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Abstract

Activation of a Type VI Secretion System Phospholipase Effector via

Immunity-dependent Advanced Glycation End-product Crosslinking

by

Steven James Jensen

Bacteria employ various mechanisms to inhibit the growth of competitors in their
environment. One example of this is the Type VI secretion system (T6SS), a
multiprotein nanomachine that propels a spear-like structure to pierce the envelopes
of adjacent target cells and enable delivery of toxic T6SS-associated effector
proteins. Many T6SS-deploying bacteria utilize Type VI lipase effector (Tle) proteins
to destabilize the phospholipid bilayers of target cells, while simultaneously
synthesizing Type VI lipase immunity (Tli) proteins to neutralize Tle delivered from

kin.

My thesis focuses on a Tle-Tli pair from the coliform species Enterobacter cloacae.
In Chapter I, | show that Tle is inactive when delivered by inhibitor cells that do not
express its cognate Tli protein. This is the first described instance of a T6SS effector
that is activated by its immunity protein. | present further data in Chapter Il showing
that the nature of this activation is a cross-link that forms when a specific arginine-
lysine pair within Tle reacts with the alpha-dicarbonyl compound methylglyoxal. The
resulting cross-link is an example of an advanced glycation end-product (AGE). The

viii



formation of AGEs in proteins is known to be a slow, spontaneous process and has
previously been associated with numerous degenerative diseases including
atherosclerosis and type 2 diabetes. In Chapter IV, | show evidence that similar
activation mechanisms occur in Tle homologs from Serratia marcescens and
Dickeya dadantii. The AGE crosslink responsible for activating Tle forms with a
speed and specificity that is atypical for these reactions and is the first example of an
AGE structure being necessary for protein function. Therefore, the Tli-dependent
activation of Tle in E. cloacae and its homologs may serve to deepen the current

understanding of AGEs.
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Chapter I: Introduction

Bacteria must adjust and respond to various environmental stresses to thrive.
One such obstacle is the presence of other bacterial species competing for limited
resources. In response bacteria have evolved various mechanisms to inhibit the
growth of competitors in their vicinity. The Type VI secretion system (T6SS) is a
multiprotein nanomachine that propels a spear-like structure with enough force to
pierce the membranes of cells immediately adjacent to the secreting cell (Cherrak et
al., 2019). This allows for the direct transfer of toxic effector proteins into recipient
‘target’ cells. First discovered in Vibrio cholerae, an estimated 25% of Proteobacteria
species utilize the T6SS for interbacterial competition and/or anti-host activity
(Pukatzki et al., 2006; Boyer et al., 2009). This introduction will provide further
details on the structure, mechanism, and regulation of the T6SS, followed by a
summary of the various effectors delivered through this system. Finally, as this thesis
revolves around a T6SS effector protein with phospholipase A activity, there will be
an overview on the structure and activity of phospholipases, including those

deployed by the T6SS.

Structure and mechanism of the T6SS

The T6SS is an assembly made from 14 core proteins and takes the form of a
hollow tube, or tail, surrounded by a contractile sheath built upon a baseplate
structure (Fig. 1) (Cherrak et al., 2019; Cianfanelli, Monlezun, et al., 2016;
Coulthurst, 2019). These features are structurally homologous to the tails of
Myoviridae bacteriophage; in the T6SS these structures are anchored in place with a

membrane complex (Brackmann et al., 2017; Cherrak et al., 2018; Ge et al., 2015;
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Taylor et al., 2016). The membrane complex is the first structure to be assembled
and is comprised of three transmembrane proteins: TssJ resides in the outer
membrane while TssL and TssM are in the inner membrane (Durand et al., 2015).
TssM interacts with TssJ to form a complex that spans both membranes. The base
plate structure is assembled at the cytoplasmic surface of the membrane complex
through the aggregation of TssE-TssF-TssG-TssK subunits (Brunet, Zoued, et al.,
2015). Six of these subunits form a ring structure while interactions between TssK
and the membrane complex anchor the base plate in place (Nazarov et al., 2018).
An additional protein complex, comprised of a VgrG trimer and a PAAR repeat
protein, is bound to the center of the baseplate ring; this serves as the tip of the
secreted tube structure (Shneider et al., 2013). The tube is built upon the tip by
stacking hexameric rings of hemolycin co-regulated protein (Hcp) until the
polymerizing tail is long enough to reach the membrane on the opposite side of the
cell(Basler et al., 2012; Douzi et al., 2014). As the tube elongates, a contractile
sheath made from TssB/TssC dimers forms around the tube (Kudryashev et al.,
2015). The conformation of the sheath in this pre-firing state holds the potential

energy used to propel the inner tube during secretion (J. Wang et al., 2017).

Secretion appears to be initiated by a conformational change in the base
plate, causing the sheath subunit structures to collapse within the span of a few
milliseconds (Kudryashev et al., 2015; J. Wang et al., 2017). The inner tube,
including the VgrG-PAAR tip, is fired out of the sheath, through the baseplate and
membrane complex, and outside the cell. Estimations for the energy associated with

a single T6SS contraction event range from 18,000 to 44,000 kcal/mol (Basler et al.,



2012; J. Wang et al., 2017). When fired directly into an adjacent cell, it is believed
that most tubes will puncture the outer membrane and disassemble in the target cell
periplasm (Mariano et al., 2018). T6SS effectors with periplasmic molecular targets
have immediate access to their substrates; meanwhile cytoplasmic-acting effectors,
such as nucleases, rely on transmembrane domains to breach the inner membrane

and enter the target cell cytoplasm(Quentin et al., 2018).

Following secretion, inhibitor cells begin to disassemble the T6SS complex
from its post-firing state. The AAA+ ATPase ClpV disassembles contracted sheaths
by binding and unfolding TssC subunits (Bénemann et al., 2009; Kapitein et al.,
2013). ClpV specifically targets the sheath in its post-firing state by binding to an N-
terminal helix of TssC that is only exposed in its contracted conformation (Douzi et
al., 2016; Pietrosiuk et al., 2011). V. cholerae inhibitors lacking ClpV have TssB/TssC
sheaths that remain in their post-contraction state and block the formation of new
T6SS complexes, suggesting that the disassembly and re-use of TssB/TssC subunits

is an essential step for successive secretion events (Basler et al., 2012a).
T6SS Regulation

Like other secretion systems, Type VI secretion is a form of active transport
and requires energy. The tube structure, which is estimated to consist of 700 Hcp
subunits, is released from the inhibitor cell and needs to be resynthesized during
each secretion cycle (Basler, 2015). And while contractile sheath proteins may be
recycled between firing events, disassembly of the ~1500 subunit structure is ATP-

dependent. Thus, it is natural that different bacteria species have evolved myriad



regulatory pathways to control T6SS activity in response to various environmental

stimuli.

Many bacteria suppress their T6SS activity until they detect specific
environmental signals. Such signals can be abiotic factors such as temperature, pH
or ion concentrations (Hespanhol et al., 2023). These signals can serve as indicators
that bacteria are in environments where T6SS activity will be beneficial. For
example, in the squid symbiote Vibrio fischeri T6SS activity increases when cells are
grown on a medium that is viscous and slightly acidic (Speare et al., 2021). These
are conditions present inside the bacteria’s host, and thus T6SS activity will be
upregulated as V. fischeri competes with other bacteria for colonization. Some
bacteria will only activate their T6SS if specific threats are detected, as seen in the
‘tit-for-tat’ system observed in Pseudomonas aeruginosa (Basler et al., 2013). In this
defensive system the T6SS is only deployed after receiving a T6SS attack from an
adjacent cell. The outer membrane protein TagQ detects a currently unknown signal
of membrane instability after being fired upon, setting off a phosphorylation cascade
that ends with the phosphorylated Fha1 protein initiating T6SS assembly at the
vicinity of the initial attack (Casabona et al., 2013). It has been shown that other
sources of membrane perturbation, such as polymyxin B, also induce this response
(L. Hu et al., 2021). Regulations such as these can limit T6SS activity to times when
a competitor cell is likely to be in proximity and may allow the apparatus to be aimed

directly at an adjacent target.

