGE samples for
the secretion fraction were prepared by adding supernatant to Laemmli buffer [150] in a
3:1 ratio unless otherwise specified. SDS-PAGE samples for whole culture lysate were
prepared by mixing cell suspension with Laemmli buffer in a 1:2 ratio prior to
centrifugation. All SDS-PAGE samples were boiled at 95°C for 5 minutes immediately
after preparation.

Table 4.1 Strains used in Chapter 4.

Strain Name Comment Reference
ASTE13 LT2-derived lab strain similar to DW01 This study; DWO01 [65]
ASTE13 Aprgl prgl knockout [41]

Table 4.2 Plasmids used in Chapter 4.

Plasmid Name ORFs under inducible control ORI abR Reference
Psic DH sicP SptP-DH-2xFLAG-6xHis colE1 cam [41]
Psic bla sicP SptP-bla-2xFLAG-6xHis colE1 cam [41]
Psic AP sicP SptP-phoA-2xFLAG-6xHis colE1 cam [38]
Psic bla-3xTC-tags  sicP SptP-bla-3xTC-2xFLAG-6xHis colE1 cam This study
Psic bla-FLAG-TC  sicP SptP-bla-2xFLAG-1xTC-6xHis colE1 cam This study
Psic bla-TC sicP sptP-bla-2xFLAG-6xHis-1xTC colE1 cam This study
Psic DH-GFP11 sicP SptP-DH-GFP11-2xFLAG-6xHis colE1 cam This study
Psic AP-GFP11 sicP SptP-AP-GFP11-2xFLAG-6xHis colE1 cam This study
Piacuvs hilA hilA p15a kan [41]

4.2.2 DNA Manipulations

PCR was performed with Phusion DNA polymerase using the primers listed in
Table 4.3. Golden gate cloning was used to construct plasmids [151]. Genes for proteins
to be secreted were inserted into a modified pPROTet.133 backbone vector (BD
Clontech) under the control of the sic promoter [8]. All secretion plasmids expressed the
SptP chaperone sicP and the sptP secretion signal (nucleotides 1 to 477). The SptP
secretion tag was fused N-terminal to the protein of interest, and 2xFLAG and 6xHis tags
were fused C-terminal to the protein of interest. The GFP11, 1xTC, and 3xTC tags were
added C-terminal to the protein of interest using 3’ extensions of the primers to append
the tag 3’ to the gene of interest. The GFP(1-10) gene was ordered as a gBlock with
golden gate-compatible cloning arms from IDT and cloned into a pET28b+ vector
(Novagen). All cloning was done in E. coli DH10B cells, and all DNA sequences were
confirmed by Sanger sequencing (Quintara).
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Table 4.3 Primers used in Chapter 4.

Sequence Amplicon Used to Construct
SptP-bla-3xTC-2xFLAG-6xHis

A GGTCTC A GCTT cacccagaaacgctggtga bla SsptP-bla-2xFLAG-1xTC-6xHis
SptP-bla-2xFLAG-6xHis-1xTC

A GGTCTC A CAGA bla SptP-bla-3xTC-2xFLAG-6xHis

ccaatgcttaatcagtgaggcacc

A GGTCTC ATCTG

GGGGATCGTTTCTTAACTGTTGTCCAGGG .

TGTTGCATGGAACCGGGTAGTTTTCT xTC SptP-bla-3xTC-2xFLAG-6xHis

gaattgttgtccgggatgct

A GGTCTC ACGCT

CGGCTCCATGCAGCAACCAGGGCAGCAAT ,

TCAGGAAAGATCCCGGTTCCATAC 3xTC SptP-bla-3xTC-2xFLAG-6xHis

agcatcccggacaacaattc

A GGTCTC ATCTA pPROTet. 133  sptP-bla-2xFLAG-1xTC-6xHis

gaggcatcaaataaaacgaaaggctcagtc backbone sptP-bla-2xFLAG-6xHis-1xTC

A GGTCTC A AAGC pPROTet. 133  sptP-bla-2xFLAG-1xTC-6xHis

ttactttctgctccaacatcgttatttttttc backbone sptP-bla-2xFLAG-6xHis-1xTC

A GGTCTC A CGCT bla SptP-bla-2xFLAG-1xTC-6xHis

ccaatgcttaatcagtgaggcacc

A GGTCTC ATAGA

TTAACTACCCGGTTCCATGCAACACCCTG bia sptP-bla-2xFLAG-6xHis-1xTC

GACAACAGTTAAGAAACGATCC
gtggtgatggtgatgatgcttg

A GGTCTC A GCTT gatatgttgaccccaactgaaag DH-GFP11 sptP-DH-GFP11-2xFLAG-6xHis

A GGTCTC C CGCT
GGTGATGCCCGCCGCGTTCACGTATTCAT
GCAGCACCATATGATCCCGCGAACCACCC
CCAGATCCACCCCC agagttctecttctccege

DH-GFP11 sptP-DH-GFP11-2xFLAG-6xHis

A GGTCTC A GCTT cacccagaaacgctggtga bla-GFP11 sptP-bla-GFP11-2xFLAG-6xHis

A GGTCTC C CGCT

GGTGATGCCCGCCGCGTTCACGTATTCAT

GCAGCACCATATGATCCCGCGAACCACCC bla-GFP11 sptP-bla-GFP11-2xFLAG-6xHis
CCAGATCCACCCCC ccaatgcttaatcagtgagg

A GGTCTC C GCTT
cggacaccagaaatgcctgttctgg

A GGTCTC C CGCT
GGTGATGCCCGCCGCGTTCACGTATTCAT
GCAGCACCATATGATCCCGCGAACCACCC
CCAGATCCACCCCC tttcagccccagageggce

phoA-GFP11 sptP-phoA-GFP11-2xFLAG-6xHis

phoA-GFP11 sptP-phoA-GFP11-2xFLAG-6xHis
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4.2.3 Protein Separation and Western Blotting

Samples were separated by SDS-PAGE and transferred to a polyvinylidene
fluoride membrane (PVDF, Millipore) for western blotting using the Bio-Rad Criterion
blotter. Samples were diluted as specified in the text before loading on SDS-PAGE.
Membranes were probed with mouse anti-FLAG per manufacturer’s instructions (Sigma
Aldrich). To facilitate chemiluminescent detection, a secondary labeling step was
performed with goat anti-mouse IgG (H+L) HRP conjugate according to manufacturer’s
instructions (Thermo Fisher). Bands were detected with the SuperSignal West Pico or
Pico Plus substrate (Thermo Fisher) and a ChemiDoc XRS + imaging system (Bio-Rad).

4.2.4 Protein Quantification via Stained PAGE Gels

Absolute secretion titers were measured by performing SDS-PAGE and staining
with Coomassie according to Studier [153] or SYPRO Ruby (Invitrogen) according to the
manufacturer’s instructions. Densitometry was performed in Image Lab software (Bio-
Rad) and used to estimate titer relative to a bovine serum albumin (BSA) standard curve
(Thermo). Error bars are standard deviation on three biological replicates unless
otherwise specified.

4.2.5 Protein Quantification via Western Blotting

All relative protein quantities were calculated by performing densitometry using
Image Lab software (Bio-Rad) and normalizing as described. Samples were diluted as
specified, and relative protein amounts were corrected for dilution if appropriate. For
calculation of absolute secretion titer, unknown samples were compared to a standard
curve of purified SptP-DH-2xFLAG-6xHis. The unknown samples were diluted to fall
within the range of the standard curve. Error bars are standard deviation on three
biological replicates unless otherwise specified.

4.2.6 Protein Purification

All proteins were purified from S. enterica Typhimurium ASTE13 Aprgl except for
the SptP-DH-2xFLAG-6xHis standard used for the western blotting standard curve. For
the proteins purified from ASTE13 Aprgl, cells were grown and induced as described in
“Strains and Growth Conditions” except that the growth vessel was a 250 mL Erlenmeyer
flask containing 50 mL of LB-L medium. Cells were harvested by pelleting at 5000 x g for
10 minutes. The supernatant was discarded, and the cell pellets were frozen at -80°C.
Cell pellets were thawed and resuspended in 10 mL 20 mM sodium phosphate pH 7.4
with 500 mM NaCl and 20 mM imidazole. The resuspended cell solution was
homogenized via sonication. The soluble and insoluble fractions were separated by
centrifugation at 17,000 x g for 20 minutes at 4°C.

The SptP-DH-2xFLAG-6xHis standard was grown and induced as described in
“Strains and Growth Conditions”, except that the overnight culture was diluted 1:100 into
50 mL terrific broth (TB) in a 250 mL Erlenmeyer flask with the appropriate volumes of
IPTG and antibiotics. Secretion was performed for 8 hours. The supernatant was
harvested by pelleting cells at 5000 x g for 10 minutes and filtering the supernatant
through a 0.2 ym syringe filter. The supernatant was concentrated and buffer-exchanged
into 20 mM sodium phosphate pH 7.4 with 500 mM NaCl and 20 mM imidazole using
Corning Spin-X UF 20 concentrators.
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The soluble fraction or buffer-exchanged secreted fraction was filtered with a 0.2
pum syringe filter before being applied to a His GraviTrap column (GE Life Sciences) for
purification. The eluted protein was buffer-exchanged into phosphate-buffered saline
using a PD-10 desalting column and quantified compared to a BSA standard using
densitometry on an SDS-PAGE gel stained with Coomassie [153].

4.2.7 Split GFP Assay

The split GFP assay was performed as described in Cabantous and Waldo [167].
Briefly, GFP(1-10)opt was expressed, purified, and frozen in ~50 mg pellets according to
Cabantous and Waldo [167]. The GFP(1-10)opt pellet was resuspended in 500 yL 8 M
urea with fresh 5 mM DTT and incubated at 37°C for five minutes to facilitate full
dissolution of the pellet. The dissolved inclusion body was added dropwise to 10 mL TNG
buffer (100 mM Tris pH 7.4, 150 mM NaCl, 10% glycerol v/v) to facilitate refolding and
gently inverted to prepare the GFP(1-10)opt working solution. The GFP11-tagged protein
of interest was secreted or purified as described above, and either 20 uL of the secreted
fraction or 20 yL of purified protein was mixed with 180 pL of the GFP(1-10)opt working
solution in a black opaque 96-well plate (Costar). Fluorescence was measured using a
BioTek Synergy HTX plate reader with a 485/20 nm excitation filter and a 516/20 nm
emission filter.

4.2.8 Tetracysteine Tag Assay

The tetracysteine (TC) tag assay was performed as described in Haitiema et al.
[55]. Briefly, 50 uL of 4 mM dithiothreitol (DTT, Alfa Aesar) was added to 50 pL of protein
sample in a black opaque 96-well plate (Costar). The 2 mM stock solution of FIASH-EDT2
or ReAsH-EDT2 (Thermo Scientific) was diluted to a 2 yM working stock in PBS, and 100
uL of the 2 working stock was mixed with the protein sample and reducing agent. The
labeling proceeded as specified and fluorescence was measured using a BioTek Synergy
HTX plate reader with a 485/20 nm excitation filter and a 516/20 nm emission filter for
FIAsH-EDT2 and a 560/40 nm excitation filter and a 620/15 nm emission filter for ReAsH-
EDTo>.

For in-gel visualization, 10X Bond-Breaker™ TCEP Solution (0.5 M, Thermo
Scientific Pierce) was diluted to 1X in 4X Laemmli buffer lacking a reducing agent. A 30
uL aliquot of protein sample was mixed with 10 uL of 4X Laemmli + TCEP and boiled at
95°C for 5 minutes. A 50 uM working solution of FIAsH-EDT2 was prepared by diluting
the 2 mM frozen stock in PBS. The boiled samples were cooled to room temperature, and
1 uL of the 50 uM FIAsH-EDT2 working solution was added. Labeling proceeded at room
temperature for 20 minutes, after which the samples were loaded on an SDS-PAGE gel.
The gel was washed for 5 minutes in ddH20 and imaged using a ChemiDoc XRS+ on its
“‘SYPRO Ruby” preset protocol. The gels were post-stained with SYPRO Ruby
(Invitrogen) according to manufacturer’s instructions and imaged again with a ChemiDoc
XRS+.

4.2.9 Alkaline Phosphatase Activity Assay

Alkaline phosphatase activity was measured by monitoring p-nitrophenol
phosphate (pNPP) cleavage. A stock solution of 0.1 M pNPP (Sigma Aldrich) prepared in
1 M Tris pH 8.0 and frozen at -20°C was thawed and diluted tenfold in 1 M Tris pH 8.0 to
create a 0.01 M pNPP working solution. If necessary, the pNPP working solution was
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diluted further to achieve the specified final concentration after adding 40 L to the assay
mixture. The specified volume of protein solution was added to 140 yL 1 M Tris pH 8.0
and 40 pL of working pNPP solution in a clear flat-bottom 96-well plate (Grenier Bio-One)
to a final volume of 200 pL. The mixture was incubated at 37°C as described and
absorbance at 405 nm was recorded by a BioTek Synergy HTX plate reader.

4.3 Results

4.3.1 Western blots and directly stained SDS-PAGE gels are universal analysis
techniques that require careful optimization

Western blotting and directly stained SDS-PAGE gels are central to any scientific
study involving protein and are nearly universally applicable. Conventional direct staining
of SDS-PAGE gels is non-specific; all proteins present are stained. The sensitivity and
linearity of directly stained SDS-PAGE gels is dependent on the stain used [168]. Western
blotting is specific and sensitive to femtomolar amounts of protein, but the blotting process
is laborious and introduces many sources of variability. The linear range of analysis
depends on the relative amounts of samples present (resulting from the amount of protein
loaded on the SDS-PAGE gel and the electrophoretic transfer conditions) and the
substrate used to visualize labeled bands [169-171].

Prior to the improvements in growth media described in Chapters 2 and 3, western
blotting was the only available technique for measuring the secretion titer of most
proteins. In fact, the most sensitive available substrate compatible with our western
blotting workflow (SuperSignal West Femto, Thermo Scientific Pierce) was required to
detect several proteins even after concentrating the secreted fraction. The increase in
titer provided by HilA overexpression allowed detection of the model protein SptP-DH-
2xFLAG-6xHis secreted in LB-L with the lower sensitivity SuperSignal West Pico. The
signal did not saturate for several minutes, however, so when | began the medium
optimization experiments outlined in Chapters 2 and 3 it did not occur to me that the
medium improvements might cause titer to exceed the linear range for detection relative
to LB-L.

The relative secretion titers calculated from western blotting were often highly
variable, but | attributed that to the many steps at which error accrues during the blotting
process. As | was optimizing the ideal formulation of potassium phosphate, sodium
chloride, and glycerol described in Chapter 2, | estimated secretion titer of SptP-DH-
2xFLAG-6xHis relative to a BSA standard curve on a Coomassie-stained SDS-PAGE gel
(Figure 4.1). Titer estimates from the direct staining indicated that western blotting was
underestimating the relative increases in secretion titer observed in TB and the optimized
LB media. For example, semi-quantitative western blotting showed that TB provided a
threefold increase in secretion titer relative to LB-L (Figure 4.2A), while the titers
calculated from quantitative Coomassie gels showed a six-fold increase in TB relative to
LB-L (Figure 4.1).
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Figure 4.1 Coomassie quantification of SptP-DH-2xFLAG-6xHis secretion titer.

Secretion of SptP-DH-2xFLAG-6xHis was performed following Pcuvs hilA induction in the specified media
for 8 hours. SDS-PAGE samples were prepared by mixing 90 uL of secreted fraction with 30 pL of 4X
Laemmli buffer and boiling at 95°C for 5 minutes. BSA standards were 100, 50, 25, 10, and 5 ng/uL. 10 pL
of each standard and unknown sample were loaded on a 12% tris-glycine gel. Titers in (B) were calculated
from the gels shown in (A).
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Including a calibration curve on each blot would cause a precipitous decrease in
the already low throughput, so | compromised by diluting samples to achieve a signal
within 50% of the normalization condition. | also ran triplicate of the normalization
condition and normalized unknowns to the average of those values to compensate for
biological and technical variation. These modifications significantly decreased variability
and generated western blotting results that better matched the fold changes in titer
observed from the quantitative Coomassie gel (Figure 4.2).

A B

Relative Secretion Titer
w

Relative Secretion Titer
(]

o .
RN s ¢

)
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Figure 4.2 Relative secretion titer calculated from western blotting with different sample dilutions.
Secretion of SptP-DH-2xFLAG-6xHis was performed following Pacuvs hilA induction for 8 hours. Bars were
generated from densitometry performed on the western blots represented in Figure 4.3. Samples analyzed
in (A) were normalized to a single LB-L sample on each gel. Samples for (B) were normalized to the average
of the LB-L biological replicates on each gel. All carbon sources were added to 0.4% w/v. [KH2PO4/K2HPO4]
and [MOPS] were 90 mM and pH 7.4, [NaCl] in “NaCl” was 234 mM, and [NaCl] in “MOPS+NaCl” was 199
mM. All media except TB included 10 g/L tryptone and 5 g/L yeast extract.
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Figure 4.3 Representative western blots for Figure 4.2.