Other bacteria appear to have a more offensive strategy for T6SS

deployment. Species such as Serratia marcescens, Vibrio cholerae, and



Enterobacter cloacae do not require cell contact as a signal for T6SS activity and
have been shown to be active even in liquid culture, where direct cell-to-cell contact
is less likely to occur than on solid surfaces. (Basler et al., 2013; Donato et al., 2020;
Gerc et al., 2015). Offensive T6SSs can still be regulated for greater efficiency. In V.
cholerae T6SS secretion is under control of the quorum sensing regulator LuxO to
repress secretion in low density liquid cultures(Zheng et al., 2010). In S. marcescens
phosphorylation/dephosphorylation of Fha allows the T6SS to be re-positioned
between firings; the ability to shift the direction of secretion has been shown to
increase inhibition of target bacteria in co-culture competitions (Ostrowski et al.,

2018).

T6SS Effectors and Immunity proteins

The T6SS fires a spear complex that breaches the cell envelope of target
cells, yet the breach itself is not believed to cause significant harm to these targets
(L.-S. Ma et al., 2014). Inhibition of targets cells is instead achieved through the

activity of the effector proteins delivered through the T6SS.

Effector proteins fall into one of two groups, cargo effectors and specialized
effectors, based on how they are incorporated into the T6SS apparatus. Specialized
effectors are any components of the secreted spear (Hcp, VgrG, and PAAR) that
have an additional domain with effector activity, typically located at their C-terminus
(Brooks et al., 2013; J. Ma et al., 2017; Whitney et al., 2014). T6SS-carrying bacteria
often have multiple unique specialized effectors for each core component, allowing
modular variation of which effectors are deployed in each firing event (Hachani et al.,

2014). In contrast, cargo effectors are proteins separate from the T6SS core and rely
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on non-covalent interactions with one of the three spear proteins to be ‘loaded’ into
the secretion structure (Durand et al., 2014). Cargo effectors are usually genetically
adjacent to the T6SS component they associate with (Boyer et al., 2009; Cherrak et
al., 2019). Some effector proteins, be they cargo or specialized, require chaperone
proteins known as effector-associated genes (Eag) for proper delivery. In P.
aeruginosa the cargo effector Tse6 requires EagT6 to bind with VgrG, while the
specialized RhsA effectors in S. marcescens and E. cloacae are stabilized by their
own EagRa proteins (Alcoforado Diniz & Coulthurst, 2015; Donato et al., 2020;
Quentin et al., 2018). A given T6SS spear can contain both cargo and specialized
effectors, each with their own biochemical activity serving to inhibit growth of target

cells.

The majority of currently identified T6SS effectors have anti-bacterial activities
(Coulthurst, 2019). Many of these effectors target common features of the
prokaryotic cell envelope. Effectors with amidase or muramidase activity can
degrade peptidoglycan in the cell wall to cause target cell lysis (Russell et al., 2012;
Whitney et al., 2013). Phospholipase effectors destabilize the cell membrane
through hydrolysis of the phospholipid bilayer (Russell et al., 2013). Phospholipases
will be described in further detail in the following section. Bacterial inhibition can also
be achieved via T6SS effectors that act in the cytoplasm. Species such as Dickeya
dadantii 3937 deploy a pair of specialized PAAR Rhs proteins with C-terminal DNase
domains to degrade DNA in target cells (Koskiniemi et al., 2013). Effectors with
NADase domains inhibit targets by decreasing the amount of NAD+ and NADP+

available (Whitney et al., 2015). The Tre effector in Serratia proteamaculans has



been shown to ADP-ribosylize FtsZ monomers and inhibit target cell division (Ting et

al., 2018).

Alongside its interbacterial function, some pathogens utilize the T6SS to
deliver anti-eukaryotic virulence factors during host colonization (Monjaras Feria &
Valvano, 2020). Phospholipase effectors can play a role here by destabilizing host
cell membranes and facilitating bacteria internalization (Jiang et al., 2014). The PIdA
phospholipase in P. aeruginosa has even been shown to act on both prokaryotic and
eukarytoic substrates (Bleves et al., 2014). Other effectors specifically target
molecules only present in host cells. VgrG1 in Vibrio cholerae is a specialized
effector with an actin cross-linking domain and has been shown to cause host cell
death and prevent macrophage phagocytosis (A. T. Ma et al., 2009; Pukatzki et al.,
2007). The Burkholderia cenocepacia amidase effector TecA targets a specific
arginine residue in Rho GTPases to disorganize the actin cytoskeleton of

macrophages (Aubert et al., 2016).

Pathogens can express eukaryote-specific effectors without any detriment to
their viability, but bacteria that secrete anti-prokaryotic effectors need to prevent self-
inhibition from occurring when they are received from sibling cells. For this reason,
all anti-bacterial T6SS effectors are co-expressed with an associated immunity
protein encoded directly downstream (Ting et al., 2018). Immunity proteins will
specifically bind to their corresponding effectors and neutralize their activity (Benz et
al., 2012). While immunity proteins typically function by occluding the active site of
the bound effector, it has been shown that the DNA binding site of the nuclease

effector Tde1 from Agrobacterium tumefaciens becomes disordered when bound to



its immunity protein, demonstrating that effector neutralization is not limited to
restricting access to the active site (Bosch et al., 2023). Immunity proteins need to
be present where their effectors are active, therefore immunity proteins associated
with periplasmic amidase and phospholipase effectors contain membrane-
localization signals (Russell et al., 2013; H. Zhang et al., 2013). Effectors may be
paired with multiple copies of an immunity protein, which has been thought to
accelerate the rate of effector diversification. (Kirchberger et al., 2017). Bacterial
genomes may also contain clusters of T6SS immunity genes for effectors they do
not encode. Carrying these orphan immunity genes can provide defense against
non-self T6SSs, and they are believed to be acquired from horizontal gene transfer
events between close or distantly related species (Kirchberger et al., 2017; Russell

et al., 2012).

Phospholipase A Activity and Structure

Phospholipases are enzymes that hydrolyze ester bonds of phospholipid
substrates (Istivan & Coloe, 2006). These enzymes target specific esters of the
phospholipid core and are classified by which bond(s) they act on (Fig. 2A).
Phospholipase A enzymes (PLAs) act on the acyl ester bonds of the phospholipid:
phospholipase A1 enzymes (PLA1s) cleave the sn1 fatty acid tail of the substrate
while those with phospholipase Az activity (PLA2s) remove the sn2 tail. Some PLAs
are capable of both A1 and Az activity; these enzymes are also known as
phospholipase B’s (PLBs). Along with substrate specificity, PLAs are also
characterized by their structural features. Many PLAs are a/f3 hydrolases, such as

mammalian pancreatic lipase-related protein 2 (PLRP2) (Fig. 2B) (Eydoux et al.,



2008). These hydrolases have the structure of a 3-sheet surrounded by interspersed
a-helices; the active site is a catalytic triad of Ser/(Asp or Glu)/His residues. The
catalytic serine is located on a loop with a GXSXG motif, forming a characteristic
nucleophilic ‘elbow’ (Derewenda & Sharp, 1993). There are also several taxa-specific
families of PLAs that are not a/f hydrolases, such as the mammalian secreted
phospholipase Az (sPLA2) and outer membrane phospholipase A (OMPLA) found in

Gram-negative bacteria (Istivan & Coloe, 2006; Murakami et al., 2011).