Samples for (A) were prepared by combining 40 uL of the secreted fraction with 16 uL 4X Laemmli buffer.
10 pL of each sample was loaded on the gel. Samples for (B) were prepared by combining 20 uL of the
secreted fraction with 100 pL 1.25X Laemmli. Samples from TB with any carbon source, KH2PO4/K2HPO4
with glucose, glycerol or succinate, MOPS+NaCl with glucose, glycerol, or succinate, and NaCl with
succinate were diluted an additional fourfold in 1X Laemmli buffer. Gel loading was: 12 yL of LB-L, NaCl
with glucose, and NaCl with glycerol; 6 pyL of NaCl, KH2PO4/K2HPO4, and MOPS+NaCl with no added
carbon source (“none”); and 8 pL of 0.25X additionally diluted samples. Boxed bands are from the same
gel but were rearranged for clarity.

Estimating secretion titer via quantitative Coomassie gels also cast doubt on the
secretion titers previously reported from quantitative western blotting. When | compared
SptP-DH-2xFLAG-6xHis secretion titer calculated from a quantitative western blot with a
purified SptP-DH-2xFLAG-6xHis as a standard to the titers calculated in Figure 4.1, |
discovered that the values differed at least twofold (Figure 4.4).

67



A 60

AR T Y
SQQQQQQ' 07 y=8E-06x-13 ..
R R R F & G40 + R2=0.87,..""
RO RS & & gt
VYN o, A2 i ~ 1 1 %20 [ e
- e —— ——— — — G — — 1g [ .__I_,,-v"". . . .
0.00E+00 2.00E+06 4.00E+06 6.00E+06 8&.00E+06
Signal (AU)
60
QQ‘Z\QQQ\QQQ\QQ\ 250 | y=9E-06x-17 . ®
R R R L @& S0 | RP=097..
oV N o @20 L )
- Dap—— <10 } . L )
0 el 1 1 )
0.00E+00 2.00E+06 4.00E+06 6.00E+06 8.00E+06
B 160 Signal
m gqCoomassie
140 qWB
120 }
2 |
E 100 }
o)
= 80 |
c
iel
5 60 |
G
3]
w 40
20 - I .
0 - 1 1 1 J
LB-L LB-PBS LB-MBS B
0.4% wiv glycerol - + + +
K,HPO, (mM) 0 32 0 72
KH;PO,4 (mM) 0 8 0 17
MOPS (mM) 0 0 90 0
NaCl (mM) 86 150 199 0

Figure 4.4 Secretion titers calculated from a quantitative Coomassie gel and a quantitative
western blot.

Secretion of SptP-DH-2xFLAG-6xHis was performed for 8 hours following Pjacuvs hilA induction. Medium
formulations were as specified. The purified SptP-DH-2xFLAG-6xHis was quantified compared to a BSA
standard curve on a SYPRO Ruby-stained gel. Samples for western blotting were prepared by combining
20 pL of the secreted fraction with 1.25X Laemmli buffer and boiling at 95°C for 5 minutes. All samples
except LB-L were diluted fourfold further in 1X Laemmli buffer, and 10 yL of each sample was loaded. Titers
from western blotting (“qWB”) shown in (B) were calculated from the blots in (A) and “qCoomassie” titers
are from Figure 4.1.
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The discrepancy between secretion titers calculated from Coomassie gels and
western blots is difficult to explain, especially because the concentration of the purified
SptP-DH-2xFLAG-6xHis standard was also estimated from a BSA standard curve. The
standard curves are linear, and all unknown samples fall within the range of the standard
curve. If one calculates secretion titer relative to LB-L with the titers from each method,
however, the ratios match each other and the results of Chapter 2 (Figure 4.5). Direct gel
staining is generally less error-prone than quantitative western blotting, likely as a result
of variability generated from the additional steps required for blotting. Thus, direct gel
staining is preferable to western blotting for quantitative secretion titer measurements.
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Figure 4.5 Secretion titer relative to LB-L calculated from estimated titers.

Secretion titers of SptP-DH-2xFLAG-6xHis estimated from quantitative Coomassie gels and quantitative
western blots (Figure 4.4) were divided by the average LB-L titer to generate relative secretion titers. Error
bars represent standard deviation on three biological replicates.

4.3.2 The tetracysteine tag is not ideal for T3SS secretion titer measurement

The 14-amino acid tetracysteine (TC) tag developed by Tsein and colleagues
contains a -Cys-Cys-Pro-Gly-Cys-Cys- motif that binds a biarsenical dye compound to
generate red (ReAsH-EDT?2) or green (FIAsH-EDT?2) fluorescence [172]. The TC tag can
theoretically be appended to any protein, and its short length should have a minimal
impact on the fusion partner’s function. Additionally, fluorescence produced from the TC
tag should be directly proportional to the amount of secreted protein in multiple growth
media, as the output is not dependent on a correctly folded protein. | endeavored to adapt
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the TC tag assay described in Haitjiema et al. [55] as a high-throughput alternative to our
previously available methods.

Rich growth media provide high background fluorescence in the green spectrum,
so | chose to optimize this assay in the amino-acid supplemented NCE media described
in Chapter 3. | created three different constructs containing the TC tag fused to beta-
lactamase (Bla) because number and orientation of TC tags can affect fluorescence [173].
The first construct had three repeats of the TC tag N-terminal to the 2xFLAG and 6xHis
tags, the second had a single TC tag repeat between the 2xFLAG and 6xHis tags, and
the third had a single TC tag at the C-terminus of the fusion protein.

Haitjema et al. used 1 uM FIAsH-EDT2 reagent to label secreted proteins, but they
did not report secretion titer explicitly [55]. We reported a secretion titer on the order of 1
mg/L for SptP-Bla-2xFLAG-6xHis with Piacuvs hilA overexpression in LB-L [41], but for
safety | assumed a secretion titer of 10 mg/L. If one assumes a minimum 1:1 molar ratio
of reagent to TC sites, calculating the molar concentration of available TC sites will yield
the minimum concentration of reagent required. The molar concentration of TC sites for
SptP-Bla-3xTC-2xFLAG-6xHis secreted at 10 mg/L is:

_1.8_
= mol

- (3 TC sites) = 0.54 uM TC sites

MWSstp—Bla—3xTC-2xFLAG—6xHis = 95404 Da [

(10% secretion titer) ._mo

L 55404g
Secretion titer is likely lower than 10 mg/L based on our previously reported titer, so using
2 uM FIAsH-EDT2 or ReAsH-EDT2 should strike an appropriate balance between
conserving the expensive reagent and providing a sufficient molar excess to label all
secreted protein.

To test the various TC-tagged constructs, | used the secreted fractions of SptP-
Bla-2xFLAG-6xHis expressed in ASTE13 WT and the various TC tag fusions expressed
in ASTE13 Aprgl strains to provide background fluorescence conditions. Signal-to-noise
ratios were calculated by dividing the fluorescence of TC tag variants by the fluorescence
of either SptP-Bla without a TC tag or ASTE13 Aprgl strains carrying the same TC tag
variant (Figure 4.6). A ratio greater than one would indicate that there was a positive
signal resulting from the presence of the TC tag. A ratio equal to or less than one would
indicate that the TC tag was unable to produce a positive signal above non-specific
background levels. Unfortunately, none of the secreted constructs showed a positive
difference in fluorescence compared to the corresponding Aprgl strains and only a small
positive difference in fluorescence compared to SptP-Bla-2xFLAG-6xHis.
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Figure 4.6 Signal-to-noise ratios for various C-terminal TC tag arrangements.

Fluorescence from the various SptP-Bla and TC tag arrangements was compared to SptP-Bla-2xFLAG-
6xHis secreted from ASTE13 WT (A), and to the secreted fraction from ASTE13 Aprgl/ strains expressing
the same construct (B). Secretion was performed for 24 hours in NCE supplemented with 1X EZ and 0.4%
w/v succinate, and Picuvs hilA induction facilitated T3SS expression (C). The secreted fraction was reduced
with fresh 2 mM DTT and labeled with 2 yM FIAsH-EDT: for one hour at 37°C. Fluorescence was measured
with gains of 35 and 50 on a BioTek Synergy HTX plate reader. Western blots of expressed and secreted

protein are in (C).

| repeated the secretion experiment with the same constructs and labeled the
secreted fraction with ReAsH-EDT2. Smaller volumes and a shorter labeling time
produced larger positive differences in fluorescence between ASTE13 WT and ASTE13
Aprgl strains carrying the same TC tag variant (Figure 4.7). SptP-Bla-2xFLAG-1xTC-
6xHis showed the largest signal-to-noise ratio.
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Figure 4.7 Optimization of labeling time and amount of sample for labeling of various TC-tagged
constructs with ReAsH.

The ratio of the secreted fractions from ASTE13 WT and ASTE13 Aprgl/ strains expressing SptP-Bla with
the various TC tag arrangements was compared for 30 minutes (A) or 60 minutes (B) of labeling with 2 yM
ReAsH-EDT: at 37°C after reduction with 2 mM DTT for 15 minutes. Secretion was performed for 24 hours
in NCE supplemented with 1X EZ and 0.4% w/v succinate, and Pjcuvs hilA induction facilitated T3SS
expression. Fluorescence was measured with a gain of 50 on a BioTek Synergy HTX plate reader. Western
blots of expressed and secreted protein are in (C).

| purified each of the TC-tagged constructs and labeled a dilution series with both
FIAsH-EDT2 and ReAsH-EDT2 to determine the linear range and limit of detection for the
assay (Figure 4.8). SptP-Bla-2xFLAG-1xTC-6xHis was superior to the other two
constructs for ReAsH-EDT2 labeling and was the only construct to show any change in
fluorescence when labeled with FIAsH-EDT2. The assay was linear to 35 mg/L for ReAsH-
EDT2 labeling and 180 mg/L for FIAsH-EDT2 labeling. The limit of detection was 2 mg/L
for ReAsH-EDT2 and 10 mg/L for FIAsH-EDT2 under the conditions tested.
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Figure 4.8 Limit of detection and linear range for various TC-tagged constructs labeled with
ReAsH or FIAsH.

Each TC-tagged SptP-Bla was purified and diluted with PBS to provide a range of protein concentrations
that spanned two orders of magnitude. Each concentration was reduced for 15 minutes with 2 mM DTT and
then labeled with 2 yM ReAsH-EDT2 (A) or 2 uM FIAsH-EDT2 (B) for 30 minutes at 37°C. Fluorescence
was measured with a gain of 50 (ReAsH) or a gain of 35 (FIAsH) on a BioTek Synergy HTX plate reader.

The excitation and emission maxima for FIAsH-EDT2 are 508 nm and 528 nm,
which is within the 516/20 nm emission filter but just outside the 485/20 nm excitation
filter available on the plate reader used for the above experiments. To determine if the
signal-to-noise ratio could be increased with a more appropriate filter set, | repeated
secretion and labeling for each of the TC-tagged constructs and measured fluorescence
at several excitation and emission wavelengths on a BioTek Synergy H1 plate reader with
a monochromator. Figure 4.9 shows that altering the excitation and emission spectra
gives only a marginal increase in the ratio between fluorescence of the secreted fractions
of ASTE13 WT and ASTE13 Aprgl strains carrying the same TC tag variant.
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Figure 4.9 Signal-to-noise ratio for secreted TC-tagged constructs with various excitation and
emission filters.

The ratio of the secreted fraction from ASTE13 WT and ASTE13 Aprgl strains expressing the various TC
tag constructs was calculated for the specified excitation and emission filter settings (A). Secretion was
performed in NCE supplemented with 1X EZ and 0.4% w/v succinate, and Pj.cuvs hilA induction facilitated
T3SS and SptP-Bla expression (B). Secreted fractions were reduced for 15 minutes with 2mM DTT and
then labeled with 2 yM FIAsH-EDT: for 30 minutes at 37°C. Fluorescence was measured with the specified
excitation and emission filter settings on a BioTek Synergy H1 plate reader with a monochromator. Each
filter setting had a 16 nm bandwidth, and the gain was 50 for all readings.

Though the optimization efforts described above provided a positive signal for
SptP-Bla-2xFLAG-1xTC-6xHis relative to the Aprgl background condition, | expected the
difference in signal to be several-fold larger, especially in a defined medium. | became
suspicious that FIAsH-EDT2 and ReAsH-EDT2 were labeling other proteins non-
specifically, so | ran purified and secreted SptP-Bla-2xFLAG-6xHis and SptP-Bla-
2xFLAG-1xTC-6xHis samples labeled with FIAsH-EDT2 on SDS-PAGE. FIAsH-EDT2and
ReAsH-EDT2 remain bound to the TC motif in Laemmli buffer, so one can follow the usual
labeling procedure, mix the sample with Laemmli buffer, and run SDS-PAGE as usual. |
used FIAsH-EDT2 because it could be detected with a UV transilluminator.

The gel analysis revealed that FIAsH-EDT2 binds non-specifically to several
proteins, and strongly to a ~30 kilodalton protein present in the purified samples (Figure
4.10). The purified samples were generated from ASTE13 Aprgl strains, so it is possible
that some of the proteins that labeled non-specifically in the purified samples are also
present in the secreted fractions. The secreted fractions were not concentrated enough
to provide evidence of non-specific binding on that gel, however. The potential for non-
specific binding was enough to attempt a different assay—T3SS optimization projects can
change the composition of the secreted fraction, and including a control for every new
test condition would neutralize the increased throughput provided by this plate-based
assay.
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Figure 4.10 FIAsH in-gel labeling and SYPRO Ruby post-stain of purified and secreted SptP-Bla.
Purified and secreted SptP-Bla-2xFLAG-6xHis and SptP-Bla-2xFLAG-1xTC-6xHis were labeled with 5 yM
FIAsH-EDT2 and run on SDS-PAGE. Lane labels correspond to the conditions listed in Table 4.4. Following
SDS-PAGE, the gel was washed in ddH20 and imaged using a ChemiDoc XRS+ UV transilluminator to
visualize the FIAsH-EDT2-labeled protein. The gel was post-stained with SYPRO Ruby and imaged again
on a ChemiDoc XRS+.

Table 4.4 Strains and purified proteins for FIAsH in-gel labeling.

Lane Strain Expressed or Purified Protein Expected Labeling?
1 Purified 50 ng SptP-Bla-2xFLAG-6xHis No

2 Purified 500 ng SptP-Bla-2xFLAG-6xHis No

3 Purified 50 ng SptP-Bla-2xFLAG-1xTC-6xHis Yes

4 Purified 500 ng SptP-Bla-2xFLAG-1xTC-6xHis Yes

5 ASTE13 WT SptP-Bla-2xFLAG-6xHis No

6 ASTE13 WT SptP-Bla-2xFLAG-1xTC-6xHis Yes

7 ASTE13 Aprgl  SptP-Bla-2xFLAG-1xTC-6xHis No

4.3.3 The split GFP assay has low sensitivity and is affected by medium
composition

Because the TC tag assay was incompatible with our system in its current format,
| turned to split GFP as an alternative option [167]. The split GFP assay involves fusing
the eleventh beta strand of superfolder GFP (sfGFP) to a protein of interest and combining
the fusion with the remaining GFP(1-10)opt strands to complete the B-barrel and gain
fluorescence. The GFP(1-10)opt fragment has little to no background fluorescence on its
own. | fused the GFP11 fragment to DH and alkaline phosphatase to create the constructs
SptP-DH-GFP11-2xFLAG-6xHis and SptP-AP-GFP11-2xFLAG-6xHis.

The established protocol for split GFP recommended at least a fourfold molar
excess of GFP(1-10)opt, SO | calculated the amount of GFP(1-10)opt required to maintain
a tenfold molar excess. Our highest reported secretion titer in LB-L was on the order of
30 mg/L for SptP-DH-2xFLAG-6xHis, so | used 50 mg/L to provide a cushion. The molar

concentration of SptP-DH-GFP11-2xFLAG-6xHis for a secretion titer of 50 mg/L is:

g
MWstp—DH-GFP11-2xFLAG—6xHis = 46771 Da [=] ol
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mg secreted protein mmol _
( ) = 1.1 puM secreted protein

L ' 46771mg
(1.1 uM secreted protein) - (20 pL to assay well) = 21 pmol in assay well
Thus, the concentration of GFP(1-10)opt required to achieve a tenfold molar excess is:

(210 pmol GFP(1 — 10)4p1)
180 pL to assay well

= 1.2 uM GFP(1 — 10),p¢ working solution

The estimated concentration of the GFP(1-10)opt working solution ranged from 48 uM to
112 uM, which is more than sufficient for a secretion titer of even 500 mg/L according to
these calculations.

| purified SptP-AP-GFP11-2xFLAG-6xHis to determine the sensitivity and optimal
incubation time for the split GFP assay. Purified SptP-AP-GFP11-2xFLAG-6xHis
spanning two orders of magnitude was mixed with GFP(1-10)opt and fluorescence was
recorded every 15 minutes for four hours. Concentrations of SptP-AP-GFP11-2xFLAG-
6xHis below 20 mg/L failed to show an increase in signal after four hours (Figure 4.11).
After an overnight incubation at room temperature, however, all standards showed an
increase in fluorescence above background, and those values were used to construct a
standard curve. The correlation between fluorescence and protein concentration was
linear over the entire concentration range.
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Figure 4.11 Relative fluorescence for purified SptP-AP-GFP11-2xFLAG-6xHis.