Another structural component present in some PLAs and lipases is the lid
domain (Khan et al., 2017). The lid is an amphipathic a-helix or loop that is
positioned near the active site (Fig. 2B). This domain can switch conformations from
a closed state, where the active site is occluded by the lid, and an open state that
leaves the active site open (Brocca et al., 2003). It is thought that the lid enters the
open conformation when the enzyme is present in a lipid-water phase interface (Reis
et al., 2009). This is believed to be the mechanism behind interfacial activation: the
observed phenomenon that the activity of many lipases significantly increases once
its substrate has reached critical micellar concentration (Cambillau, 1996). Contact
with micelle surfaces may stabilize the open lid conformation, exposing its
hydrophobic face in a position that facilitates binding with lipid substrates and allows

them to access the open active site (Yang & Lowe, 2000).

Type VI Lipase Effectors (Tles)

Many T6SS-carrying bacteria use the system to deploy phospholipase

effectors that destabilize target cell membranes. These Type VI lipase effector (Tle)



proteins were first characterized by Russell et al., wherein they demonstrated that
these effectors have phospholipase activity and cause permeabilization and growth
inhibition of target cells in a T6SS-dependent manner (Russell et al., 2013). They
directly studied Tle proteins from Vibrio cholerae, Burkholderia thailandensis, and
Pseudomonas aeruginosa, but also showed predicted Tle genes present in a broad
range of Gram-negative genomes and classified them into 5 Tle families; Tle1-4
contain predicted phospholipase A's while the Tle5 family has Tle proteins with
phospholipase D motifs. Like all other anti-bacterial T6SS effectors Tle genes have
downstream immunity genes, referred to as Type VI lipase immunity (Tli) genes. Tli
genes encode lipoproteins with periplasmic localization signals, leading to the
assumption that Tle effectors are active in the periplasm. Many Tle-deploying
species have multiple copies of Tli genes, likely stemming from gene duplication
events. Lu et al. reported a Tle4-Tli4 complex from P. aeruginosa that suggests Tli
proteins neutralize their cognate Tle effectors by binding to their lid domain, thereby
preventing interfacial activation from occurring. (Lu et al., 2014). In terms of the core
T6SS constituents, Tle proteins are frequently associated with the VgrG tip protein.
Tle genes are often located adjacent to VgrG within T6SS loci, and in
enteroaggregative Escherichia coli Tle1 binds to a C-terminal adaptor domain of

VgrG to attach itself to the trimeric tip structure (Flaugnatti et al., 2020).

This thesis is focused on research pertaining to a previously uncharacterized
Tle from Enterobacter cloacae ATCC 13047 (ECL). Chapter Il details a study that
uncovers a unique relationship between ECL Tle and its cognate Tli, wherein the

effector requires the co-expression of its immunity for proper deployment. In Chapter
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[Il the molecular nature of Tle activation is shown to be the formation of a particular
advanced glycation end-product (AGE) crosslink within its structure. Chapter IV
investigates this activation in homologous lipase effectors to identify common trends

seen in Tli-dependent Tle activation.
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Figure 1 The type VI secretion system (T6SS)

Diagram showing the structure of the T6SS in pre-firing (left) and post-firing (right)
states.
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Figure 2 Phospholipase specificity and structure

A) Diagram showing the phospholipid ester bonds hydrolyzed by different
phospholipase classes (PLA1, PLA2, PLB, PLC, and PLD). PLBs have both PLA1
and PLA2 activity.

B) The structure of rat pancreatic lipase-related protein 2 (PLPR2). Inset shows the

active site and lid domain. The nucleophilic elbow is colored yellow, the Ser-Asp-His
catalytic triad is in red, the hydrophobic face of the lid is in blue, and the hydrophilic

face of the lid is in purple.
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Chapter II: Paradoxical Activation of a Type VI Secretion System

Phospholipase Effector by Its Cognate Immunity Protein

Note: The research in this chapter was originally published in Journal of
Bacteriology. The manuscript was originally written by Christopher Hayes and
Zachary Ruhe and has been reprinted in the format of this thesis. Zachary Ruhe and

| made equal contributions to this study.

Jensen, S. J., Ruhe, Z. C., Williams, A. F., Nhan, D. Q., Garza-Sanchez, F., Low, D.
A., & Hayes, C. S. (2023). Paradoxical Activation of a Type VI Secretion System
Phospholipase Effector by Its Cognate Immunity Protein. Journal of Bacteriology,

205(6), €0011323. https://doi.org/10.1128/jb.00113-23
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Introduction

Research over the past 20 years shows that bacteria commonly deliver growth-
inhibitory toxins directly into neighboring competitors ((Ruhe et al., 2020a)). This
phenomenon was first described as contact-dependent growth inhibition (CDI)

in Escherichia coli isolate EC93 (Aoki et al., 2005). CDI is mediated by a specialized
type V secretion system (T5SS) composed of CdiB and CdiA proteins. CdiB is an
Omp85 family B-barrel protein responsible for transport of the CdiA effector protein
to the cell surface (Ruhe et al., 2018). Upon binding a receptor on a neighboring
bacterium, CdiA delivers its C-terminal toxin domain into the target cell to inhibit
growth. CDI* strains protect themselves from autoinhibition by producing immunity
proteins that specifically neutralize the toxin domain. Shortly after the discovery of
T5SS-mediated CDI, two reports demonstrated that type VI secretion systems
(T6SSs) are also potent mediators of interbacterial competition (Hood et al., 2010;
Maclintyre et al., 2010). T6SSs are dynamic multiprotein machines related in
structure and function to the contractile tails of Myoviridae bacteriophages. The
T6SS duty cycle begins with the assembly of a phage-like baseplate complex
around trimeric VgrG, which is homologous to the B-tailspike protein of coliphage T4
(Leiman et al., 2009). The baseplate then docks onto the cytosolic face of the
transenvelope complex, which forms a secretion conduit across the cell envelope
(Brunet, Zoued, et al., 2015). The latter assembly nucleates the polymerization of a
contractile sheath surrounding a central tube of Hcp proteins. Toxic effector proteins

are typically linked to the VgrG -spike (Pukatzki et al., 2007; Shneider et al., 2013)
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and can also be packaged within the lumen of the Hcp tube (Silverman et al., 2013).
Once the sheath has grown to span the width of the cell, it contracts to expel the
VgrG-capped tube through the transenvelope complex. The ejected projectile
perforates neighboring bacteria and releases its toxic payload to inhibit target cell
growth. As with toxic CdiA proteins, antibacterial T6SS effectors are encoded with
cognate immunity proteins that protect the cell from intoxication by its isogenic
siblings (Hernandez et al., 2020; Ruhe et al., 2020). In this manner, T5SSs and
T6SSs confer a competitive fitness advantage to bacteria, and their effector-
immunity protein pairs play an important role in self/nonself discrimination. Given
that T5SS- and T6SS-mediated competition relies on cell-to-cell contact, the
systems are often only deployed under conditions that favor productive effector
delivery. Several regulatory strategies have been described for T6SSs, which are
controlled at all levels of gene expression. T6SS loci are commonly subject to H-NS-
mediated transcriptional silencing (Bernard et al., 2010; Brunet, Khodr, et al., 2015;
Caro et al., 2020; J. Ma et al., 2018; Storey et al., 2020), and many require specific
bacterial enhancer proteins to initiate transcription in conjunction with o> (Bernard et
al., 2010; Pukatzki et al., 2006). Environmental signals also influence T6SS
transcription through quorum sensing and two-component regulatory signaling
pathways (Bernard et al., 2010; Majerczyk et al., 2016; Sana et al., 2012).

In Pseudomonas aeruginosa, the stability and translation of T6SS transcripts are
modulated by small noncoding RNAs (Bernard et al., 2011). Finally, assembly of the
secretion apparatus is subject to posttranslational control by a serine/threonine

kinase and phosphatase (Mougous et al., 2007). There are fewer studies on the
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regulation of antibacterial T5SSs. The originally identified cdiBA/l locus from E.

coli EC93 is expressed constitutively (Aoki et al., 2005; Waneskog et al., 2021), but
systems from other species are strictly regulated. The CDI system of Burkholderia
thailandensis E264 is activated through a quorum sensing pathway (Majerczyk et al.,
2014), and the loci of Dickeya dadantii EC16 and 3937 are expressed only when
these bacteria are grown on plant hosts (Aoki et al., 2010; Rojas et al., 2002, 2004).
The latter observations suggest that CDI promotes host colonization and
pathogenesis, although the T5SS effector domains deployed by these

phytopathogens are clearly antibacterial (Aoki et al., 2010; Beck et al., 2014).

We previously reported that the CDI system of Enterobacter cloacae ATCC 13047
(ECL) is not active under laboratory conditions, although it is functional when
expressed from a heterologous promoter (Beck et al., 2014). The wild-

type cdiBAIFC- operon appears to be transcribed from a single promoter with
possible operator sites for PurR and Fnr. These predictions suggest

that cdi transcription may be repressed when ECL is grown in standard culture
media. In an attempt to identify transcriptional regulators, we generated an ECL
strain that harbors the gusA reporter gene under the control of the cdi promoter and
then screened it for transposon mutants that exhibit increased (3-glucuronidase
activity. Surprisingly, the recovered mutations have no effect on cdi transcription and
instead act to increase cell permeability to the chromogenic B-glucuronidase
substrate. We identified multiple insertions in t/i, which encodes a previously
described immunity protein that neutralizes the T6SS phospholipase effector Tle

(Whitney et al., 2014). Thus, cell envelope integrity is disrupted by unrestrained
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phospholipase activity in these mutants. Increased permeability is T6SS dependent,
indicating that t/i mutants are intoxicated by Tle delivered from neighboring siblings
rather than internally produced phospholipase. Notably, we find that Af/i mutants are
not hyperpermeable because they fail to deploy active Tle. Taken together, our
findings indicate that Tli has distinct functions, depending on its subcellular
localization. In addition to its established role as a periplasmic immunity factor, we
propose that a cytosolic pool of Tli is required to activate the Tle phospholipase prior

to T6SS-dependent export.

Results

Disruption of tli increases cell permeability.

We initially sought to identify regulators of the cdiBAl gene cluster in Enterobacter
cloacae ATCC 13047 (ECL) using a B-glucuronidase (gusA) reporter to monitor
expression. We fused the E. coli gusA gene to the cdiB (ECL_04452) promoter
region and placed the construct at the ECL gImS locus using Tn7-mediated
transposition. The resulting cdi-gusA reporter strain was subjected to transposon
Tn5-mediated mutagenesis, and >25,000 insertion mutants were screened on agar
medium supplemented with the chromogenic B-glucuronidase substrate X-Gluc (5-
bromo-4-chloro-1H-indol-3-yl-B-d-glucopyranosiduronic acid). Nine different
transposon insertion sites were identified from 17 mutants that formed pigmented
colonies on indicator medium. One insertion is located within tle (ECL_01553), and
the other eight disrupt the downstream /i cistron (ECL_01554) (Fig. 1A).

The tle gene encodes a toxic phospholipase effector deployed by the type VI

secretion system 1 (T6SS-1) of ECL, and tli encodes an ankyrin repeat immunity
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protein that neutralizes Tle activity (Donato et al., 2020). We transferred the
transposon mutations into the original parental reporter strain using Red-mediated
recombineering and found that all of the reconstructed mutants, except the tle-

1106 strain, recapitulate the original phenotype on indicator medium (Fig. 1B).
Quantification of B-glucuronidase activity in cell lysates from a subset of mutants
revealed that each has the same specific activity as the parental reporter strain (Fig.
1C). These data indicate that cdi transcription is unaffected by the #/i mutations.
Moreover, immunoblot analyses showed that none of the mutants exhibits increased
production of CdiB (Fig. 1D) or CdiA (Fig. 1E). Given these results, we hypothesized
that the loss of Tli immunity function leads to unopposed Tle phospholipase activity,
which in turn degrades cell membranes to increase permeability to X-Gluc.
Consistent with this model, parental reporter cells grown on indicator medium
become pigmented after treatment with SDS solution (Fig. 2A). Moreover,
complementation with plasmid-borne tli suppresses pigment conversion (Fig. 2B),
but it has little effect on specific B-glucuronidase activities (Fig. 2C). Together, these
results indicate that diminished immunity function leads to increased cell

permeability.

Increased cell permeability is dependent on T6SS-1 activity.

Two scenarios could account for hyperpermeability: the tli mutants could be
permeabilized by internally produced phospholipase, or they could be intoxicated by
Tle delivered from neighboring sibling cells. These models are not exclusive, and the
phenotype may reflect a combination of external and internal phospholipase

activities. To eliminate the contribution from T6SS-delivered effector, we
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deleted tssM (Fig. 3A), which encodes a critical component of the transenvelope
complex required for secretion. The resulting tli AtssM cells do not secrete Hcp into
culture supernatants (Fig. 3B), confirming that T6SS-1 is inactivated.

The tli AtssM strains also exhibit less pigmentation when grown on X-Gluc indicator
medium (Fig. 3C, top row). To ensure that the AtssM mutation does not

abrogate tle expression, we showed that complementation with plasmid-

borne tssM restores Hcp secretion and hyperpermeability phenotypes to each strain
(Fig. 3B and C, bottom row). These data indicate that increased cell permeability is
largely due to T6SS-1-dependent exchange of phospholipase toxin between sibling

cells.

Although tli is disrupted in each mutant, most retain the capacity to produce a
truncated form of the immunity protein. Insertions in the lipoprotein signal sequence
(thi-17, tli-21, tli-31, ti-57, and tli-64) should allow cytosolic Tli to be synthesized
using Met10, Met16, or Met24 as alternative translation initiation codons (Fig. 1A).
Furthermore, the tli-663 and tli-673 alleles are predicted to produce secreted Tl
lipoproteins that carry transposon-encoded residues fused at Asp221 and Lys224,
respectively (Fig. 1A). Immunoblotting revealed that the tli-17, tli-21, tli-57, and tli-
64 mutants accumulate Tli to about the same level as the parental t/i* strain, but we
were unable to detect antigen in ti-231, tli-663, and tli-763 cell lysates (Fig. 4A). We
next asked whether truncated Tli provides any protection against Tle delivered from
wild-type ECL inhibitor cells. Because the t/i mutants also deploy Tle to intoxicate
their siblings, we examined immunity function in a AtssM background to ensure that

the mutants act only as target cells during coculture. The tli AtssM target cells are
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outcompeted between 50- and 100-fold by wild-type ECL, but they show no fithess
disadvantage when cocultured with ECL AtssM mock inhibitor cells (Fig. 4B). This
level of growth inhibition is comparable to that observed with Atle Atli target cells
(Fig. 4B), which harbor a true null allele of t/i. Thus, the transposon insertions
completely abrogate immunity to Tle. Given that cytosolic immunity protein fails to
protect, these results also indicate that Tli must be localized to the periplasm to

neutralize toxic phospholipase activity. ECL Atli mutants fail to deploy active Tle.