Purified SptP-AP-GFP11-2xFLAG-6xHis was mixed with a GFP(1-10) working solution and fluorescence
was monitored at room temperature over four hours for several concentrations of purified SptP-AP-GFP11-
2xFLAG-6xHis (A). Samples were held overnight at room temperature and read again to construct a
standard curve (B). Fluorescence was recorded using a BioTek Synergy HTX plate reader with gain = 50.
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To determine if the assay was sensitive to differences in secretion of SptP-AP-
GFP11-2xFLAG-6xHis, | performed secretion in a range of media and subjected the
secreted fractions to overnight incubation with the GFP(1-10)opt working solution. All
media tested except LB-L with 0.4% w/v glycerol showed a difference between ASTE13
WT and ASTE13 Aprgl strains, though the difference was small in LB-L with no additives
(Figure 4.12). The low sensitivity could be a result of low secretion titer.
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Figure 4.12 Fluorescence of SptP-AP-GFP11-2xFLAG-6xHis secreted in various media.
SptP-AP-GFP11-2xFLAG-6xHis was secreted in the specified media for 8 hours. Pjcuvs hilA induction
facilitated T3SS expression in all conditions. Following harvest, secreted fractions were mixed with GFP(1-
10)opt working solution and held at room temperature overnight. Fluorescence was recorded on a BioTek
Synergy HTX plate reader with a gain of 50. “RFU” refers to relative fluorescence units, and the data
represents a single biological replicate.

SptP-DH secretes at the highest titer of all proteins tested for the T3SS, so |
compared it to alkaline phosphatase as a GFP11 fusion partner with the hope that
increasing titer would increase the signal-to-noise ratio for the split GFP assay. Purified
SptP-DH-GFP11-2xFLAG-6xHis was linear over two orders of magnitude and produced
a higher fluorescence signal than SptP-AP-GFP11-2xFLAG-6xHis at the same protein
concentration (Figure 4.13). Despite a significant increase in secretion titer, secreted
SptP-DH-GFP11-2xFLAG-6xHis offered only a small increase in signal-to-noise ratio
compared to secreted SptP-AP-GFP11-2xFLAG-6xHis. Signal-to-noise ratio increased
with secretion titer, and relative secretion titer calculated from relative fluorescence units
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corresponded well to relative secretion titer calculated from the standard densitometry
analysis.
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Figure 4.13 Comparison of SptP-AP-GFP11 and SptP-DH-GFP11.

Purified SptP-AP-GFP11-2xFLAG-6xHis and SptP-DH-GFP11-2xFLAG-6xHis diluted over two order of
magnitude were mixed with GFP(1-10)opt working solution. Following incubation at room temperature
overnight, fluorescence was recorded to construct a standard curve (A). Signal-to-noise ratio (C) and a
comparison between fluorescence and densitometry (D) was measured for SptP-AP-GFP11-2xFLAG-
6xHis and SptP-DH-GFP11-2xFLAG-6xHis. Proteins were secreted in LB-L and LB-L with 80 mM
KH2PO4/K2HPO4 following Pacuvs hilA induction for 8 hours. After harvest, the secreted fraction was mixed
with GFP(1-10)opt working solution and held at room temperature overnight. Fluorescence was recorded
with a BioTek Synergy HTX plate reader with a gain of 50. Densitometry was performed on an anti-FLAG
western blot as described in Methods. For the comparison between fluorescence and densitometry, values
were normalized to LB-L without phosphate for each secreted protein. Error bars represent standard
deviation on two biological replicates. All bands from the representative western blots in (B) are from the
same blot but were rearranged for clarity.
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The positive signal-to-noise ratio observed with SptP-DH-GFP11-2xFLAG-6xHis
and the agreement between relative fluorescence and densitometry were promising
results, suggesting that the split GFP assay could increase throughput for secretion titer
analysis significantly. Assay development was proceeding in parallel to the defined
medium development described in Chapter 3, so | continued to compare relative
fluorescence and densitometry as | evaluated the effect of altering medium composition
on secretion titer. The proteolytic cleavage observed in the secreted fraction from defined
media with glycerol as a carbon source produced substantially different results for relative
secretion titer calculated from fluorescence and semi-quantitative western blotting,
however. In an experiment comparing the effects of the phosphate counter ion and
sodium chloride concentration, secretion titer calculated from relative fluorescence was
two- to six-fold higher in samples containing fragments (Figure 4.14). The fragmentation
observed in the secreted fraction after 24 hours in the presence of glucose and glycerol
would complicate any analysis, but the several-fold difference observed in samples with
fragmentation made this assay unsuitable for a medium optimization project.
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Figure 4.14 Relative secretion titer measured by fluorescence and densitometry for SptP-DH-
GFP11-2xFLAG-6xHis.

Following Picuvs hilA induction, SptP-DH-GFP11-2xFLAG-6xHis was secreted for 24 hours in NCE and
PCN with the specified modifications. After harvest, the secreted fraction was mixed with GFP(1-10)opt
working solution and held at room temperature overnight. Fluorescence was recorded with a BioTek
Synergy HTX plate reader with a gain of 50. Densitometry was performed on total protein (including
fragments) from an anti-FLAG western blot as described in Methods. Fluorescence and densitometry
values were normalized to NCE with succinate. Error bars represent standard deviation on two biological
replicates.

80



4.3.4 An alkaline phosphatase activity assay increases throughput of secretion

titer analysis

Enzyme activity assays are commonly used in molecular biology, and those
described for “model” enzymes are well-characterized, often simple, and usually
inexpensive. Activity assays are incompatible with medium optimization projects because
they explicitly report on the folded state of the enzymes present in solution. For projects
that do not involve changing medium composition and therefore the folding environment,
however, enzyme activity is an attractive option. If the enzyme follows Michaelis-Menten
kinetics, the initial rate of product formation is proportional to the amount of enzyme if the
substrate is in excess of Ku:

_dP Keqf[E][S]
074t [S]+ Ky

for [S] > Ky,

dP
E = Keat[E]

Thus, calculating the slope of the initial linear regime of [P] vs. t for the activity of secreted
enzymes allows relative comparisons of secreted enzyme titer. We showed that SptP-
tagged beta-lactamase and alkaline phosphatase were active after secretion via the T3SS
[38]. | chose to further optimize a high-throughput alkaline phosphatase activity assay
because beta-lactamase is the resistance gene in the plasmid we use to facilitate
genomic modification, and | planned to create a library using that technique.

To find the ideal 96-well plate assay conditions, | created a dilution series of
purified SptP-AP-2xFLAG-6xHis and performed activity assays over a range of pNPP
concentrations (Figure 4.16). Increasing absorbance at 405 nm represented product
formation, and the relationship between absorbance and time was linear over the course
of the experiment (Figure 4.15). The lower concentrations of pNPP provided a weak
correlation between SptP-AP-2xFLAG-6xHis concentration and initial rate, which is
unsurprising given that the Kwv calculated for secreted SptP-AP-2xFLAG-6xHis was 100
+ 40 uM [38].
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Figure 4.15 Absorbance over time for varying amounts of purified SptP-AP and pNPP.
Purified SptP-AP-2xFLAG-6xHis was diluted in PBS over a range of concentrations and mixed with the
specified amount of pNPP. Product formation was monitored by recording absorbance at 405 nm every 15
seconds for 15 minutes and then every minute until 25 minutes on a BioTek Synergy HTX plate reader set
to 37°C. Note that the scales for j,ii differ from iii,iv. Data represents a single assay replicate.
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Figure 4.16 Initial rate of SptP-AP activity on pNPP.

Purified SptP-AP-2xFLAG-6xHis was diluted in PBS over a range of concentrations and mixed with the
specified amount of pNPP. Product formation was monitored by recording absorbance at 405 nm every 15
seconds for 15 minutes and then every minute until 25 minutes on a BioTek Synergy HTX plate reader set
to 37°C. Initial rate is represented by the slope of the line that relates absorbance and time (Figure 4.15).
Data represents a single assay replicate.

| expected secretion titer of SptP-AP-2xFLAG-6xHis to be on the order of 1 mg/L,
which was at the low end of the range of purified SptP-AP-2xFLAG-6xHis concentrations
that | evaluated in Figure 4.16. | tested activity on 1.5 mM and 2 mM pNPP with secreted
fractions from ASTE13 WT and ASTE13 Aprgl strains expressing SptP-AP-2xFLAG-
6xHis and found that alkaline phosphatase activity was detected in the secreted fraction
of ASTE13 WT but not ASTE13 Aprgl (Figure 4.17). The samples with 2 mM pNPP
showed a larger difference between the secreted fraction containing SptP-AP-2xFLAG-
6xHis (WT) and the secreted fraction lacking SptP-AP-2xFLAG-6xHis (Aprgl), so that
condition was selected for future projects.
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Figure 4.17 Product formation over time for secreted SptP-AP-2xFLAG-6xHis.

SptP-2xFLAG-6xHis was expressed in ASTE13 WT and ASTE13 Aprgl for 24 hours following Pjacuvs hilA
induction in NCE with 1X EZ Supplement and 0.4 % w/v succinate. The secreted fraction was mixed with
assay buffer and the specified concentration of pNPP. Absorbance was monitored at 37°C every 15
seconds for the first 15 minutes, and then every minute for the next 20 minutes. Data represents a single
biological replicate.

4.4 Discussion

No analysis technique is perfect—the ideal analysis technique matches the needs
of the system and the experimental design while producing accurate and precise results.
Even for the same system, different experimental goals may require multiple analysis
techniques.

The universal applicability of SDS-PAGE with general protein stains and western
blotting is a benefit for analyzing multiple proteins with a similar workflow. The linear range
must be established for each new protein, however, and samples must be diluted to
produce a densitometry signal within at most order of magnitude of the normalization
condition, ideally within 30-50%. Using general protein stains such as Coomassie and
SYPRO Ruby to estimate secretion titer instead of western blotting simplifies the workflow
considerably, but one must compensate for other proteins stained at the same molecular
weight by including and subtracting a “background” secreted fraction as described in
Section 2.2.6. The discrepancy between secretion titer calculated from quantitative
Coomassie gels and quantitative western blots should be resolved with an orthogonal
analysis technique.

The TC tag was a promising technique for increasing secretion titer estimation in
multiple solution conditions, but the non-specific binding described here and the probably

84



related low signal-to-noise ratio decreased its attractiveness for the goals of this work. It
also requires a reducing environment, which would invalidate its use in combination with
an analysis that required disulfide bonds, such as an alkaline phosphatase activity assay.
The assay is quite simple, however, so the technology is worth revisiting for future projects
with high secretion titers and unchanged growth media.

Like the TC tag, the split GFP assay showed promise for increasing throughput of
relative secretion titer analysis, but the results of this chapter show that signal can vary
depending on the size of the protein fused to the GFP11 fragment. The stability of the B-
barrel fold reduces the dependence of this assay on solution conditions, but the output
fluorescence still requires a “refolding” event in the extracellular space that may be
affected by variation in media formulations. A significant drawback of the split GFP assay
is that the GFP(1-10)opt detector fragment must be purified from inclusion bodies, and
refolding must occur immediately before use. These features suggest that a calibration
curve should be included in each experiment, which decreases overall throughput.

Enzyme assays are more sensitive than the TC tag or split GFP assay, making
them attractive options for increasing throughput if the medium formulation remains
constant. They require a kinetic measurement of product formation over time, which is a
more complicated analysis than an endpoint fluorescence measurement, but the SptP-
AP assay was the most reliable assay tested here for engineering projects that do not
involve changing medium formulations.

The work described here expands the suite of analysis techniques available for
estimating secretion titer. A reporter or analysis technique that combines the ease of
endpoint fluorescence measurement and constant performance in multiple solution
conditions across a broad range of secretion titers remains elusive, however. Secretion
titers of many heterologous proteins are too low for most assays even with the medium
improvements described in Chapters 2 and 3. As engineering efforts continue to increase
titer and purity of the secreted protein, general analysis techniques such as HPLC will
become more feasible options and accelerate further optimization of the T3SS as a
protein production platform.
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Chapter 5: Engineering the T3SS Needle Protein, Prgl, for
Increased Secretion Titer

Portions of the following are in preparation (Burdette, Metcalf, Valdivia, Wong, Kennedy,
Tullman-Ercek)

5.1 Introduction

Previous efforts to engineer the T3SS for heterologous protein production have
focused on engineering the regulatory system and investigating the effect of the secretion
signal [8,41,50]. Two recent studies showed that removing proteins from the tip complex
of the T3SS apparatus increased secretion titer, suggesting that the structure of the T3SS
can also be optimized for heterologous protein secretion [52,174]. The SPI-1 T3SS
apparatus is a ~4 MDa protein complex that spans the inner and outer membrane of the
cell [117,136,175]. A basal body anchors the apparatus in the inner and outer membrane,
while a polymeric needle capped with a tip complex extends ~60 nm into the extracellular
space. The SPI-1 T3SS needle is composed of ~100 copies of a single 80-amino acid
protein, Prgl (Figure 5.1). Proteins secreted via the T3SS travel through the basal body
and the polymeric needle in an unfolded state and spontaneously refold in the
extracellular space [38,176].

Figure 5.1 Cartoon of the SPI-1 T3SS needle complex highlighting Prgl.
The needle apparatus cartoon is adapted from Marlovits et al. [177]. The needle and monomer structures
are PDB = 6dwb from Chimera [178].

Evidence suggests that the T3SS exists in active and passive secretion states. In
its native context, the T3SS is activated by docking to a host cell membrane [134,179].
We and others have shown that the T3SS is active in the absence of host cells, however
[27,41,163,180]. The rate of secretion via the SPI-1 T3SS in the active, docked
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conformation exceeds the rate of secretion in the absence of host cells (i.e. the passive
state) by tenfold [134,181]. Thus, secretion is proceeding sub-optimally in the absence of
host cells even with the engineering improvements discussed in the preceding chapters.

A popular hypothesis is that secretion is activated by a conformational change in
the T3SS apparatus upon docking to a host cell [133,136,182]. In this model, the tip
complex inserts into the host cell membrane and initiates a structural change that acts as
a signal transduction to the basal body. The T3SS needle would likely be affected by this
structural change and thus might achieve an “activated” conformation that facilitates rapid
protein secretion. Mutational studies in various T3SS needle proteins provide support for
this theory—single amino acid changes in the needle protein had a significant effect on
controlling secretion of native substrates [183—-186].

Thus far, mutational studies of the T3SS needle protein have been alanine scans.
A recently developed protein engineering strategy, SyMAPS, coupled comprehensive
codon mutagenesis (CCM) and high throughput sequencing to comprehensively describe
the mutational tolerance of the MS2 viral capsid [187]. SYyMAPS presented a workflow
that evaluated every amino acid substitution at every residue to provide a complete view
of the relationship between mutation and function at a single residue in a multimeric
protein structure. We endeavored to adapt the SyMAPS workflow to identify single amino
acid changes in Prgl that confer increased secretion titer and to generate a complete view
of the mutational tolerance of a secretion-competent Prgl needle.

This chapter outlines the significant optimization required to adapt the SyMAPS
workflow to evaluate the “secretion fithess” of a CCM library of Prgl and reports initial
results from the high throughput sequencing data analysis. | describe development of
secretion and assay conditions for the use of a genomic copy of SptP-AP-2xFLAG-6xHis
for library screening, a recombineering method to create a genomically integrated CCM
library from a mixture of gene blocks, and a method of scoring variants to construct a
secretion fitness landscape according to the secretion titers measured in the library
screen. A surprising 2% of screened library members increased secretion titer more than
twofold. A majority of substitutions that increased secretion titer were larger and more
hydrophobic amino acids, including many at residues that face the interior of the needle
and potentially interact with the secreted protein.
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5.2 Methods

5.2.1 Strains and Growth Conditions for Secretion Experiments

Strains, plasmids, and primers used are listed in Table 5.1, Table 5.2, and Table
5.3. Secretion experiments were started by growing a single colony in the lysogeny broth
Lennox formulation (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) with appropriate
antibiotics (34 pg/mL chloramphenicol for Psic vectors, 50 pyg/mL kanamycin for Pjacuvs
hilA) for 12-16 hours overnight in an orbital shaker at 37°C and 225 rpm unless otherwise
specified. Overnight cultures were diluted 1:100 into the appropriate medium
supplemented with appropriate antibiotics and 100 pg/mL isopropyl [(-D-1-
thiogalactopyranoside (IPTG) if the strain carried Piacuvs hilA. All culturing steps were
performed in 24-well deepwell plates (Axygen) unless otherwise specified. Secretion was
performed at 37°C and 225 rpm in an orbital shaker for eight hours. The secreted fraction
was harvested by centrifuging cultures at 4000 x g for 10 minutes. SDS-PAGE samples
for the secretion fraction were prepared by adding supernatant to Laemmli buffer in a 3:1
ratio; SDS-PAGE samples for whole culture lysate were prepared by adding cell
suspension to Laemmli buffer in a 1:2 ratio. All SDS-PAGE samples were boiled at 95°C
for 5 minutes immediately after preparation.

Table 5.1 Strains used in Chapter 5.

Strain Genotype Reference
ASTE13 LT2-derived lab strain similar to DWO1 g\‘,{fojt‘[’gg];
ASTE13 Aprgl Aprgl [41]
ASTE13 prgl::.catsacB  prgl::catsacB [181]
DTE509 ASTE13 prgl::prgl-4 [181]
DTE510 ASTE13 prgl::prgl?464 [181]
DTE511 ASTE13 prgl::prglY®A [181]
DTE512 ASTE13 prgl::prglP7o4 [181]
DTE513 ASTE13 prgl::prglP41A [181]
DTE514 ASTE13 prgl::prglP41¢ This study
DTE515 ASTE13 prgl:.prglP41P This study
DTE516 ASTE13 prgl:.prglP4+1E This study
DTE517 ASTE13 prgl::prglP41F This study
DTE518 ASTE13 prgl::prglF+1¢ This study
DTE519 ASTE13 prgl:.prglP+H This study
DTE520 ASTE13 prgl:.prglP+" This study
DTE521 ASTE13 prgl::prglP41k This study
DTE522 ASTE13 prgl::prglP4it This study
DTE523 ASTE13 prgl:.prglP+M This study
DTE524 ASTE13 prgl:.prgl/P4+N This study
DTE525 ASTE13 prgl::prglP41Q This study
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Strain Genotype Reference
DTE526 ASTE13 prgl::prglP41R This study
DTE527 ASTE13 prgl::prglP41s This study
DTE528 ASTE13 prgl::prglP417T This study
DTE529 ASTE13 prgl:.prglP+V This study
DTE530 ASTE13 prgl::prglP41v This study
DTE531 ASTE13 prgl::prglP+1Y This study
sLAB190 ASTE13 sptP::sptP(1-1%9)-phoA-2xFLAG-6xHis This study
sLAB191 ASTE13 sptP::sptP(1-159-phoA-2xFLAG-6xHis prgl::catsacB This study
sLAB192 ASTE13 sptP::sptP(1-159)-phoA-2xFLAG-6xHis prgl::prglP+1A This study
sLAB193 ASTE13 sptP::sptP(1-1%9)-phoA-2xFLAG-6xHis prgl::prglP41¢ This study
sLAB194 ASTE13 sptP::sptP(1-1%9)-phoA-2xFLAG-6xHis prgl::prglF+™™ This study
sLAB195 ASTE13 sptP::sptP(1-159)-phoA-2xFLAG-6xHis prgl::prgl/P41T This study
sLAB196 ASTE13 sptP::sptP(1-1%9)-phoA-2xFLAG-6xHis prgl::prglF+V This study
sLAB203 ASTE13 sptP::sptP(1-1%9)-phoA-2xFLAG-6xHis prgl::prg/P4'P This study
sLAB204 ASTE13 sptP::sptP(1-159)-phoA-2xFLAG-6xHis prgl::prglP4'E This study
sLAB205 ASTE13 sptP::sptP(1-199)-phoA-2xFLAG-6xHis prgl::prglP41F This study
sLAB206 ASTE13 sptP::sptP(1-159)-phoA-2xFLAG-6xHis prgl::prglP4¢ This study
sLAB207 ASTE13 sptP::sptP(1-1%9)-phoA-2xFLAG-6xHis prgl::prglP+'t This study
sLAB208 ASTE13 sptP::sptP(1-159-phoA-2xFLAG-6xHis prgl::prglF+!! This study
sLAB209 ASTE13 sptP::sptP(1-159)-phoA-2xFLAG-6xHis prgl::prglF41K This study
sLAB210 ASTE13 sptP::sptP(1-139)-phoA-2xFLAG-6xHis prgl::prg/P41t This study
sLAB211 ASTE13 sptP::sptP(1-1%9)-phoA-2xFLAG-6xHis prgl::prglP+'N This study
sLAB212 ASTE13 sptP::sptP(1-1%9)-phoA-2xFLAG-6xHis prgl::prglP41Q This study
sLAB213 ASTE13 sptP::sptP(1-159-phoA-2xFLAG-6xHis prgl::prglF+'R This study
sLAB214 ASTE13 sptP::sptP(-1%9)-phoA-2xFLAG-6xHis prgl::prglP4!S This study
sLAB215 ASTE13 sptP::sptP(1-159)-phoA-2xFLAG-6xHis prgl::prglP4'" This study
sLAB216 ASTE13 sptP::sptP(1-159-phoA-2xFLAG-6xHis prgl::prglF+'Y This study
sLAB305 ASTE13 sptP::sptP(1-1%9-phoA-2xFLAG-6xHis AinvA This study
Table 5.2 Plasmids used in Chapter 5.
Plasmid Name ORFs under inducible control ORI abR Reference
Psic DH sicP SptP-DH-2xFLAG-6xHis colE1 cam [41]
Psic AP sicP SptP-phoA-2xFLAG-6xHis colE1 cam [38]
Pacuvs hilA hilA p15a kan [41]
pSIM6 gam, beta, exo pSC101 cb [152]
Placuvs P41A prglP41A colE1 kan [181]
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Plasmid Name ORFs under inducible control ORI abR Reference

Placuvs P41C prglP41c colE1 kan This study
Placuvs P41D prglP41b colE1 kan This study
Placuvs P41E prglP41E colE1 kan This study
Pracuvs P41F prglP41F colE1 kan This study
Placuvs P41G prglP416 colE1 kan This study
Placuvs P41H prglP41H colE1 kan This study
Placuvs P411 prglP41! colE1 kan This study
Placuvs P41K prglP41K colE1 kan This study
Placuvs P41L prglP4it colE1 kan This study
Placuvs P41M prglP4iM colE1 kan This study
Placuvs P41N prglP4iN colE1 kan This study
Pracuvs P41Q prglP41Q colE1 kan This study
Placuvs P41R prglP41R colE1 kan This study
Placuvs P41S prglP41s colE1 kan This study
Placuvs P41T prglP417T colE1 kan This study
Placuvs P41V prglP41v colE1 kan This study
Placuvs P41W prglP41w colE1 kan This study
Pracuvs P41Y prglP41y colE1 kan This study

5.2.2 PCR and Cloning

Primers used in this study are listed in Table 5.3. PCR was performed with Phusion
DNA polymerase for Quikchanges and constructing parts for recombineering. Saturation
mutagenesis at position 41 was performed by introducing mutations to prg/ carried on a
Piacuvs-inducible plasmid with a Quikchange protocol. Mutations were confirmed by
Sanger sequencing. Double-stranded DNA fragments for recombineering contained the
replacement gene(s) flanked 5’ and 3’ by 40 bp of homology to the genetic locus at which
the replacement gene(s) should be inserted. The 40 bp of homology was included in
oligos and attached via PCR using the primers listed in Table 5.3. The cat-sacB cassette
was amplified from the purified genome of E. coli TUCO01, Prgl position 41 mutants were
amplified from the appropriate Pjacuvs-inducible plasmid, and sptP-phoA-2xFLAG-6xHis
was amplified from a Psic SicP sptP-phoA-2xFLAG-6xHis secretion plasmid. Colony PCR
was performed by diluting a colony in a 50 yL PCR reaction containing the appropriate
primers and amplifying with GoTaq polymerase. Correct sequences were confirmed by
Sanger sequencing.
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Table 5.3 Primers used in Chapter 5.

Sequence Amplicon Used to Construct
S_Ic_:éggég%%(;&?r'l(;CCGATTGTGCGCTA prglP4c QC Prcuvs P41C
GAGBGTTTTGOTGC o8 prgreac Prcs PH1C
?géggé%gﬁiggTCCGATGATCGCTAC prglP4iD QC Prcuvs P41D
Eé‘l(;pé(ﬁ_?_(r:gg_gégTAGCGCATCATCGG prglP#o QC Prcuvs P41D
Sgéggég%%%(i?%CCGATGAAGCGCTA prglPE QC Prcuvs PA1E
'(A;é'l(;péc_‘]_(_;r%(_:gg_lpégTAGCGCTTCATCGG prglP*E QC Prcuvs PA1E
8gﬁéﬁééCCCTCCGATTTTGCGCTACTGG prglP4F QC Prcuvs PA1F
ggr;_lc_:_ET%CCAGTAGCGCAAAATCGGAGG prglPHF QC Prcuvs PA1F
8gﬁéAéACCCTCCGATGGAGCGCTACTGG prglP416 QC Prcuvs P41G
_I(_;_I(_JT(EI_((S;CCAGTAGCGCTCCATCGGAGGG prglP#16 QC Prcuvs P41G
_I(Eé\(é gég%ﬁéCTCA(_Jr'ECCGATCATGCGCTAC prglP4iH QC Prcuvs PA41H
GAGGGTTTTGOTG T oOE  prgaC Prcors PATH
8ggﬁéﬁéCCCTCCGATATAGCGCTACTGG prglP41 QC Prcuvs P41
g$$$T%CCAGTAGCGCTATATCGGAGG prglP41 QC Prcuvs P41
8gAAACCCTCCGATAAGGCGCTACTGG prglPiK QC Prcuvs PA1K
_IC_)((;SCCAGTAGCGCCTTATCGGAGGGTTT prglP4iK QC Prcuvs PA1K
82AAACCCTCCGATTTGGCGCTACTGG prglP4 QC Prcuvs PA1L
_I(ESCCAGTAGCGCCAAATCGGAGGGTTT prglP4t QC Prcuvs PA1L
8ggﬁéﬁéCCCTCCGATATGGCGCTACTGG prglP™M QC Prcuvs PA41M
ggr;_lc_:_ET%CCAGTAGCGCCATATCGGAGG prglP4™M QC Prcuvs PA41M
CAAAACCCTCCGATAATGCGCTACTGG prglP4iN QC Prcuvs PATN

CGGCG
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Sequence Amplicon Used to Construct
g(_?_l(_:_l?T%CCAGTAGCGCATTATCGGAGG prglP4iN QC Prcuyvs PAIN
?éggég%%CTi%ECCGATCAAGCGCTAC prglP41@ QC Prouys P41Q
Eégg%@rgggg_l(_:éGTAGCGCTTGATCGG prglP41@ QC Prouvs P41Q
Sgéggég%%%(i?%CCGATAGAGCGCTA prglP4iR QC Prouvs PA1R
fégg%@rggggEégTAGCGCTCTATCGG prglP4iR QC Prouvs PA1R
Sgéggég%%%(i?%CCGATAGTGCGCTA prglP4s QC Prouyvs P41S
gé{;g%??ggg?égTAGCGCACTATCGG prglP4s QC Pucuyvs P41S
g?éggég%%(}&?‘l(;CCGATACAGCGCTA prglP4T QC Prcuys PA1T
géggﬁ_gr??ggEégTAGCGCTGTATCGG prglP4T QC Prcuys PA1T
g?éggég%%%C;?ECCGATGTAGCGCTA prglP41v QC Prcuys P41V
gé{;g%??ggg?égTAGCGCTACATCGG prglP41v QC Prcuys P41V
8éﬁéﬁééCCCTCCGATTGGGCGCTACTGG prglP“ QC Pucuys PATW
ggr;_IC_Z_IGZT%CCAGTAGCGCCCAATCGGAGG prglP“ QC Pucuys PATW
82@&CCCTCCGATTATGCGCTACTGG prglP41Y QC Prouys P41Y
ggr;_lc_:_l?T%CCAGTAGCGCATAATCGGAGG prglP41Y QC Prouys P41Y
éﬁ%@%g ; ((33 E ﬁ&%’;‘g;ﬁ;;g;ﬁéﬁg;@T cat-sacB ASTE13 sptP::catsacB
GCTTACTTTCAGATAGTTCTAAAAGTAA

GCTATGTTTTTA cat-sacB ASTE13 sptP::catsacB

atcaaagggaaaactgtccatat
CTTGAGTCATTTGTGAATCAGCAGGAA
GCGCTCAAAAACATACTGCAGGAATAT
GCTAAAGTATGAGGAGAGAAAA
ttgaataatttaacgttgtcttcg
ACTTTCTATCGCGGCAAACAAATAATTA
TACAGAAATAGCTTACTTTCAGATAGTT
CTAAAAGTAAGCTATGTTTTTA
ttagtggtgatggtgatgatgc
CCCAAGCCCACTTTAATTTAACGTAAAT
AAGGAAGTCATT atggcaacaccttggtcagg

SptP(1-159)-phoA-2xFLAG-
6xHis

SptP(-159)-phoA-2xFLAG-
6xHis

prgl
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ASTE13 sptP::sptP(1-159)-
phoA-2xFLAG-6xHis

ASTE13 sptP::sptP(1-159)-
phoA-2xFLAG-6xHis

All ASTE13 prgl variants



Sequence Amplicon Used to Construct
GGACAATAGTTGCAATCGACATAATCC

ACCTTATAACTGA prgl All ASTE13 prgl variants
ttaacggaagttctgaataatggc

CTATAGTGCTGCTTTCTCTACTTAACAG

ASTE13 sptP::sptP(1-159)-

TGCTCGTTTACG tgtgacggaagatcacttcg cat-sacB Z?no‘fé\'ZXFLA G-6xHis

. (1-159) _
GCCCTTATATTGTTTTTATAACATTCACT ASTETS Spleept
GACTTGCTAT atcaaagggaaaactgtccat Zinv A
TTATATTGTTTTTATAACATTCACTGACT ASTE13 sptP::sptP(1-159)-
TGCTATCGTAAACGAGCACTGTTAAGTA N/A phoA-2xFLAG-6xHis
GAGAAAGCAGCAC AinvA
TCGTCGGCAGCGTCAGATGTGTATAAG ol Prgl library for NGS —
AGACAG atggcaacaccttggtcag prg PCR step 1
GTCTCGTGGGCTCGGAGATGTGTATAA ol Prgl library for NGS —
GAGACAG ttaacggaagttctgaataatggc prg PCR step 1

5.2.3 Strain Construction for Single Genomic Modifications

Strain modifications were generated by A Red recombineering as described by
Thomason et al. [152]. Briefly, a colony of ASTE13 carrying the pSIM6 plasmid was
inoculated in LB-L with 30 pg/mL carbenicillin and grown at 30°C and 225 rpm for 16-20
hours. The overnight culture was diluted 1:70 into 35 mL of LB-L and grown at 30°C until
ODeoo reach 0.4-0.6. The culture was washed twice with 30 mL ice-cold sterile ddH20 and
centrifugation at 4600 x g for 3 minutes to collect the cells. After the second wash, cells
were resuspended in ~400 uL of ice-cold sterile ddH20. Aliquots of 50 pL resuspended
cells were mixed with 200 ng of the appropriate PCR fragment and electroporated at
1800V for 5 milliseconds. A negative control containing no added DNA was also
electroporated. Cells were mixed with 950 pL SOC medium immediately after
electroporation and either recovered at 30°C for an hour for cat-sacB cassette
introduction (first step of recombineering) or transferred to a test tube containing 9 mL of
LB-L and grown at 37°C, 225 rpm for four hours for cat-sacB removal and replacement
(second step of recombineering). Cells were diluted serially to 10-3 in sterile PBS. 200 pL
of diluted cells was plated on 6% sucrose agar and grown at 37°C overnight. The second
step of recombineering for the AinvA knockout replaced the cat-sacB cassette by
electroporating 1 pL of a 10 uyM solution of a single 60 bp oligo containing the first and
last 30 bp of the invA gene.

5.2.4 Library Construction

A library of gene blocks carrying all possible amino acid substitutions was
synthesized and pooled by Twist Biosciences. Codons were fully randomized (“NNN”),
but the library excluded wild-type residues and stop codons. Residues 1-6 and 76-80
were not modified. The lyophilized DNA from Twist Biosciences was reconstituted in
ultrafiltered water to a concentration of 200 ng/uL. Recombineering was performed with
an ASTE13 sptP::sptP(1-159)-phoA-2xFLAG-6xHis prgl::cat-sacB as described above with
the following modifications. 200 ng (4 uL of a 50 ng/uL resuspended solution) of the library
was transformed into 100 pyL of recombination-competent cells via electroporation at
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1800V and 5 milliseconds. A negative control containing no added DNA was also
electroporated. Cells were immediately mixed with 900 yL SOC medium and transferred
to a 14 mL disposable culture tube (Fisherbrand) containing 2 mL of LB-L for a four-hour
recovery at 37°C and 225 rpm. Recombination efficiency was assessed by plating 200
uL of cells diluted serially to 103 in sterile PBS from both the library and the negative
control on 6% sucrose agar and allowing colonies to develop at room temperature for 24
hours. The remainder of the culture was mixed with 60% glycerol in a 1:3 ratio and
aliquoted into three cryovials for storage at -80°C. Before storage, 2 x 33 pL aliquots of
the glycerol mixture were diluted to facilitate plating single colonies for screening. The
first aliquot was diluted in 1.2 mL sterile PBS, and the second aliquot was diluted in 1.2
mL PBS with 15% glycerol and frozen at -80°C. The 1.2 mL aliquot without glycerol was
further split into 3 x 400 uL aliquots, and each was plated on a 15 cm agar plate with 6%
sucrose LB-agar. Colonies developed for 24 hours at room temperature.