Although the tli disruptions behave as null mutations in competition cocultures, we
noted that the /i-231 insertion induces a modest permeability phenotype compared
to the other alleles. This observation is curious because t/i-231 is arguably the most
disruptive to Tli structure and is therefore expected to cause a more profound
phenotype. To explore this issue, we asked whether a Atli null strain phenocopies
the transposon mutants on X-Gluc indicator medium and surprisingly found that

Atli cells are not hyperpermeable (Fig. 5A). This result could reflect the acquisition of
an inactivating mutation in t/le during construction of the Atli strain. However, the
hyperpermeable phenotype is restored when truncated Tli proteins lacking the N-
terminal 23 (Tli-A23) and 51 (Tli-A51) residues are expressed from a plasmid in

Atli cells (Fig. 5A). Further truncation of the immunity protein to Tli-A75, which
approximates the fragment produced by the t/i-231 allele, does not induce
autopermeabilization (Fig. 5A). These data suggest that Atli cells do not deploy
active Tle. Accordingly, we found that tle* Atli cells behave like AtssM mock inhibitors
when competed against Atle Atli target cells (Fig. 5B). The competitive fitness of

the tle* Atli strain is restored to wild-type levels when the cells express wild-type Tli
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or Tli-A23, but not the Tli-A51 or Tli-A75 truncations (Fig. 5B). Although Tli-A51 fails
to confer a competitive advantage (Fig. 5B), target cell growth in these cocultures is
suppressed compared to that in experiments with tle* Atli inhibitors that harbor an
empty vector plasmid (Fig. 5C). Quantification of viable Tli-A51-producing cells
shows that their growth is also inhibited (Fig. 5D), indicating that intersibling
intoxication obviates any competitive advantage gained by Tle delivery. This
autoinhibition is not observed with Tli-A23-producing cells (Fig. 5D), although they

exhibit a similar hyperpermeable phenotype on indicator medium (Fig. 5A).

To test whether the ECL Atli strain deploys other T6SS-1 effectors, we performed
competition assays with E. coli target bacteria, which have previously been shown to
be inhibited by ECL Atle mutants (Donato et al., 2020b). Wild-type ECL

outcompetes E. coli almost 108-fold on agar medium, and most of this growth
advantage is lost when T6SS-1 is inactivated with the AtssM mutation (Fig. 5E). ECL
Atli mutants retain most of this inhibition activity against E. coli target cells (Fig. 5E),
demonstrating that t/i is not required to deliver other T6SS-1 effectors. Together,
these results indicate that Tle-mediated growth inhibition depends on a cytosolic

pool of Tli.
Tli is required for the toxic activity of Tle.

Tli could be required to stabilize Tle, or perhaps the immunity protein acts as a
chaperone to load effector into the T6SS-1 apparatus. We first asked whether Tli
stabilizes the lipase effector, but were unable to detect Tle antigen in either wild-type
(tle* tli*) or Atli cell lysates (Fig. 6A). Given the low endogenous level of Tle, we

expressed tle and tle-tli from plasmid vectors (pTle and pTle-Tli) in ECL Atle Atli cells
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to examine effector stability. Immunoblotting showed that full-length Tle is produced
from both constructs, though some minor degradation products are apparent in the
absence of Tli (Fig. 6A). Despite producing detectable lipase, cells harboring the
pTle plasmid have no inhibition activity against Atle Atli target bacteria (Fig. 6B). In
contrast, the pTle-Tli construct confers a significant growth advantage under the
same conditions (Fig. 6B). We also tested whether Tli is required for effector
secretion, but were unable to detect Tle antigen in culture supernatants even when
expressed from a plasmid vector. Therefore, we asked whether Tli is still required for
growth inhibition activity when phospholipase export is ensured by fusion to the
VgrG B-spike protein. The ECL T6SS-1 locus encodes two VgrG proteins (VgrG1
and VgrG2) (Fig. 3A), each of which is sufficient to support secretion activity
(Donato et al., 2020). We reasoned that the lipase domain could be fused to VgrG2,
because other Enterobacter strains encode “evolved” VrgG2 homologs that carry
effector domains at their C termini (see Fig. S1 in the supplemental material).
AlphaFold2 modeling indicates that Tle is composed of two domains connected by a
flexible linker (Fig. 7A). The novel N-terminal domain of Tle is presumably required
for T6SS-mediated export, and its C-terminal domain adopts an a/B-hydrolase fold
that resembles neutral lipases from fungi. Using the AlphaFold2 model as a guide,
we fused the linker region and phospholipase domain of Tle to VgrG2 (Fig. 7B), then
asked whether the VgrG2-lipase chimera restores growth inhibition activity to a
VgrG-deficient mutant. Because ECL Atle-tli-vgrG1-vgrG2 cells do not produce
functional VgrG, they cannot assemble the T6SS-1 apparatus (Donato et al., 2020)

and do not kill E. coli target bacteria during coculture (Fig. 7C). Complementation of
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Atle-tli-vgrG1-vgrG2 cells with the VgrG2-lipase construct restores growth inhibition
activity against E. coli target cells (Fig. 7C). Moreover, this inhibition activity is
quantitatively similar to that of an ECL AvgrG1 inhibitor strain (Fig. 7C), which
produces VgrG2 and Tle as separate polypeptides. These results suggest that the
VgrG2-lipase chimera supports the same T6SS-1 activity as wild-type VgrG2.
However, the VgrG2-lipase construct has no growth inhibition activity against ECL
Atle Atli target cells (Fig. 7D), indicating that the fused lipase domain is inactive. We
next tested whether addition of the t/i gene to the fusion construct promotes
phospholipase activity (Fig. 7B). Although the resulting pvVgrG2-lipase/Tli construct
is somewhat less effective against E. coli target cells (Fig. 7C), it inhibits the growth
of ECL Atle Atli target cells to the same extent as an ECL AvgrG1 inhibitor strain
(Fig. 7D). We also showed that mutation of the predicted catalytic Ser341 residue in
the lipase domain abrogates growth inhibition activity against ECL Atle Atli cells (Fig.
7D), but not E. coli target cells (Fig. 7C), indicating that the VgrG2-lipase fusion
supports the delivery of other T6SS-1 effectors. Together, these results demonstrate
that the Tle phospholipase domain is only active when coproduced with its cognate

immunity protein.