5.2.5 Library Screening

Single colonies were inoculated in 0.5 mL LB-L in a 2 mL square 96-well deepwell
plate (Axygen) and grown overnight at 37°C, 350 rpm. ASTE13 sptP::sptP("-159)-phoA-
2XFLAG-6xHis, ASTE13 sptP::sptP(-1%9)-phoA-2xFLAG-6xHis prgl:.catsacB, and
ASTE13 sptP::sptP(1-159)-phoA-2xFLAG-6xHis AinvA were included in each deepwell
plate as controls. Overnight cultures were stored for analysis and high-throughput
sequencing by diluting 180 pL of overnight culture with 60 yL 60% glycerol in a sterile,
round-bottom 96-well plate (Corning), sealing the plate, and storing it at -80°C. To
facilitate secretion, overnight cultures were diluted 1:100 into 0.5 mL TB in a fresh 2 mL
square 96-well deepwell plate and grown for 8 hours at 37°C, 350 rpm. The secretion
fraction was harvested by pelleting cells in the deepwell plates at 4000 x g for 10 minutes,
collecting 200 pL of the supernatant, and storing it in a sealed plate at 4°C.

5.2.6 Alkaline Phosphatase Activity

Alkaline phosphatase activity was measured by monitoring p-nitrophenol
phosphate (pNPP, Sigma) cleavage. A stock solution of 0.1 M pNPP prepared in 1 M Tris
pH 8.0 was thawed from -20°C and diluted to 0.01 M in 1 M Tris pH 8.0. 20 uL of the
secretion fraction was added to 140 yL of 1 M Tris pH 8.0, and 40 uL of the 0.01 M pNPP
solution was added to each well. AP activity was measured on a BioTek Synergy HTX
plate reader by monitoring absorbance at 405 nm at 37°C for one hour, taking
measurements each minute.

5.2.7 Sample Preparation for High Throughput Sequencing

The randomly arrayed glycerol stocks were inoculated in identical arrangements
in fresh media in sterile, flat-bottom 96-well plates using a Tecan Fluent and grown with
lids in DigiLab HiGro shaking stacks at 37°C, 200 rpm for 18 hours. Each clone was
assigned a pool according to its relative secretion titer (Table 5.4). A Tecan Fluent was
used to reformat clones and sort them into their assigned pools. A VBA macro assigned
pools according to relative secretion titer and assigned clones to a new plate and well ID
to provide instructions for the Tecan Fluent. 150 uL of the fresh cell suspension was mixed
with 50 pL 60% glycerol in a fresh sterile, round-bottom 96-well plate (Corning). The
Tecan Fluent failed after sorting pools F-J, so the remainder were done by hand over the
course of a week. Each well of the newly sorted glycerol stocks was sampled and pooled
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according to Table 5.4 for genomic DNA purification. Genomic DNA was purified from 1
mL of each pool and 0.5 mL of the naive library using the GenElute Bacterial Genomic
DNA kit (Sigma).

Table 5.4 Pools for high throughput sequencing according to relative secretion titer.

Relative Number of Sample Volume Nextera XT Nextera XT
Pool Secretion Titer Clones for Mixture (uL) Primer i5 Primer i7
A 0.01-0.6 2015 5 N707 S502
B 0.6-0.8 575 10 N710 S502
C 0.8-1.0 691 10 N711 S502
D 1.0-1.2 480 20 N712 S502
E 1.2-14 236 20 N714 S502
F 1.4-1.6 151 20 N705 S503
G 1.6-1.8 77 30 N706 S503
H 1.8-2.0 75 30 N707 S503
I 2.0-2.5 70 30 N710 S503
J >2.5 36 50 N711 S503

PCR for library preparation was conducted with Phusion polymerase. The purified
genomes from the pool mixtures were amplified using the “Round 1” reaction recipe
(Table 5.5) and cycling conditions (Table 5.6) with primers sLAB278 and sLAB279 (Table
5.3) to attach lllumina Nextera XT adapters. Reactions were purified using the Promega
Wizard SV PCR cleanup kit. For each pool, 8 x 25 pL reactions were performed and
pooled after PCR cleanup to minimize jackpot effects. A second round of PCR attached
Nextera XT barcodes according to Table 5.4 using the “Round 2” reaction recipe and
cycling conditions in Table 5.5 and Table 5.6 with the pooled Round 1 reactions as
templates.

Table 5.5 PCR reactions for high throughput sequencing library preparation

Component Round 1 (25 pL x 8 per pool) Round 2 (50 pL x 1 per pool)
5X HF Buffer (NEB) 5puL 10 uL

10 mM dNTPs (NEB) 0.5 uL 1puL

10 yM FWD primer 1.25 uL 25pL

10 uM REV primer 1.25 uL 25pL

5 uL purified and combined

Template DNA 2.5 pL of 5 ng/uL gDNA Round 1 reaction
Phusion (NEB) 0.25 uL 0.5puL
H20 14.25 pL 28.5 uL
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Table 5.6 PCR cycling conditions for high throughput sequencing library preparation
Round 1 (25 ylL x 8 per pool) Round 2 (50 yL x 1 per pool)

Step T (°C) Time (sec) T (°C) Time (sec)
Initial Denaturation 98 60 98 30
Amplification 98 10 98 10

(Round 1 — 22 cycles) 62 15 61 15

(Round 2 — 8 cycles) 72 30 72 30
Elongation 72 300 72 300

Hold 4 indefinite 4 indefinite

5.2.8 High-Throughput Sequencing Data Processing

The code for data processing using the Linux command-line interface (bash) is
given following each explanation. Data were trimmed using Trimmomatic64 with a 2-unit
sliding quality window of 30 and a minimum length of 30. Sequences were cropped to
243 bp.

Java -jar trimmomatic-0.36.jar SE input forward HTSO001.fastq.gz HTS001_trimmed
SLIDINGWINDOW:2:30 MINLEN:30 CROP:243

Reads were then aligned to the wild-type Prgl reference gene with Burrows—\Wheeler
Aligner (BWA-MEM)66 and piped into Samtools to convert to a bam file.

bwa mem -p Reference/ref.fasta HTS001_trimmed.fastq | samtools view -bT
Reference/ref.fasta -o HTS001.bam

Reads that fully mapped to Prgl were kept for further analysis.
samtools view HTS001.bam | grep “243M” | sort | less -S>HTS001.txt

The trimmed reads were further processed to generate a secretion fitness landscape
using code written in-house (Appendix C).

5.3 Results
5.3.1 Saturation mutagenesis at a single residue of Prgl reveals variable secretion
titer

Kenjale et al. conducted an alanine scan of the homologous T3SS needle protein
of Shigella flexneri, MxiH, and reported mutations that changed secretion behavior [185].
Previous Tullman-Ercek lab members mapped a subset of those mutations to Prgl and
discovered that those mutations altered heterologous protein secretion titer [181]. One of
the mapped mutations, Prgl®4'4, increased secretion titer twofold. The P41 residue is
located in the hinge region of the Prgl monomer and has extensive contact with
neighboring monomers [191], so it was interesting that it could be changed at all. To
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further investigate the mutational tolerance of this residue, we performed saturation
mutagenesis. In the course of mapping mutations from MxiH to Prgl, we also discovered
that Prgl could not be complemented by a plasmid in our system [181], so all mutations
were incorporated into the genomic copy via recombineering [152]. Secretion titer was
measured using quantitative western blotting for the position 41 mutants and the
remaining mutations mapped from MxiH (L9A, Q48A, Y54A, and D70A) (Figure 5.2).

We were surprised to discover that many substitutions at residue 41 were
functional. Large residues and those with positive or negative chargers were generally
not permitted, but alanine, cysteine, threonine, and valine all provided wild-type or higher
secretion titers. The mutational tolerance at this residue and the sensitivity of secretion
titer to single amino acid changes in Prgl showed promise that a CCM strategy modeled
after SYyMAPS would vyield higher secreting variants. We first needed to create and
optimize a workflow to construct and screen the library, however.
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Figure 5.2 Relative secretion titer of SptP-DH-2xFLAG-6xHis from mutations at Prgl residue 41.
SptP-DH-2xFLAG-6xHis was secreted in ASTE13 containing the indicated Prgl variant. Piacuvs hilA
overexpression facilitated T3SS and SptP-DH-2xFLAG-6xHis expression. Secretion titer was measured
using densitometry from western blots and normalized to a PrgI'"T strain. Error bars represent standard
error. “SF” is “secreted fraction” and western blots are representative of three biological replicates.
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5.3.2 Optimizing an alkaline phosphatase activity assay for high-throughput
screening of secretion titer

Ideally, library screening is conducted in a high-throughput fashion via flow
cytometry or by exerting a selection pressure to isolate positive clones in bulk. Screening
for secretion titer separates genotype from phenotype, however, and these common
techniques would then be indirect measurements. Indirect measurements would likely be
sufficient for an initial screen or selection, but we have not yet succeeded in finding a flow
cytometry or selection method that is sensitive and robust enough for our system. Thus,
we were confined to measuring secretion titer of individual library members.

Section 4.3.4 showed that a plate-based alkaline phosphatase activity assay could
replace western blotting for secretion titer measurement. | followed the established
protocol and compared initial rate and densitometry for relative secretion titer of SptP-AP-
2xFLAG-6xHis secreted from the Prgl position 41 mutants (Figure 5.3). The pattern of
secretion titer relative to PrglVT was similar to SptP-DH-2xFLAG-6xHis, though the
absolute ratios differed. Importantly, the two methods of measuring secretion titer
corresponded well, indicating that the pNPP assay was sufficiently sensitive for screening
a Prgl mutant library.

Plasmid-based secreted protein and T3SS expression was problematic for
screening a Prgl mutant library. Genomic integration of the library would preclude pre-
transforming the strain used to construct the library, and the number of clones required
to achieve adequate coverage would increase if we transformed the entire library after
construction [188]. Thus, | integrated SptP-AP-2xFLAG-6xHis at the ASTE13 sptP locus,
and | attempted to re-optimize the alkaline phosphatase activity assay for secretion titer
measurement in ASTE13 sptP::sptP(-159)-phoA-2xFLAG-6xHis without a HilA
overexpression plasmid.

A genomic copy of the secreted protein decreases expression and secretion titer
by decreasing gene copy number relative to the high-copy Psic plasmid, so | extended the
activity assay timeline to 90 minutes. According to Figure 5.4, however, 90 minutes was
still insufficient—absorbance (and therefore product formation) increased less than
twofold relative to background and achieved a 20-fold lower value at 90 minutes than
previously observed for plasmid-based SptP-AP-2xFLAG-6xHis expression at 35
minutes. | repeated the experiment, this time recording absorbance for 16 hours, and was
able to recapitulate the pattern originally observed for SptP-DH-2xFLAG-6xHis secretion
in the position 41 mutants with HilA overexpression (Figure 5.5).
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Figure 5.3 Absorbance over time and initial rate versus densitometry for secreted alkaline
phosphatase expressed from a plasmid.

SptP-AP-2xFLAG-6xHis was secreted from the specified Prgl mutants in LB-L according to Methods. Piacuvs
hilA overexpression facilitated T3SS and SptP-AP-2xFLAG-6xHis expression. Densitometry was calculated
from western blots and normalized to PrgI"T. Initial rate was calculated by averaging the slope of A4osnm
versus time for two biological replicates and normalizing to PrglVT (B). Absorbance at 405 nm was recorded
every 15 seconds for 15 minutes and then every minute until 36 minutes on a BioTek Synergy HTX plate
reader at 37°C (A). Error bars represent standard error.
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Figure 5.4 Product formation is slow with alkaline phosphatase secreted from a genomic copy.
Absorbance over 90 minutes (A) and relative secretion titer (B) for genomically integrated alkaline
phosphatase. SptP-AP-2xFLAG-6xHis was secreted from ASTE13 sptP::sptP("-1%9-phoA-2xFLAG-6xHis
and the specified Prgl mutants in LB-L. “Aprgl” is ASTE13 prgl::catsacB. Relative secretion titer was
measured by averaging the slope of Asosnm versus time for four biological replicates and normalizing to
Prg"T. Absorbance was recorded every 30 seconds for 90 minutes on a BioTek Synergy HTX plate reader
at 37°C. Error bars represent standard error.
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Figure 5.5 Product formation is slow with alkaline phosphatase secreted from a genomic copy.
Absorbance over 16 hours (A) and relative secretion titer (B) for genomically integrated alkaline
phosphatase. SptP-AP-2xFLAG-6xHis was secreted from ASTE13 sptP::sptP("-1%9-phoA-2xFLAG-6xHis
and the specified Prgl mutants in LB-L. “Aprgl” is ASTE13 prgl::catsacB. Relative secretion titer was
measured by averaging the slope of A4osnm versus time for four biological replicates and normalizing to
PrglWT. Absorbance at 405 nm was recorded every 5 minutes for 16 hours on a BioTek Synergy HTX plate
reader at 37°C. Error bars represent standard error.
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Up to this point, all secretion experiments in this work were performed in 5 mL
cultures in Axygen 24-well deepwell plates. While the 24-well deepwell plates improved
sample handling considerably over test tubes and flasks, screening thousands of clones
from a library, each in 5 mL of media, would generate a medium supply problem.
Comprehensive codon mutagenesis of the entire Prgl monomer would create 1600
unique library members, and we would need to screen a minimum of 4800 members for
>95% coverage [188]. Ideally, we would use the same batch of media for the entire
project, so 5 mL cultures would require a minimum 48 L of media for overnight cultures
and secretion experiments. Our lab is not accustomed to handling such volumes of media,
so | attempted to scale down secretion experiments to 2 mL square 96-well deepwell
plates. Comparing secretion of SptP-DH-2xFLAG-6xHis in various culture formats and
media showed that protein secretion was detectable relative to hilA overexpression in 2
mL 96-well deepwell plates with LB-IM (10 g/L tryptone, 5 g/L yeast extract, 17 g/L NaCl)
media (Figure 5.6).

LB-L, 225 rpm  LB-IM, 225 rpm LB-IM, 120 rpm LB-IM, 225 rpm LB-IM, 225 rpm

* * * *
SF - ——— | — — A — —— e - —— — —— —
prgl allele wT A MWTAM WTA MWTA MWTWTA MWTA MWTWTA MWTA MWTWTA MWTA M WT
Pacovs hilA = - - + + + - - 4 4+ 4+ + -+ 4 4+ o+ 4+ 4 o+ o+ o+
24-well deepwell 2 mL square 2 mL square
plate, 5 mL 96-well deepwell 96-well deepwell
plate, 0.5 mL plate, 0.5 mL

* = LB-L, 225 rpm, P,y hilA, 24-well deepwell, 5 mL loading control

Figure 5.6 SptP-DH-2xFLAG-6xHis secretion in various media and culture formats.
SptP-DH-2xFLAG-6xHis was secreted for 8 hours in the indicated media, strains, and culture
vessels. Western blots were performed according to Methods, and each blot included an ASTE13
WT, LB-L 225 rpm, 24-well deepwell plate, 5 mL loading control.

| returned to the genomically integrated SptP-AP-2xFLAG-6xHis to determine if
there was detectable enzyme activity in the secreted fraction of a culture grown in 0.5 mL
LB-IM in a 2 mL square 96-well deepwell plate at 225 rpm. | also evaluated secretion in
5 mL LB-IM in a 24-well deepwell plate. | shortened the time for recording product
formation via absorbance at 405 nm to two hours because 16 hours of kinetic
measurements is unreasonable for screening thousands of clones with a single plate
reader. Enzyme activity was detectable in the expected pattern in the secreted fraction
from the 24-well deepwell plate, but the secreted fraction from the 96-well deepwell plate
did not produce detectable enzyme activity (Figure 5.7).
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Figure 5.7 Enzyme activity is not detectable in the secreted fraction of a 2 mL square 96-well
deepwell plate culture with LB-IM.

Genomically integrated SptP-AP-2xFLAG-6xHis was secreted in 0.5 mL in a 2 mL square 96-well deepwell
plate and 5 mL in a 24-well deepwell plate in LB-IM at 37°C and 225 rpm. ASTE13 WT and the specified
Prgl mutants contained sptP::sptP("-1%9)-phoA-2xFLAG-6xHis. “Aprgl” is ASTE13 prgl:.catsacB. Relative
secretion titer is represented by relative initial rate, which was the slope of Assnm versus time for a single
replicate normalized to PrglVT from the same growth condition. Absorbance at 405 nm was recorded every
two minutes for two hours on a BioTek Synergy HTX plate reader at 37°C.

| next attempted to minimize medium consumption by performing secretion in 2 mL
LB-IM in a 24-well deepwell plate. | tried several conditions—2 mL overnight (ON) cultures
with 2 mL secretion cultures, 2 mL ON cultures with 5 mL secretion cultures (Figure 5.8A),
2 mL ON cultures containing 0.4% w/v glucose to repress secretion system activity with
5 mL secretion cultures, and 5 mL ON cultures containing 0.4% w/v glucose with 5 mL
secretion cultures (Figure 5.8B). All conditions were compared to the standard 5 mL of
ON culture with 5 mL of secretion culture. All ON cultures were in LB-L. Unfortunately, no
condition including a 2 mL culture matched the standard 5 mL cultures, and glucose in
the ON culture had no effect. The Aprgl negative control also had WT-level or higher
signal in all conditions (also true in Figure 5.7), suggesting that either LB-IM was causing
leakage of SptP-AP-2xFLAG-6xHis or that secretion titer was still too low to develop an
appropriate signal-to-noise ratio over two hours of product formation.
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Figure 5.8 Secretion with a genomic copy of SptP-AP is incompatible with 2 mL cultures in 24-well
deepwell plates.

Genomically integrated SptP-AP-2xFLAG-6xHis was secreted in LB-IM at the specified conditions. In (A),
ON cultures were LB-L and secretion cultures were LB-IM in the listed volumes. In (B), volumes listed refer
to ON cultures of LB-L. Glucose was 0.4% wi/v. Secretion cultures were 5 mL LB-IM. ASTE13 WT and the
specified Prgl mutants contained sptP::sptP(1-159-phoA-2xFLAG-6xHis. “Aprgl’ is ASTE13 prgl::catsacB.
Relative secretion titer is represented by relative initial rate, which was the slope of A4osnm versus time for
a single replicate normalized to PrgI"T from the same growth condition. Absorbance at 405 nm was
recorded every two minutes for two hours on a BioTek Synergy HTX plate reader at 37°C.
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As a final effort to scale down cultures for library screening, | secreted genomically
integrated SptP-AP-2xFLAG-6xHis from the Prgl position 41 mutants in 0.5 mL terrific
broth (TB, without glycerol) in 2 mL square 96-well deepwell plates at 225 and 350 rpm.
Overnight cultures were 0.5 mL LB-L in 2 mL square 96-well deepwell plates at the same
shaking speed used for secretion. | also performed secretion in TB with the usual 5 mL,
24-well deepwell plate, 225 rpm conditions. The prgl::catsacB “Aprgl” control often
produced high signal, so | added a AinvA strain with genomically integrated SptP-AP-
2xFLAG-6xHis to provide a cleaner negative control.
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Figure 5.9 TB media and increased shaking speed produce measurable secreted enzyme activity
from 2 mL square 96-well deepwell plate cultures.

Genomically integrated SptP-AP-2xFLAG-6xHis was secreted in TB at the specified conditions. ON cultures
were LB-L at the same conditions as used for secretion. ASTE13 WT and the specified Prgl mutants
contained sptP::sptP(-1%9-phoA-2xFLAG-6xHis. “Aprgl’ is ASTE13 prgl::catsacB and AinvA is a clean
knockout. Relative secretion titer is represented by relative initial rate, which was the slope of A4osnm versus
time for a single replicate normalized to PrgI""'T from the same growth condition. Absorbance at 405 nm was
recorded every two minutes for two hours on a BioTek Synergy HTX plate reader at 37°C.

| finally found a scaled-down condition that produced measurable secreted enzyme
activity over a reasonable time frame in the 0.5 mL TB cultures shaken at 350 rpm (Figure
5.9). Relative secretion titers, represented by relative initial rate, showed the expected
pattern, and the negative controls were well below PrgI'"'T. | repeated the experiment in
biological triplicate to assess variance and discovered that monitoring product formation
for one hour developed a sufficient signal-to-noise ratio for those secretion conditions
(Figure 5.10).
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Figure 5.10 One hour is a sufficient measurement range for secreted SptP-AP activity harvested
from secretion in 0.5 mL TB, and 350 rpm in 2mL square 96-well deepwell plates.

Genomically integrated SptP-AP-2xFLAG-6xHis was secreted in 0.5 mL TB at 37°C and 350 rpm in 2 mL
square 96-well deepwell plates. ON cultures were 0.5 mL LB-L at 37°C and 350 rpm in 2 mL square 96-
well deepwell plates. ASTE13 WT and the specified Prgl mutants contained sptP::sptP(?-1%9)-phoA-2xFLAG-
6xHis. “Aprgl’ is ASTE13 prgl:.catsacB and AinvA is a clean knockout. Relative secretion titer is represented
by relative initial rate, which was the slope of A4snm versus time for a single replicate normalized to PrgI'VT
from the same growth condition. The one-hour data set is the average of three biological replicates; error
bars represent standard error. Absorbance at 405 nm was recorded every two minutes for two hours or
every two minutes for one hour on a BioTek Synergy HTX plate reader at 37°C.

5.3.3 Generating a genomically-encoded CCM library

The next method requiring validation after the alkaline phosphatase activity assay
was construction of the genome-based library via recombineering. Recombineering has
been reported as a technique for plasmid-based library construction [189], but to our
knowledge no genome-based mutagenesis library exists in the literature. Figure 5.11
provides a schematic for our recombineering process, adapted from Court and colleagues
[152].
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Figure 5.11 Overview of recombineering for genomic modification.

A dual selection cat-sacB cassette conferring chloramphenicol resistance and sucrose sensitivity is
amplified with 40 bp of homology 5 and 3’ to the prgl locus. Enzymes from the A Red system facilitate
homologous recombination. Successful recombinants are selected for chloramphenicol resistance. The cat-
sacB cassette is replaced in a second step of recombineering, and the A Red enzymes facilitate
homologous recombination of a gene encoding a mutation in prgl with the same 5’ and 3’ homology as was
attached to the cat-sacB cassette. Successful recombinants are selected by growth on sucrose.

The first parameter | evaluated was the false positive rate. The sacB portion of the
cat-sacB dual selection cassette confers sucrose sensitivity, but we often observe false
positives on sucrose agar plates. | started with an ASTE13 sptP::sptP(’-159)-phoA-
2xFLAG-6xHis prgl::catsacB strain, which was the negative control for the alkaline
phosphatase activity assay development. In separate recombineering events, |
introduced PrglP41A PrgIP41C  PrglP41M PrglP41T and PrglP4'V to replace the cat-sacB
cassette. | evaluated recombineering success by phenotype—successful recombinants
should lose chloramphenicol resistance with the cat-sacB cassette. | patched all colonies
for each variant on 10 uyg/mL chloramphenicol LB-agar and found that 89% or more of all
colonies for each Prgl mutation were successful recombinants (Table 5.7).

Table 5.7 Recombination efficiency at the prg/ locus.
Number of Patched

Prgl Colonies Colonies Successful Total Cells Lacking % False
Mutation Patched with camR Recombinants Sucrose Sensitivity Positive
P41A 17 1 8.0 x 105 8.5x 105 6
P41C 42 4 1.9x 108 2.1 x 108 9
P41M 47 5 2.1x 106 2.4 x 108 11
P41T 35 3 1.6 x 108 1.8 x 108 9
P41V 49 5 2.2x10¢ 2.5x10°8 10

The next step was to test if a single recombineering experiment could generate a
well-distributed, genomically-encoded library. | used the collection of Prgl position 41
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variants as a test pool. | performed the second step of recombineering with the ASTE13
SptP::sptP(1-159)-phoA-2xFLAG-6xHis prgl::catsacB strain but instead of the usual single
sample of double-stranded PCR product, | electroporated 200 ng of an equimolar pool of
double-stranded PCR products for all position 41 mutants. To my surprise, it worked well
with no modifications to the recombineering protocol. | performed colony PCR on 68
colonies to provide the greater than threefold sample required for >95% library coverage
[188] and Sanger sequenced the clones to analyze how well the mutations were
distributed. All mutants were accounted for except P41C, and the distribution of mutations
was fairly even (Figure 5.12). Successful recombinants were at least 88% of all screened
clones.
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Figure 5.12 Distribution of position 41 mutants from a single recombineering event.
Counts of amino acid substitutions from a single recombineering event with an equimolar pool of Prgl
position 41 variants. The “prgl::cat-sacB” count represents failed recombinants.

With established library construction and screening methods, | was ready to build
and assemble the library. | ordered a library of gene blocks from Twist Biosciences, each
with a single amino acid substitution from fully randomized codons. The library contained
1292 unique members, as the library did not contain WT residues or modifications of the
first six and last six amino acids because those are essential for proper needle assembly
[185,190]. | generated the library in a single recombineering step as described in
Methods. | obtained similar recombination efficiency as for the mixture of position 41
mutants—the number of successful recombinants was 5 x 10° with 9% false positives.

The screening process was slow, as each clone had to be evaluated individually.
The maximum throughput was 372 library members per day, or four 96-well plates each
with three control wells for PrglVT, prgl::cat-sacB, and AinvA strains carrying SptP-AP-
2xFLAG-6xHis expressed from the genome. | screened 4400 clones total to achieve
>95% coverage and compensate for the false positive rate. Secretion titer for each library
member was calculated from the initial rate of product formation from alkaline
phosphatase activity normalized to that from PrglV'. | linked genotype and phenotype by

108



storing glycerol stocks of the overnight cultures in the same layout as | measured the
enzyme assay, so each well ID corresponded to a specific relative secretion titer.

A histogram of the screened clones showed multiple populations (Figure 5.13).
More than half of all screened clones were functional (54%), and a surprising 2% had
secretion titers greater than twofold above Prgl"T. Functional clones were defined as
those with secretion titers greater than 0.6 relative to PrgI"T.
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Figure 5.13 Histogram of screened Prgl library members according to relative secretion titer.
SptP-AP-2xFLAG-6xHis relative secretion titer was calculated by normalizing the initial rate of product
formation for the library member to that of PrgI"T within each assay plate. Secretion titer of Prgl'VT is marked
by a black line.

5.3.4 A “secretion fitness landscape” predicts secretion titer resulting from a

single amino acid change in Prgl

The use of high-throughput sequencing to construct a fitness landscape from
comprehensive codon mutagenesis was first developed in our lab to characterize single
amino acid mutations that affected assembly of the MS2 viral capsid [187]. The
procedure, SYMAPS, was developed for a bulk selection for assembly competence, so
we adapted the workflow for the screened Prgl mutants to accommodate the individual
clones and known secretion titers. The overall library construction, screening, and
analysis workflow is depicted in Figure 5.14.

In SYMAPS, the fitness landscape was assembled by comparing the relative
abundance of a mutant after applying the selection pressure to its relative abundance in
the naive library [187]. In the Prgl library, “fitness” is relative secretion titer, so we wanted
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to characterize mutations according to those values. Thus, instead of one “selected pool”,
we assigned the Prgl library members to ten pools according to their relative secretion
titer (Figure 5.14). The Prgl library members were randomly arrayed in glycerol stocks,
however, so in order to sequence each pool, we had to physically sort the clones. This
took longer than expected because while we successfully used a Tecan Fluent to copy
the randomly arrayed glycerol stocks and provide fresh cultures, it failed after reformatting
pools F-J. The remaining pools were thus sorted by hand. The reformatting workflow is
depicted in boxes with dashed borders in Figure 5.14.
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Figure 5.14 Workflow for Prgl library assembly, screening, and analysis.

Gene blocks coding for a single amino acid change in Prgl were introduced to ASTE13 sptP::sptP(1-159)-
phoA-2xFLAG-6xHis prgl:.catsacB as a mixture in a single recombineering event to create the library.
Individual colonies were inoculated for secretion and screened for alkaline phosphatase activity as
described in Methods. The randomly arrayed clones were sorted according to relative secretion titer,
combined into their assigned pools, and prepared for sequencing on an lllumina MiSeq (ii). Data was
analyzed as described to construct the secretion fitness landscape.
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Of the 1292 possible variants, 89% were identified in pools A-J, and 100% were
identified in the naive library. To generate the fitness landscape, each pool was assigned
a “secretion score” from -1 for dysfunctional secretion (pool A) to 9 for the highest-
secreting clones (pool J). Variants appeared in multiple pools, so we calculated a
weighted-average secretion score for each library member using its relative abundance
in each pool as weights. The laborious nature of the library screening and reformatting
process meant that only a single biological and technical replicate was used to construct
the “Secretion Fitness Landscape” (SFL), so it is a semi-quantitative assessment (Figure
5.15). The lack of replication made secretion competence uncertain for some amino acid
changes—144 variants appeared in functional pools B-J but also in pool A, which
contained secretion-incompetent variants. The weighted-average secretion score
represents the relative abundance of the amino acid change in each pool, so pink-
magenta variants are likely dysfunctional, while teal variants are likely functional.

The SFL revealed a distinct pattern—many substitutions were allowed in the N-
terminal helix, but few conferred a significant increase in secretion titer. Conversely, few
substitutions were allowed in the C-terminal helix, but the substitutions that were allowed
generally conferred a significant increase in secretion titer. Mapping the average
secretion score per residue onto the needle structure confirmed this pattern (Figure 5.16).

A recent model of the Prgl needle depicted a right-handed groove with alternating
charged and hydrophobic residues forming the edges and lumen of the groove,
respectively [175]. The raised, charged groove is highly conserved across all species with
a T3SS [175,191], so we were not surprised to discover that modifying those residues
inhibited secretion (Figure 5.17ii, Figure 5.18). We were surprised to discover that
modifying the hydrophobic residues that line the groove and face the interior of the needle
increased secretion titer, however. In fact, according to the SFL (Figure 5.15), it was
substitution of bulkier and more hydrophobic amino acids at those residues that conferred
increased secretion titer.

Functional substitutions at residues that likely affected inter- or intrachain
interactions were of more varied character (Figure 5.18). Correct packing of needle
monomers is essential for assembly of a secretion-competent needle, and many
substitutions only produced functional secretion apparatuses when they replaced a native
amino acid of the same character or size. Few residues with restricted substitutions
provided increased secretion titers. Curiously, several residues (10, 21, 28, 37, 49, 63,
67) had a high average secretion score and allowed many substitutions despite having
close contact with neighboring residues. We hypothesize that the substituted residues
altered the conformation of needle monomers to provide a more favorable overall needle
structure for increased secretion titer.
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Figure 5.15 Weighted-average secretion scores for all single amino acid variants of the modified
residues of Prgl.

Wild-type residues are indicated by hatches. Dots indicate that the variant appeared in pools B-J but also
in pool A. Grey boxes denote variants that did not appear in pools A-J; i.e., those variants were not
screened. Magenta boxes indicate that the variant was found only in pool A.
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Direction of protein secretion
Average Secretion Score

Figure 5.16 Interior and exterior residues show different patterns for secretion fitness.
Secretion scores were averaged across all substitutions at each residue and mapped on to the Prgl needle
structure (PDB = 6dwb). Dark grey denotes residues that were not modified in the library design.
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Average Secretion Score

Figure 5.17 Substitution with large hydrophobic amino acids increased secretion titer at residues
that line the hydrophobic groove of the needle interior.

The hydrophobic groove in the needle interior is composed of alternating N55, N59, A73, and A74 from the
indicated chains (i). Residues L66, L69, Q77, and R80 form the charged, raised groove. Residue 70
contributes to the charged raised groove with its native aspartic acid but also tolerated several amino acid
substitutions. A ribbon colored by average secretion score shows the predicted orientations of each amino
acid (i, PDB = 6dwb).
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Figure 5.18 Substitutions at residues not facing the interior of the needle likely affect secretion
titer by changing inter- and intrachain interactions.

A ribbon view of average secretion score per residue from the exterior of the needle (PDB = 6dwb).
Residues with high or low average secretion scores are labeled.

5.3.5 The secretion fitness landscape predicted high-secreting variants

We validated our SFL and library screening assay by repeating secretion titer
measurement via alkaline phosphatase activity for a random assortment of variants from
pools A-l and all variants from pool J. Relative secretion titer corresponded well (R?>=0.87)
with the weighted-average secretion score (Figure 5.19A). Though the re-analyzed pool
J variants had generally lower relative secretion titers than the values from the library
screen, all were at least 1.5-fold above PrgI"'T (Figure 5.19B).

The variants in pool J fell into the two classes observed for high average secretion
scores—those that face the interior of the needle apparatus, and those that involve
contact with neighboring residues. Multiple substitutions at residues 55, 59, 73, and 74
appeared in pool J, and most were larger and more hydrophobic than the native amino
acid. The remaining variants likely changed interactions with neighboring residues, and
those substitutions were of varying types. Most amino acid changes were to larger, more
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hydrophobic residues, but S49R and A74Q did not follow the pattern of hydrophobic
substitutions.
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Figure 5.19 Weighted-average secretion scores predict relative secretion titer.

Randomly selected clones from pools A-l and all clones from pool J were patched onto LB-agar plates from
the reformatted glycerol stocks. Patched colonies were inoculated for secretion titer measurement, which
followed the same workflow as library screening. Clones were Sanger sequenced, and the secretion score
was plotted against the newly measured secretion titer (A). Error bars represent standard error of three
biological replicates. Clones from pool J were plotted separately to highlight differences (B). WT-level
secretion titer is indicated by a dotted line. PrglP41A (stripes) was included for comparison as the previous
best secreting variant. Error bars represent one standard deviation to allow direct comparison among
variants.
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5.3.6 Double mutants confer increased secretion titer

The data processing workflow for the high throughput sequencing data deliberately
discarded sequences with more than one amino acid change because multiple mutations
were assumed to be sequencing or sample preparation errors. Sanger sequencing
revealed that pool J contained several double mutants, however (Figure 5.20). We
hypothesize that the double mutants arose from assembling the library via
recombineering, though it is possible they arose from errors in gene block synthesis.
Experimental comparison of the secretion titers from the single and double mutants is
necessary to confirm the patterns observed in Figure 5.20, but the preliminary data
suggests that an epistatic evaluation of mutant combinations would provide further insight
into the design rules of the Prgl needle.
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Figure 5.20 Double mutants suggest epistatic effects.
Secretion scores for double mutants were calculated from the correlation between relative secretion titer
and secretion score in Figure 5.19A and compared to secretion scores for each of the individual mutations.