Discussion

Here, we identify ECL transposon mutants that exhibit increased permeability to a
chromogenic B-glucuronidase substrate. The transposon insertions disrupt tli, which
encodes an immunity protein that neutralizes the previously described Tle
phospholipase effector (Donato et al., 2020). Thus, unmitigated Tle activity damages

cellular membranes, allowing chromogenic substrate to enter the cytosol and/or [3-
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glucuronidase to escape into the extracellular medium. This hyperpermeability is
dependent on T6SS-1 activity, indicating that the mutants are intoxicated by Tle
delivered from neighboring siblings rather than their own internally produced
phospholipase. This phenomenon is similar to the observations of Russell et al., who
found that deletion of the ti5™* (PA3488) immunity gene from Pseudomonas
aeruginosa PAO1 leads to increased cell permeability through unopposed

PIdDPA phospholipase activity (Russell et al., 2013). Moreover, P,

aeruginosa autointoxication requires a functional H2-T6SS locus (Russell et al.,
2013), indicating that the phenotype is due to intersibling exchange of
phospholipase. However, in contrast to P. aeruginosa, ECL Atli null mutants fail to
deploy active phospholipase and consequently do not exhibit hyperpermeability.
Instead, the strongest phenotypes are associated with mutations that prevent
targeting of Tli to the periplasm, yet still allow the immunity protein to accumulate to
wild-type levels. These findings indicate that Tli has different functions, depending on
its subcellular localization. Tli in the periplasm acts to neutralize incoming
phospholipase effectors, whereas cytoplasmic Tli produced from alternative
translation initiation sites is required for the activation and/or export of Tle. Because
we cannot ascertain whether Tle is secreted from Atli mutants, it is possible that
cytosolic Tli acts a chaperone to load the effector into the T6SS apparatus. However,
the immunity protein probably has another function because growth inhibition activity
remains tli-dependent when phospholipase delivery is achieved through fusion to
VgrG2. We propose that Tli activates the effector domain prior to T6SS-mediated

export. AlphaFold2 modeling suggests that the lipase catalytic core is not altered
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upon binding to Tli, although dramatic conformational changes are predicted for
lipase helices a5, a10, and a11 (see Fig. S2A and B in the supplemental material).
Helix a5 is pulled away from the lipase domain through predicted interactions with
the first ankyrin repeat of Tli, allowing a10 and a11 to migrate into the vacated
position (Fig. S2A and B). In the absence of Tli, helix a5 forms a “lid” that covers the
active site and precludes access to solvent (Fig. S2A and B). Similar lid structures
are found in many other lipases, and these helices are typically displaced to expose
the active site upon binding to membranes in a process termed “interfacial
activation” (Khan et al., 2017). Thus, the predicted conformational changes in the lid
could underlie lipase activation, but because Tli blocks lipase activity, the model may
correspond to the neutralized conformation. We also modeled lipase interactions
with immunity proteins produced from the various tli alleles identified in this study.
Lipase interactions with Tli-64, Tli-663, and Tli-673 are nearly identical to those with
wild-type Tli (Fig. S2C, E, and F), but Tli-231, which lacks N-terminal ankyrin
repeats, does not displace helix a5 of the lipase domain (Fig. S2D). The implications
of the latter model for lipase activation are not clear given that we are unable to
detect Tli antigen in t/i-231 mutants. Though the mechanism remains unknown, it
seems likely that Tle activation requires direct binding interactions with cytosolic Tli.
Because presumably only the effector protein is exported, this model implies that
there must be an additional mechanism to dissociate the Tle-Tli complex prior to

loading into the T6SS apparatus.

Russell et al. first described and delineated five families of T6SS phospholipase

effectors, which they designated Tle1 through Tle5 (Russell et al., 2013). Although
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not identified in that study, TIeEC from ECL contains the GxSxG catalytic motif found
in the Tle1, Tle2, Tle3, and Tle4 effector families. AlphaFold2 modeling suggests that
TleECL adopts an a/B-hydrolase fold, with the GxSxG sequence forming a classic
nucleophilic “elbow” in the turn between 4 and a7. A DALI server search indicates
that TIeECL is not closely related to known T6SS effectors and instead is most similar
to a family of neutral lipases secreted by fungi (Brady et al., 1990; Lan et al., 2017,
Lou et al., 2010). This conclusion is supported by direct comparisons of the

TIeEC- model with the crystal structures of Tle1™A°" and Tle4™A°" from Pseudomonas
aeruginosa PAO1. Superimposition of core a/B-hydrolase domains reveals that the
flanking secondary elements are distinct between the effectors (Fig. S3). Moreover,
Tle1PAC" and Tle4™A°1 have modules that are absent from TleECt. Tle1PA°1 contains a
putative membrane-anchoring domain (H. Hu et al., 2014), and the a/B-hydrolase
core of Tle4PAO1 s interrupted by three inserted segments that form a cap domain to
cover the active site (Lu et al., 2014). We note that the TleE°L model also differs
substantially from AlphaFold2 predictions for Tle2 (VasL) from Vibrio cholerae and
Tle3 from Burkholderia thailandensis E264. Database searches reveal that TIeECt is
commonly encoded by Enterobacter and Cronobacter T6SS loci, and it shares
significant sequence identity with the Slp effector from Serratia marcescens (see
Table S1 in the supplemental material) (Cianfanelli, Alcoforado Diniz, et al., 2016).
Homologous lipase domains are more broadly distributed

across Erwinia, Dickeya, Burkholderia, and Vibrio species, where they are fused to
predicted VgrG, PAAR, and DUF4150 domain proteins (Table S1). Related lipase

domains also form the C termini of rearrangement hot spot (Rhs) proteins in
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various Pseudomonas and Vibrio isolates. Rhs proteins constitute another important
class of T6SS effectors that carry variable C-terminal toxin domains (Alcoforado Diniz
& Coulthurst, 2015; Koskiniemi et al., 2013; Ruhe et al., 2020; D. Zhang et al., 2012).
Finally, a handful of Deltaproteobacteria encode predicted CdiA proteins with similar
lipase domains (Table S1), indicating that this effector family can also be delivered
through the T5SS pathway. Notably, these lipase sequences are linked to putative
immunity genes that encode ankyrin repeat proteins (Table S1), raising the

possibility that all of these effectors are activated by their cognate immunity proteins.

Although it remains to be determined whether other lipases require activation, a
similar phenomenon has been reported for the PAAR domain-containing PefD
effector of Proteus mirabilis H14320. Mobley and coworkers found that disruption of
the corresponding pefE immunity gene, which encodes a predicted B-propeller
protein, abrogates the growth inhibition activity of PefD in cocultures (Alteri et al.,
2017). PefD function is also dependent on pefF and pefG, which encode an
armadillo repeat protein and a thioredoxin-like oxidoreductase, respectively (Alteri et
al., 2013, 2017). AlphaFold2 indicates that PefD contains an intricate array of six
disulfide bonds (https://www.uniprot.org/uniprotkb/B4EVA8/entry#structure),
suggesting that PefE and PefF could be chaperones that hold the effector in the
proper conformation for PefG-catalyzed disulfide bond formation. However, PefD
and the related Tse7 effector from P. aeruginosa are toxic DNases that must be
transferred into the cytoplasm to inhibit growth (Alteri et al., 2017; Pissaridou et al.,
2018). Given that any disulfides would likely be reduced by glutathione and

thioredoxin after delivery into the target cell, perhaps these bonds promote export
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rather than enzymatic activity. Proper disulfide formation is clearly important for other
T6SS effectors that function in the periplasm. Peptidoglycan amidase and pore-
forming effectors from Serratia marcescens both depend on DsbA (Mariano et al.,
2018), which is a highly conserved oxidoreductase that catalyzes disulfide formation
in the periplasm of most Gram-negative bacteria (Collet et al., 2020a). T5SS/CdiA
effector domains are also known to exploit target cell proteins to promote toxicity.
CdiA from uropathogenic E. coli delivers a novel tRNA anticodon nuclease domain
that is only active when bound to the cysteine biosynthetic enzyme CysK (Aoki et al.,
2010; Diner et al., 2012; Johnson et al., 2016). Other CdiA proteins carry BECR-fold
RNases that interact with elongation factor Tu (EF-Tu) to cleave the 3'-acceptor
stems of specific tRNA molecules (Gucinski et al., 2019; Jones et al., 2017,

Michalska et al., 2017; J. Wang et al., 2022).