5.4 Discussion

5.4.1 Secretion fitness of substitutions varies by helix

The average secretion score per substituted amino acid confirmed that larger and
more hydrophobic amino acids increased secretion titer (Figure 5.21). Evaluating average
secretion score per substituted residue in each of the N- and C-terminal helices revealed
that the high secretion scores of threonine, valine, isoleucine, and methionine were
primarily influenced by substitutions in the C-terminal helix (Figure 5.22).

Proline and charged amino acids were poor substitutions for secretion function in
the total structure, though positively charged residues were preferred over negatively
charged residues. The low average secretion score for substitutions of negatively charged
amino acids was contributed primarily by the C-terminal helix (Figure 5.22). This is likely
a result of preserving the specific pattern of alternating charges on the raised edge of the
hydrophobic groove in the interior of the needle.
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Figure 5.21 Average secretion score by amino acid substitution.
Average secretion score and standard error for each native amino acid mutated to the specified substitution.
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Figure 5.22 Average secretion score of substituted residues differs in the N- and C-terminal
helices.

Average secretion score and standard error for each native amino acid mutated to the specified substitution
in the N-terminal helix, C-terminal helix, and total monomer.
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5.4.2 Outstanding questions

How does secretion fitness relate to native T3SS fitness?

The secretion fithess landscape of Prgl does not provide a roadmap for mutations
that enhance native T3SS fitness. Rather, it might provide a roadmap for mutations that
decrease native T3SS fitness. The native secretion apparatus did not evolve to secrete a
maximum amount of each native substrate—secretion titers of native substrates via the
T3SS are tightly controlled in its native context [134,136]. A recent alanine scan of Prgl
revealed that mutations that increased secretion of native effectors produced variable
invasion levels of S. enterica Typhimurium into human intestine epithelial cells, indicating
that some mutations interrupted the native program of the T3SS [186]. The high average
secretion scores of cysteine and methionine underline this difference, as the native Prgl
lacks cysteine, methionine, histidine, and tryptophan.

Are Prgl variants that increase secretion titer general?

The adage “you get what you screen for” is true in another sense—secretion titer
was measured only with SptP-tagged alkaline phosphatase. The AP assay development
for the library screen showed that the genomic copy of SptP-AP-2xFLAG-6xHis provided
similar relative secretion titers as plasmid-based SptP-DH-2xFLAG-6xHis in the Prgl
position 41 mutants, but the generality of the secretion increase conferred by the new
mutants uncovered in the library screen should be confirmed experimentally with several
test proteins. The SptP tag is another important consideration. Several of the Prgl variants
with increased secretion titer increased the volume and hydrophobicity of the amino acids
that line the groove in the needle interior. Presumably, both the secretion tag and the
heterologous protein interact with these residues as they are secreted. Thus, the various
secretion tags known to facilitate heterologous protein secretion via the SPI-1 T3SS [8]
might respond differently to changes in the needle structure.

Can substitutions at the highly conserved C-terminal residues of Prgl increase secretion
titer?

The substitution Q77H was an interesting revelation from the double mutants in
pool J because it should not have appeared in the library at all, yet it was part of two
double mutations with high secretion titers. Q77 contributes to the charged, raised edge
of the groove on the interior of the needle (Figure 5.17). A few of the residues present in
the raised edge were included in the library, and they allowed limited substitutions. The
positively charged residues in that raised edge, K66 and K69, allowed only leucine and
arginine substitutions, and arginine appeared to increase secretion titer. Another residue
in that raised edge, D70, permitted several substitutions, but none increased secretion
titer. The C-terminal residues should be included in future mutational studies, as this work
shows that substitutions in the C-terminal residues can result in functional secretion
apparatuses and even increase titers if the overall interior structure is preserved.

What is the mechanistic explanation for the increase in secretion titer?

The recent alanine scan of Prgl lent credence to the hypothesis that amino acid
substitutions that alter inter- and intrachain interactions change the conformation and
packing of needle monomers. Galan and colleagues reported that PrglS4°A changed the
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electrostatic surface in the interior of the needle and proposed that the effect was a result
of changes in the orientations side chains that face the lumen [186]. Performing similar
structural analyses on the high-secreting variants from this library will reveal the structural
variation caused by the amino acid changes.

Secretion titer reports on both needle assembly and average secretion rate, as
secretion was performed over the same time frame for all mutants. Thus, mutants with
increased secretion titer have a proportional increase in average secretion rate. The
maximum increase in secretion titer observed in this work was two- to threefold, which is
less than the tenfold difference in secretion rate between activated and passive secretion
[134,181]. Single amino acid changes might not be sufficient to achieve a “fully activated”
needle conformation, then, or the fully activated state might arise from a confluence of
factors. Though we are abstracting the T3SS from its native context in engineering it for
heterologous protein secretion, we hope to increase the secretion rate to that achieved in
the fully active conformation and therefore increase secretion titer further by combining
the results of this library screen with the optimized media from the previous chapters and
the strain improvements described in the next chapter.
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Chapter 6: Strain Optimization for Use of the SPI-1 T3SS as a
Protein Production Platform

Portions of the following were adapted from Tullman Ercek, D., Burdette L., Wong, H.T.
RECOMBINANT STRAINS AND MEDIUM FORMULATION FOR ENHANCING
SECRETION TITER USING A TYPE Ill SECRETION SYSTEM. U.S. Patent Application
62/793,226, 2019 with permission.

6.1 Introduction

The use of yeast and bacteria for production of consumer goods can be traced back
to early civilizations. Bread, cheese, beer, wine, and yogurt are all produced by
specialized strains of yeast or bacteria [192]. Advancements in biotechnology and the
genetic tractability of microbial hosts have led to the development of “workhorse” strains,
commonly E. coli and Saccharomyces cerevisiae, for production of chemicals and
proteins [193,194]. Similar to traditional synthetic chemical processes, cell-based
production of chemicals and proteins requires process optimization to maximize product
yield. The cellular reactors are optimized by engineering the specific chemical pathways
involved in synthesizing the product, but they have also been “domesticated” over time,
purposefully and by natural evolution in a production environment, to remove
unnecessary cellular processes and make them more efficient [90,195,196].

The utility of the SPI-1 T3SS as a heterologous protein production platform is clear
from the preceding chapters and the wide range of heterologous proteins it can secrete.
S. enterica Typhimurium is not an optimized protein production strain, however. The
complexity of SPI-1 T3SS regulation complicates moving the system to a production
strain of E. coli [65,92,98]. Thus, engineering S. enterica Typhimurium itself to remove
pathogenic and non-essential cellular processes will create a safe, efficient strain for
heterologous protein secretion in bacteria.

Another barrier to using the SPI-1 T3SS as a protein production platform is the two-
plasmid system required to maximize protein secretion titers. One plasmid carries the
heterologous protein product with an N-terminal secretion tag under the control of a
promoter that participates in the activation signal cascade for the T3SS, and the second
is a synthetically inducible plasmid for hilA overexpression [41]. Activating the T3SS via
plasmid-based synthetic overexpression of hilA is undesirable for two reasons—first,
multiple plasmids increase the complexity of the system and require cellular resources
for maintenance, and second, an expensive small molecule, IPTG, must be added to the
culture to induce hilA overexpression. Engineering the strain to achieve similar levels of
T3SS induction without plasmid-based hilA overexpression would create a more efficient
production system.

In this chapter, | describe the effect of several non-essential gene knockouts on
heterologous protein expression and secretion and identify genomic modifications that
mimic the effects of synthetic hilA overexpression. Individual gene knockouts of several
pathogenic operons and native SPI-1 substrates had minimal effects on protein
expression and secretion titer. The SPI-1 regulator HilD acts upstream of hilA, so we
hypothesized that genomic modifications that increased HilD expression would have the
same effect as synthetic hilA overexpression. Indeed, deleting the HilD repressor HilE
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and inserting genes between the hilD coding sequence and its 3' UTR achieved similar
levels of heterologous protein expression and secretion as synthetic hilA overexpression.
In combination with the LB-(KH2PO4/K2HPO4) medium with glycerol described in Chapter
2, the engineered strain produced higher secretion titers than those achieved with
synthetic hilA overexpression.

6.2 Methods

6.2.1 Strains and Growth Conditions

Strains and plasmids used in this work are listed in Table 6.1 and Table 6.2.
Secretion experiments were started by growing a single colony from a fresh streak of a
frozen glycerol stock in the lysogeny broth Lennox formulation (10 g/L tryptone, 5 g/L
yeast extract, 5 g/L NaCl) with appropriate antibiotics (34 ug/mL chloramphenicol for the
plasmid expressing the secreted protein, 50 ug/mL kanamycin for the Pjacuvs hilA
overexpression vector) for 12-16 hours overnight in an orbital shaker at 37°C and 225
rom. Overnight cultures were diluted 1:100 into the appropriate medium supplemented
with appropriate antibiotics and 100 pg/mL isopropyl B-D-1-thiogalactopyranoside (IPTG)
if the strain carried Piacuvs hilA. All culturing steps were performed in 24-well deepwell
plates (Axygen). Secretion was performed for 8 hours at 37°C and 225 rpm in an orbital
shaker. Whole culture lysate samples for SDS-PAGE were prepared by adding cell
suspension to Laemmli buffer [150] in a 1:2 ratio at the end of secretion. The secretion
fraction was harvested by centrifuging cultures at 4000 x g for 10 minutes. SDS-PAGE
samples for the secretion fraction were prepared by adding supernatant to Laemmli buffer
in a 3:1 ratio. All SDS-PAGE samples were boiled at 95°C for 5 minutes immediately after
preparation.

Table 6.1 Strains used in Chapter 6.

Strain Name Comment Reference
ASTE13 LT2-derived lab strain similar to DWO01 This study; DW01 [21]
ASTE13 hilE hilE knockout This study

GFPmut2 inserted immediately downstream of hilD

ASTE13 hilD::GFPmut2 . This study
coding sequence

ASTE 13 hilD::mCherry mCherry inserted immediately downstream of hilD This study
coding sequence

HASTE15g hilE knockout; GEPmut? inserted immediately This study
downstream of hilD coding sequence

HASTE15¢ hilE knockout; mCherry inserted immediately This study

downstream of hilD coding sequence
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Table 6.2 Plasmids used in Chapter 6.

Plasmid Name ORFs under inducible control ORI abR Reference
Psic DH sicP SptP-DH-2xFLAG-6xHis colE1 cam [22]
Psic Bla sicP SptP-bla-2xFLAG-6xHis colE1 cam [22]
Piacuvs hilA hilA p15a kan [22]

6.2.2 Recombineering

Recombineering was performed in S. enterica Typhimurium ASTE13 as described
by Thomason et al. [152]. Briefly, a cat-sacB cassette conferring chloramphenicol
resistance and sucrose sensitivity was amplified using primers with 40 bp of homology 5’
and 3’ to the locus of interest. Genes for GFPmut2 and mCherry were amplified using
primers containing the same 40 bp of homology 5" and 3’ to the locus of interest as used
for the cat-sacB cassette. PCR was performed with Phusion DNA polymerase and the
primers listed in Table 6.3. S. enterica Typhimurium ASTE13 was first transformed with
pSIM6. A first round of recombineering was performed to insert the cat-sacB cassette at
the locus of interest, and a second round of recombineering replaced the cat-sacB
cassette with GFPmut2 or mCherry for transcriptional fusions or a 60 bp oligo containing
the first and last 30 bp of hilE for the hilE gene knockout. The genomic modifications were
confirmed by Sanger sequencing (Quintara), and the strains were cured of pSIM6.

Table 6.3 Primers used in Chapter 6.

Sequence Used to Construct This Strain

AACTACGCCATCGACATTCATAAAAATGGCGAACCATTAAAT
TAAAGAGGAGAAAGGTCATGAG

TTAATAAAAATCTTTACTTAAGTGACAGATACAAAAAATGTTA
TTTGTATAGTTCATCCATGCCATG

AACTACGCCATCGACATTCATAAAAATGGCGAACCATTAAAT
TAAAGAGGAGAAAGGTCATGGTTTCCAAGGGCG

TTAATAAAAATCTTTACTTAAGTGACAGATACAAAAAATGTTA

ASTE13 hilD::GFPmut2

ASTE13 hilD::GFPmut2

ASTE13 hilD::mCherry

ASTE13 hilD::mCherry

TTTGTACAGCTCATCCATGC

AACTACGCCATCGACATTCATAAAAATGGCGAACCATTAATG  ASTE13 hilD::GFPmut2, ASTE13
TGACGGAAGATCACTTCG hilD::mCherry
ATAAAAATCTTTACTTAAGTGACAGATACAAAAAATGATCAAA  ASTE13 hilD::GFPmut2, ASTE13
GGGAAAACTGTCCATAT hilD::mCherry
ACGAAATGGCTGGAAAATGGAACGTTCTTTCATTGTTGGCTG ASTEA3 hilE
TGACGGAAGATCACTTCG

GTCCTCATCGCCACAGCGCCTGTCGGTGAAGAGGCCGCCA ASTE13 hilE
TCAAAGGGAAAACTGTCCAT

ATGGCTGGAAAATGGAACGTTCTTTCATTGTTGGCGGCGGC ASTE13 hilE

CTCTTCACCGACAGGCGCTGTGGCGATGA
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6.2.3 Protein Separation and Western Blotting

Samples were separated by SDS-PAGE and transferred to a polyvinylidene
fluoride membrane (PVDF, Millipore) for western blotting using the Bio-Rad Criterion
blotter. Membranes were probed with mouse anti-FLAG per manufacturer’s instructions
(Sigma Aldrich). To facilitate chemiluminescent detection, a secondary labeling step was
performed with goat anti-mouse IgG (H+L) HRP conjugate according to manufacturer’s
instructions (Thermo Fisher). Bands were detected with the SuperSignal West Pico Plus
substrate (Thermo Fisher) and a ChemiDoc XRS + imaging system (Bio-Rad). All relative
protein quantities were calculated by performing densitometry using Image Lab software
(Bio-Rad) and normalizing to the specified condition.

6.2.4 Flow Cytometry

Strains were grown and induced as specified in “Strains and Growth Conditions”.
Samples were prepared by diluting cultures to an optical density at 600 nm of 0.005 to
0.05 in PBS with 1 mg/mL kanamycin in sterile round bottom tubes (Fisher #14-956-3B)
and stored at 4°C for analysis. For each sample, an Attune NxT flow cytometer (Life
Technologies) was used to collect 10,000 events within a gated population determined to
be cells. Data was analyzed using FlowJo 10.5.3 (TreeStar, Inc.).
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6.3 Results

6.3.1 SPI-1 effector knockouts do not alter secretion titer

Deleting native substrates of the SPI-1 T3SS (effectors) achieves two goals
simultaneously: first, they are incapable of executing their pathogenic function, and
second, their absence increases the purity of the secreted protein. Though no literature
evidence suggested that knocking out non-structural native SPI-1 T3SS substrates would
change secretion behavior, it was important to evaluate the effect of each knockout
individually. Fortunately, of the seven effector knockouts tested, none had a significant
impact on secretion titer of SptP-DH-2xFLAG-6xHis (Figure 6.1). All of the knockouts
increased relative expression by a small margin.
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Figure 6.1 Relative expression and secretion titer for individual SPI-1 effector knockouts.

A Relative bulk secretion titer (i) and expression (i) of SptP-DH-2xFLAG-6xHis in ASTE13 WT and SPI-1
effector knockouts in LB-L with hilA overexpression. Expression and secretion titer were measured via
semi-quantitative western blotting and normalized to ASTE13 WT. Error bars represent standard error. B
Western blots are representative of three biological replicates.
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6.3.2 A T3SS tip complex knockout increases secretion titer twofold

Chapter 2 and previous work showed that AsipD strains increase heterologous
secretion titer via the SPI-1 T3SS [52], but the impact of deleting the remaining tip
complex members SipB and SipC and the secreted effector SipA was unknown. In
combination with hilA overexpression, the individual knockout strains AsipB, AsipC, and
AsipD had the same effect of increased secretion titer, but they were not additive (Figure
6.2). We were surprised to observe that the individual and combined knockouts of SipB,
SipC, and SipD produced similar heterologous protein expression and secretion titer in
strains with and without the hilA overexpression vector.
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Figure 6.2 Relative expression and secretion titer for sip knockouts.

A Relative bulk secretion titer (/) and expression (ii) of SptP-DH-GFP11-2xFLAG-6xHis in ASTE13 WT and
the listed sip knockouts in LB-L with hilA overexpression. Expression and secretion titer were measured via
semi-quantitative western blotting and normalized to ASTE13 WT. Error bars represent standard error. B
Western blots are representative of three biological replicates.
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6.3.3 Non-essential pathogenic gene knockouts do not alter secretion titer

The genome of Salmonella enterica Typhimurium contains many operons that
facilitate its pathogenic program, and these genes should be removed to create a non-
pathogenic organism and improve heterologous protein production by freeing cellular
resources (Table 1.7). As with the native substrates of the SPI-1 T3SS, it was important
to evaluate the effects of removing those operons individually. Fortunately, the impact of
knocking out the flagellar master regulators FIhDC, the type | fimbriae-producing fim
operon, and Salmonella pathogenicity islands 4 and 5 (SPI-4 and SPI-5) was minimal
(Figure 6.3). No significant differences in expression were observed among the knockout
strains. The AflThDC and ASPI-5 strains showed a 10-20% decrease in secretion titer, but
that will likely be negligible in combination with other strain and process improvements.
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Figure 6.3 Relative expression and secretion titer for non-essential pathogenic gene knockouts.