Given that our screen ultimately selected for hyperpermeable cells, it is perhaps
surprising that we did not recover other mutations that are known to disrupt the cell
envelope. The first “leaky” mutants were isolated in screens for E.

coli and Salmonella enterica serovar Typhimurium cells that release periplasmic
RNase | and alkaline phosphatase into culture media (Amouroux et al., 1991;
Lazzaroni & Portalier, 1981; Lopes et al., 1972; Weigand & Rothfield, 1976). These early
studies uncovered a critical role for TolA in Gram-negative cell envelope integrity
(Amouroux et al., 1991). Later, E. coli lamB cells were used to identify mutations

in ompC and ompF that allow high-molecular-weight maltodextrins to enter the
periplasm (Benson et al., 1988; Benson & Decloux, 1985). The same strategy also led

to the discovery of [ptD (Sampson et al., 1989), which encodes an essential B-barrel
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protein that inserts lipopolysaccharide into the outer membrane (H. Dong et al.,
2014; Gu et al., 2015; Li et al., 2015; Qiao et al., 2014). More recently, Bernhardt
and coworkers used a cell-impermeable -galactosidase substrate to identify over
100 E. coli genes that contribute to envelope integrity (Paradis-Bleau et al., 2014).
Although the approach taken by Paradis-Bleu et al. is essentially the same as in our
study, they note that disruption of outer membrane integrity alone is probably
sufficient for substrate entry in their screen (Paradis-Bleau et al., 2014). In contrast,
ECL lacks outer and inner membrane transporters for 3-glucuronides (Liang et al.,
2005), and therefore both membranes must be permeabilized for substrate entry.
These observations suggest that T6SS-delivered Tle damages the outer and inner
membranes of target bacteria and that the loss of Tli immunity function produces the

most striking phenotype on indicator media.
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Materials and Methods

Bacterial strain and plasmid constructions.

The bacterial strains and plasmids used in this study are listed in Table 1 and Table
2, respectively, and oligonucleotides are listed in Table S2 in the supplemental
material. All bacteria were grown at 37°C in lysogeny broth (LB): 1% tryptone, 1%
yeast extract, and 0.5% NaCl. Media were supplemented with antibiotics at the
following concentrations: ampicillin (Amp), 150 pg/mL; gentamicin (Gent), 12 yg/mL;
kanamycin (Kan), 50 ug/mL; rifampin (Rif), 200 pg/mL; spectinomycin (Spec),

15 pg/mL; tetracycline (Tet), 100 pg/mL; and trimethoprim (Tmp), 100 pg/mL (where
indicated). The ECL cdi-gusA reporter strain ZR71 was constructed by Tn7-mediated
transposition. E. coli gusA was amplified with oligonucleotide primers
CH3025/CH3026 and ligated to pUC18T-mini-Tn7T-Gm (Choi et al., 2008) using
EcoRI/Sacl restriction sites to generate plasmid pZR42. The ECL cdiB promoter
region was amplified with CH3146/CH3147 and ligated to pZR42 using Kpnl/EcoRI
restriction sites to generate pCH3468. pCH3468 and pTNS2 (Choi et al., 2005) were
introduced into wild-type ECL by conjugation, and gentamicin-resistant (Gent")
clones were screened for cdi-gusA transposition into the g/mS locus. The same
mating procedure was used to generate strain CH3469 (ECL Atli gimS::cdi-gusA)
from strain CH14588. The AtssM1::kan allele (from pCH11050) was introduced into
ECL strains carrying plasmid pKOBEG using Red-mediated recombination as

described previously (Beck et al., 2014; Donato et al., 2020). ECL
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Atli::kan (CH14587) and Atle-tli-vgrG1-vgrG2::kan (CH1360) mutants were
constructed using pCH371, which is a pRE118 (Edwards et al., 1998) derivative that
carries the pheS(A294G) counterselectable marker instead of sacB.

The pheS(A294G) allele was first amplified with DL2217/DL2194 and fused to

the tet promoter in pBR322 using EcoRV/Sphl restriction sites to generate plasmid
pDAL912. The Ptt+-pheS(A294G) fragment was then amplified with DL2195/DL2196
and combined with pRE118-derived fragments generated with DL2197/DL2198 and
D2199/DL1667 using overlap extension PCR (OE-PCR). The final PCR product was
introduced into pPRE118 using Red-mediated recombination to generate plasmid
pDAL6480. A chloramphenicol resistance (Cm") cassette was amplified with
CH5269/CH5270, digested with Xbal/Nsil, and ligated to Xbal/Sbfl-digested
pDAL6480 to generate plasmid pCH377. The FLP recombination target (FRT)-
flanked Kan' cassette from pKAN/pCH70 (Hayes & Sauer, 2003) was subcloned into
pCH377 via Sacl/Kpnl restriction sites to generate pCH371. The pCH1359 Atle-tli-
vgrG1-vgrG2 knockout construct was generated by sequential cloning of
CH3373/CH3374 (Sacl/BamHI) and CH3197/CH3198 (Xhol/Kpnl) fragments into
pCH371. The pCH3884 Atli::kan knockout construct was generated by sequential
cloning of ZR39/ZR40 (Sacl/BamHI) and CH3377/CH3378 (Xhol/Kpnl) fragments
into pCH371. Plasmids pCH1359 and pCH3884 were introduced into ECL by
conjugation, followed by selection for Kan™ Cm" exconjugants. Clones were cultured
in M9 minimal medium supplemented with 0.4% d-glucose, 2 mM d/I-
chlorophenylalanine, and 50 pg/mL kanamycin and then screened for

Kan" Cms® clones that had lost the pheS(A294G) marker through homologous
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recombination. The Kan'" cassette was removed from CH14587 using the FLP

recombinase encoded on pCP20 (Cherepanov & Wackernagel, 1995) to generate

strain CH14588.

The Tnb delivery vector pLG99 (Gallagher et al., 2013) was modified to introduce a
spectinomycin resistance (Spec') cassette. An EcoRV/Spel fragment from
pSPM/pCH9384 (Whitney et al., 2014) was ligated to a pLG99 vector prepared by
Nsil (followed by end-filling with T4 DNA polymerase) and Avrll digestion. The

ECL tli coding sequence was amplified with primer pairs, CH3418/CH3419 (wild-
type tli), CH3719/CH3419 (tli-A23), CH5137/CH3419 (tli-A51), and CH5318/CH3419
(tli-A75), and the products were ligated to pCH450K (Hayes & Sauer, 2003) using
Kpnl/Xhol restriction sites to generate plasmids pCH494, pCH495, pCH5036, and
pCH5037, respectively. ECL tle was amplified with primers CH4469/ZR248 and
ligated to pCH450 using EcoRI/Xhol restriction sites to generate plasmid
pCH14212. tli was then amplified with CH4762/CH3419 and ligated via BstXI/Xhol to
pCH14212 to generate plasmid pCH3128. Primers CH3719/CH4154 were used
amplify tli-A23 for ligation into pET21K via Kpnl/Xhol to generate pCH3291, which
overproduces cytosolic Tli with a C-terminal Hise epitope. Primers CH5087/ZR248
were used to amplify the lipase domain coding region of tle for ligation into pSH21P
via Spel/Xhol to generate plasmid pCH15269, which overproduces the domain with
an N-terminal Hise epitope. ECL tssM was amplified with CH3023/CH3024 and
ligated to pCH450 using Ncol/Xhol restriction sites to generate plasmid pCH11198.
The cdiB gene from E. coli STEC_031 was amplified with ZR443/ZR444 and ligated

to pET21b using EcoRI/Xhol restriction sites to generate plasmid pCH6118.
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To construct the VgrG2-lipase fusion, vgrG2 from ECL was amplified with
CH4452/CH5205 and ligated to pCH450 using EcoRI/Kpnl restriction sites. vgrG-
CTlvgrl sequences were amplified from Enterobacter hormaechei ATCC 49162
using CH5203/CH5204 and appended to the vgrG2 construct using Kpnl/Pstl
restriction sites to generate pCH417. Plasmid pCH417 was amplified with
CH4452/CH5770 to add a Sacl linker, and lipase domain/tli modules from
CH5772/ZR248 and CH5772/CH3419 amplifications were ligated via Sacl/Xhol to
generate plasmids pCH9063 and pCH9062, respectively. The Ser341Ala substitution
was introduced into the lipase domain by OE-PCR using primers CH4762/CH4763 in

conjunction with CH5772/CH3419 to generate plasmid pCH3763.