A Relative bulk secretion titer (/) and expression (i) of SptP-DH-2xFLAG-6xHis in ASTE13 WT and the
specified gene knockouts in TB with hilA overexpression. Expression and secretion titer were measured
via semi-quantitative western blotting and normalized to ASTE13 WT. Error bars represent one standard
deviation. B Western blots are representative of three biological replicates.
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6.3.4 Methods to overexpress hilD confer increased secretion

SPI-1 T3SS activation is facilitated directly by HilA and its activator, HilD
[97,197,198]. The HilD regulator integrates numerous environmental signals to ensure
that the secretion system is activated via HilA only when it senses the appropriate
environmental conditions (Figure 1.3). HilA activation in turn triggers a transcriptional
activation cascade that leads to a functional T3SS and secretion. While knowledge of the
regulatory network is ever-expanding, it is highly complex and integrated with essential
cellular functions, which makes it difficult to engineer directly.

We focused on engineering expression of hilD, as more points of control are known
for hilD than hilA. First we targeted HilE, which is known to reduce hilA activation by
binding to HilD. Previous studies showed that AhilE strains confer increased hilA activity
[101,199]. Lépez-Garrido et al. demonstrated that HilD activity and therefore hilA
activation is also controlled by hilD mRNA stability via its 3° UTR [200]. In that study,
eliminating a portion of the hilD 3’ UTR increased transcript stability and secretion system
activation. We found, however, that inserting a 3-barrel fluorescent protein such as GFP
or mCherry at the start of the hilD 3’'UTR (i.e., immediately after the coding sequence of
hilD) and leaving the 3’ UTR otherwise intact significantly increased secretion titer (Figure
6.4A).

Secretion titer increased ~2.5-fold in the hilD::GFP strain and threefold in the hilE
and hilD::mCherry strains compared to the wild type strain without hilA overexpression.
The combination of hilE and hilD::GFP provided a threefold increase, while the hilE and
hilD::mCherry strain yielded the highest secretion titer, a ~3.2-fold increase. Flow
cytometry performed at the endpoint of the experiment showed that adding the hilE
knockout to the hilD::GFP or hilD::mCherry strains increased hilD expression (Figure
6.4C, Figure 6.6). The enhanced strains carrying only the plasmid expressing the
heterologous protein product achieved secretion titers at 80-90% of the state-of-the-art
system two-plasmid system.
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Figure 6.4 Secretion titer and transcriptional activity of genomically modified strains compared to
the state-of-the-art system.

Densitometry and fluorescence values were normalized to ASTE13 WT in LB-L with hilA overexpression.
Results represent a single biological replicate. A Relative secretion titer of SptP-DH-2xFLAG-6xHis by
densitometry. ASTE13 in LB-L with hilA overexpression is represented as a dashed line. B Western blots
used for densitometry (SF) and that depict total protein expression (WCL). “SF” is secreted fraction and
“WCL” is whole culture lysate. C Fold change of fluorescence geometric mean for GFP and mCherry
according to flow cytometry.
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6.3.5 Secretion titer is maximized by overexpressing hilD in media optimized for

heterologous protein secretion

While the enhanced strains, HASTE15g and HASTE15c (Table 6.1), and an
optimized medium, LB with 0.4% w/v glycerol and 90 mM potassium phosphate pH 7.4,
separately increased the utility of the T3SS for protein production, they had a more than
additive effect when combined (Figure 6.5A). An approximately fourfold increase in
secretion titer was observed with the enhanced strain in the optimized medium compared
to a threefold increase in the optimized medium observed with the state-of-the-art two-
plasmid system. Flow cytometry performed at the endpoint of the experiment showed that
the combination of the modified strains and the optimized medium further increased hilD
expression (Figure 6.5C, Figure 6.6).
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Figure 6.5 Secretion using the enhanced strains in an optimized medium.

A Secretion titer of SptP-DH-2xFLAG-6xHis from the genomically modified strains was normalized to
ASTE13 WT in LB-L with hilA overexpression by performing densitometry on western blots. “WT” denotes
a genetically wild type strain without the hilA overexpression plasmid. B Western blots used for
densitometry (SF) and that depict total protein expression (WCL). “SF” is secreted fraction and “WCL” is
whole culture lysate. C Fold change of fluorescence geometric mean for GFP and mCherry according to

flow cytometry. Results represent a single biological replicate.
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Figure 6.6 Histograms for flow cytometry of strains in Figures 6.4 and 6.5.
A GFP fluorescence and B mCherry fluorescence of engineered strains in LB-L and the optimized medium
after an eight-hour secretion experiment with and without hilA overexpression.
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6.4 Discussion

Strain optimization is essential to maximize the yield of any biomolecule, but it is
especially important for heterologous protein secretion via the SPI-1 T3SS in order to
create an efficient, non-pathogenic production platform. The minimal effect on
heterologous protein secretion from many of the individual gene knockouts shown here
suggests that combining those knockouts would have a similarly minimal impact. The
increase in secretion titer resulting from a knockout of the proteins that compose the tip
complex, AsipBCD, is promising for both increased secretion titer and reduced
pathogenicity—S. enterica Typhimurium strains lacking those proteins are incompetent
for invasion into mammalian cells [201].

Genomic modifications to effect HilD overexpression in combination with a growth
medium optimized for maximal secretion titer increased secretion titer above that
produced by the state-of-the-art synthetic hilA overexpression system. Flow cytometry
performed on the optimized strains at the end of the secretion experiment indicated that
the combination of AhIIE and hilD::GFP or hilD::mCherry maximized secretion titer by
increasing the fraction of the population with hilD overexpression (Figure 6.6). The results
will have to be replicated to confirm the statistical significance of the differences in
secretion titer, and the specific effect of the genetic insertion between the hilD coding
sequence and 3’ UTR should be investigated to find the optimal configuration. The
optimized strain should also be tested with multiple secreted proteins, as the results of
Chapter 2 suggest that optimal T3SS activity is not its maximum for some secreted
proteins such as SptP-14B7*.

The results of this chapter advance the development of the SPI-1 T3SS as a
heterologous protein production platform, but the work is unfinished. In addition to the
experiments outlined for the HASTE15g and HASTE15c strains, the remaining
pathogenicity islands and operons from Table 1.7 should be tested individually and in
combination to ensure that they have no effect or a positive effect on heterologous protein
secretion. The preliminary data shown in this chapter are promising—they show that it is
possible to create a minimal, non-pathogenic, high-secreting S. enterica Typhimurium
strain for heterologous protein production.
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Chapter 7: Conclusion

Bacterial secretion systems have the potential to dramatically decrease the cost of
recombinant protein production by decreasing production timelines and simplifying the
downstream processing required to collect a pure product. The work in this thesis
expands the engineering space for increased protein secretion via the SPI-1 T3SS and
lays the foundation for creating a minimal, robust heterologous protein production
platform. Much work remains to realize this goal, however.

Aside from high productivity, the most important feature of a cellular factory is
safety. Strains employed for protein or chemical production at scales of even tens of liters
should have no negative ecological or medical impacts. Ideally, given its pathogenic
origin, an engineered SPI-1 T3SS would be moved to a production strain of E. coli. If
those efforts fail, however, the results of Chapter 6 indicate that it is possible to create a
safe, minimal, high-secreting strain based on S. enterica Typhimurium.

Most of the SPI-1 T3SS engineering advances are presented in isolation, but an
ideal production system would include a combination of those factors. The combinations
of optimized media and strain modifications presented in Chapters 2 and 6 suggest that
at least some improvements are additive. As additional improvements are discovered, a
continuous, systematic evaluation of the collective effect of strain modifications, medium
designs, and growth conditions will be necessary to create an optimal heterologous
protein secretion system. A high-throughput assay for measuring expression and
secretion titer is critical for this endeavor.

The knowledge gained from the work presented here is applicable beyond simply
increasing secretion titer. The design rules for growth media, hypersecreting Prgl
variants, and strain improvements provide insight into the native functions and properties
of the T3SS. New drug targets and alternative uses of the T3SS could be revealed
through synthetic manipulation of the system. Though some properties are specific to the
SPI-1 T3SS, many are applicable to homologous T3SS systems. Engineering
improvements could be applied to other systems that are compatible with a non-
pathogenic production host (like mT3 E. coli [58]) to provide an alternative to engineering
the SPI-1 T3SS in situ.

Even if they are not adopted at a production scale, using bacterial secretion
systems to evaluate binding domains, biomaterial properties, or the efficacy of
antimicrobial peptides would drastically decrease development timelines. Academic and
industrial labs alike would benefit from inexpensive alternative production platforms for
difficult-to-express proteins and new biotechnological targets. Shifting beyond the current
paradigms of protein production could promote new technological innovation with higher
purity, simpler systems, and lower cost.
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Appendix A: Chapter 2 Supplementary Figures
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Supplementary Figure 2.1 Histograms of flow cytometry GFP signal for SPI-1 transcriptional activity in
LB-L with 0.4% w/v carbon sources (Figure 2.2B). Overlaid populations represent hourly time points from
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Supplementary Figure 2.2 Histograms of GFP signal for flow cytometry to measure SPI-1 transcriptional
activity in LB with various buffers and salts with no added carbon source (“None”; Figures 2.6 and 2.7).
Overlaid populations represent hourly time points from 1 hour (red) to 8 hours (teal). “ASTE13 WT” is a
negative control.

149



LB-L

MOPS

MOPS
+NaCl

NaCl

KH,PO./
K,HPO,

invE::gfpmut2

prgH::gfpmut2

sipC::gfipmut2

ASTE13 WT

b

i,

() 0
B S S o — sy R
w? -'m' w oW .‘u’ w? w0 w o ot w0 W w0 w wt o ' W W o w®
BLIA: GFPA BLI-A - GFP-A BLI-A GFPA B A
£ ."‘. _a""‘ \ _/"". I'\‘ = o
N N N ) ‘/A\
2D, _ —— i —
Al il M P 'E - | i J M il hl i H ) - ) Al s - 3 i ] 2 W . oﬂ H N N H M ]
o et W ot et e ¢ of ! W owt Wt W I 0 wooow' et e
BLI-A: OFP-A BLI-A: GFP.A BL1-A : GFP.A BLI-A: GFP.A

&

¥

w? -ﬂln’ I‘w’ .1103 _‘n‘ ”lu' 'la' W w .119’ '-‘m’ wow ot e w w W ! é o w o wt
EL1AC GFPA BL1-A  GFF-A BL1.A  GFPLA BL1-A - GFP-A
A A A Py
, _ A
" . v
= s ‘--"-l\""'n e /-1‘\-"-1\ v Ty —rrrITy i BRRLLL BBt BRRALL Bensti meatl
o '-‘w‘ '“1 —'“:l ._'w' 1“,: o W o0 st o o w® ow wr w? o o w® W w0 W ot w® ef
BL1-A GFF-A BL1-A: GFP.A BL1-A GFP-A BL1-A  GFF-A
) | 4 \ “/ ' Ao v I
A 7.\ )
4 : /'\ e e
DG | B W | S v G
B A
BL1-A: GFP-A BL1-A: GFP-A BL1-A: GFP-A BL1-A: GFP-A

Supplementary Figure 2.3 Histograms of GFP signal for flow cytometry to measure SPI-1 transcriptional
activity in LB with various buffers, salts, and 0.4% w/v glucose (Figures 2.6 and 2.7). Overlaid populations
represent hourly time points from 1 hour (red) to 8 hours (teal). “ASTE13 WT” is a negative control.
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Supplementary Figure 2.4 Histograms of GFP signal for flow cytometry to measure SPI-1 transcriptional
activity in LB with various buffers, salts, and 0.4% w/v glycerol (Figures 2.6 and 2.7). Overlaid populations
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represent hourly time points from 1 hour (red) to 8 hours (teal). “ASTE13 WT” is a negative control.
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Supplementary Figure 2.5 Histograms of GFP signal for flow cytometry to measure SPI-1 transcriptional
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activity in LB with various buffers, salts, and 0.4% w/v succinate (Figures 2.6 and 2.7). Overlaid

populations represent hourly time points from 1 hour (red) to 8 hours (teal). “ASTE13 WT” is a negative

control.
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Appendix B: Defined Medium Recipes

Supplementary Table 3.1 Defined media from Chapter 3
Amount (mM)
M9

NCE[ M9 +ferric citrate PCNT] PCN+P
NaCl 0 8.6 8.6 50 50
MgCl2 0 0 0 0.52 0.52
MgSOa4 1.0 1.0 1.0 0 0
NazHPO4 0 48 48 0 0
NaH2PO4 0 0 0 0 0
NH4CI 0 19 19 9.5 9.5
K2HPO4 34 0 0 1.7 34
KH2PO4 29 22 22 0 29
K2SO4 0 0 0 0.28 0.28
FeSOa4 0 0 0 0.010 0.010
CaClz 0 0.1 0.1 0.00050 0.00050
Na(NH4)HPO4 17 0 0 0 0
Ferric citrate 0.050 0.050 0.050 0 0
MOPS 0 0 0 40 40
Tricine 0 0 0 4.0 4.0
Micronutrients 0 0 0 See below See below

Supplementary Table 3.2 Micronutrients in PCN media
PCN Micronutrients [] Amount (mM)

(NH4)aM07024 29x 107
H3BOs 4.0x10°
CoCl2 3.0x10%
CuSO4 9.6 x 107
MnCl2 8.1x10%
ZnS04 9.7 x 107
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Supplementary Table 3.3 Components of 5X Supplement EZ (Teknova #M2104)
Amount (mM)

L-Alanine 0.8
L-Arginine HCI 5.2
L-Asparagine 04
L-Aspartic Acid, Potassium Salt 04
L-Glutamic Acid, Potassium Salt 0.6
L-Glutamine 0.6
L-Glycine 0.8
L-Histidine HCI H,O 0.2
L-Isoleucine 04
L-Proline 04
L-Serine 10
L-Threonine 04
L-Tryptophan 0.1
L-Valine 0.6
L-Leucine 0.8
L-Lysine HCI 04
L-Methionine 0.2
L-Phenylalanine 04
L-Cysteine HCI 0.1
L-Tyrosine 0.2
Thiamine HCI 0.01
Calcium Pantothenate 0.01
para-Amino Benzoic Acid 0.01
para-Hydroxy Benzoic Acid 0.01
2,3-diHydroxy Benzoic Acid 0.01
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Appendix C: Weighted-Average Secretion Score Calculations

Secretion Titer Score Definitions

m: one of the 20 canonical amino acids.
P;: pool of screened clones sorted by secretion titer relative to PrgI"VT.
Nonfunctional clones are in pool 4, and pools B — J contain functional clones with
relative secretion titer increasing from B to J.

P=[AB,CD,EF,G,H,IJ]

sp, . @ secretion titer score assigned to each pool P;.
sp=[-1,1,2,3,4,5,6,7,8,9]

Ap,pm : @n abundance score in pool P;, indexed by position p and mutation m.

Bp,,m: @ binary array recording presence (“1”) or absence (“0”) of a mutation m
at position p in pool P;.

PAp, ,m : @ percent abundance score for each mutation m at position p in pool P;.
Sp,pm : @ secretion titer score for each mutation m at position p in pool P;.

SS,m: an array of secretion titer scores for mutation m at position p.

PAW, ,: an array of percent abundances for mutation m at position p.

wy, m- an array of weighted percent abundances for mutation m at position p.

WS, m - aweighted average secretion titer score for each mutation m at position
p in pool P;.

WS, : average secretion titer score per residue

Secretion Titer Score Calculations

Sequences were trimmed and aligned using code written in-house. Following the data
processing described in Chapter 5 Methods, a text file was produced containing one
sequencing read per line. The text file was read into Python, and only lines starting with
“‘ATG” and ending with “TAA” were kept.

A second quality control step was implemented in Python: sequences with read counts
< 20, sequences that matched the wild-type Prgl sequence, and sequences that
contained more than one mutation were discarded.
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Sequences that survived the more stringent quality control step were translated, and
two matrices were populated: an abundance array A with read counts for each mutation
at each position, and a binary array B containing a “1” for a mutation present at a
position and a “0” for a mutation not present at a position.

Percent abundance for each mutation at each position was generated by dividing by the
total number of read counts:

APi,p,m

PApipm = X Ap pm
D)

A secretion titer score was assigned for By, , = 1 to generate a new matrix for each

pool with the appropriate secretion titer score at mutations that were present in that
pool:

SPi,p,m = BPi,p,m * Spy

A weighted average secretion score was calculated using PA,_, , to compensate for
the appearance of mutations in multiple pools. Secretion titer scores and percent
abundances from all pools were collected into arrays for each mutation m at position p:

SSpm; = Spypm
PAWp.m. = PAp pm

An array of weights was generated from the percent abundances and multiplied by the
list of secretion scores to calculate a weighted average secretion titer score:

PAWp,m,

Wom. = o
P.ml Z PAVVp‘ml,
WSpm = SSpm * Wpm"
WS, m is plotted in Figure 5.15. The average secretion score per residue was calculated
by averaging WS, , for each p, ignoring missing values:

__ ws
WS, = 2 WSpm
19 — Y(# NaN),
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