Transposon mutagenesis and mutant screening.

Plasmid pLG99::spec was introduced into ECL strain ZR71 cells via conjugation, and
Spec' clones were selected on tryptone broth agar (1% tryptone, 0.5% NaCl, 1.5%
agar) supplemented with 100 ug/mL Spec and 100 pg/mL of 5-bromo-4-chloro-1H-
indol-3-yl B-d-glucopyranosiduronic acid (X-Gluc). Transposon insertion sites were
identified by arbitrarily primed PCR. The Tn5b right arm was amplified with Tn5-
Right1/CH2020 or Tn5-Right1/CH2022. Products were reamplified using nested
primers Tn5-Right2/CH2021. The Tn5 left arm was amplified using primers Tn5-
Left1/CH2020 and Tn5-Left1/CH2022. The resulting reactions were amplified with
nested primers Tn5-Left2/CH2021. Second-round reactions were sequenced using

oligonucleotides Tn5-Right3 and Tn5-Left3 as primers.

X-Gluc permeability and B-glucuronidase assays.
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B-Glucuronidase activity was quantified as described by Miller (Miller, 1972). Cells
were harvested from tryptone broth (TB) agar and suspended in 100 mM sodium
phosphate (pH 7.0) at an optical density at 600 nm (ODsoo) of 1.0. A drop of toluene
and a drop of 0.1% SDS were added to 100 uL of the cell suspension, followed by
vortexing for 15 s. The suspension was then incubated at 37°C for 90 min without
caps to allow evaporation of toluene. Cell suspensions and substrate solution

(1 mg/mL p-nitrophenyl B-d-glucuronide in 100 mM sodium phosphate [pH 7.0] and
5 mM B-mercaptoethanol) were equilibrated to 28°C. Cell lysate (100 uL) was added
to 600 pL of substrate solution and incubated at 28°C for 30 min. Reaction mixtures
were quenched with 700 yL of 1 M sodium carbonate. Quenched reaction mixtures
were centrifuged at 14,000 x g for 10 min, supernatant was removed, and
absorbance was measured at 420 nm. B-Glucuronidase activity was quantified in
Miller units, where enzyme units = 1,000 (A420)/(ODeoo of 1.0 at 0.1 mL for 30 min).
Overnight cultures were adjusted to an ODeoo of 3.0, and 10 yL was spotted onto TB
agar supplemented with 100 ug/mL X-Gluc and incubated overnight at 37°C. Culture

plates were imaged using a light scanner.

Competition cocultures.

Inhibitor and target cells were grown overnight in LB and then diluted 1:50 into fresh
LB and grown at 37°C to mid-log phase. Cells were harvested by centrifugation at
3,400 x g for 2 min, resuspended to an optical density at 600 nm (ODsoo) of 3.0, and
mixed at a 10:1 ratio of inhibitor to target cells. Cell mixtures (10 pL) were spotted
onto LB agar (supplemented with 0.4% |-arabinose when using strains with

arabinose-inducible constructs) and incubated at 37°C. A portion of each cell mixture
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was serially diluted into 1 x M9 salts and plated onto antibiotic-supplemented LB
agar to enumerate inhibitor and target cells as CFU at =0 h. For the competition

in Fig. 4B, inhibitor strains were scored using Tmp" (conferred by plasmid pSCBAD)
(Koskiniemi et al., 2015a), and targets were scored by Spec'. For all other
competitions, inhibitors were scored by Tet" (conferred by pCH450 derivatives),

and E. coli and ECL target cells were enumerated by Rif". After 4 h of coculture, cells
were harvested from the agar surface with polyester-tipped swabs and resuspended
in 800 pL of 1 x M9 salts. The cell suspensions were serially diluted in 1 x M9 salts
and plated as described above to quantify endpoint CFU Competitive indices were
calculated as the final ratio of inhibitor to target cells divided by the initial ratio of

inhibitor to target cells.

Hcp secretion.

Overnight cultures of ECL were diluted 1:50 into 3 mL LB and grown to an ODsoo of
~1.0 at 37°C. The cultures were then supplemented with 0.4% l-arabinose and
incubated for 45 min. The cultures were centrifuged at 3,400 x g for 5 min, and the
cell pellets were resuspended in 100 pL of urea lysis buffer (8 M urea, 150 mM NacCl,
20 mM Tris-HCI [pH 8.0]) for lysis. Supernatants were collected and centrifuged for
an additional 5 min to remove any remaining cells. Supernatants were then passed
through a 0.22-um-pore low-binding polyvinylidene fluoride (PVDF) filter. The filtered
culture supernatants were adjusted to 10% trichloroacetic acid and incubated on ice
for 1 h. Samples were centrifuged at 21,000 x g for 10 min. Precipitates were
resuspended twice in 1 mL ice-cold acetone and recollected by centrifugation at

21,000 x g for 5 min. Precipitates were air-dried at ambient temperature and then
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dissolved in 50 L urea lysis buffer. Protein concentrations were estimated by
Bradford assay, and ~5 ug was loaded onto 10% polyacrylamide SDS gels for

electrophoresis and immunoblot analysis.
Antiserum generation and immunoblotting.

Hise-tagged variants of Tli-A23 and the Tle lipase domain from ECL, and CdiB

from E. coli STEC_0O31 were overproduced in E. coli strain CH2016 from plasmids
pCH3291, pCH15269, and pCH6118, respectively. Overnight cultures were diluted
1:100 in fresh LB supplemented with Amp and grown to mid-log phase at 37°C in a
baffled flask. Expression was then induced with isopropyl 3-d-1-
thiogalactopyranoside at a final concentration of 1.5 mM for 90 min. Cultures were
harvested by centrifugation and cell pellets frozen at —80°C. Cells were broken by
freeze-thaw in urea lysis buffer supplemented with 0.05% Triton X-100 and 20 mM
imidazole as described previously (Garza-Sanchez et al., 2006a). Proteins were
purified by Ni2*-affinity chromatography under denaturing conditions in urea lysis
buffer, followed by elution in urea lysis buffer supplemented with 25 mM EDTA. The
purified proteins were dialyzed against water and lyophilized to be used as antigens

to generate rabbit polyclonal antisera (Cocalico Biologicals, Inc., Reamstown, PA).

Samples were analyzed by SDS-PAGE using Tris-tricine-buffered gels run at 110 V.
For Hcp, CdiB, and Tle immunoblots, samples were run on 10% polyacrylamide gels
for 1 h. Tli samples were run on 10% polyacrylamide gels for 2 h 15 min, and CdiA
samples were run on 6% polyacrylamide gels for 3.5 h. Gels were soaked for 10 min
in transfer buffer (25 mM Tris, 192 mM glycine [pH 8.6], 20% methanol [10%

methanol for CdiA gels]) before electroblotting to PVDF membranes using a semidry
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transfer apparatus run at 17 V for 30 min. For CdiA, gels were electroblotted for 1 h.
Membranes were blocked with 4% nonfat milk in 1 x phosphate-buffered saline
(PBS) for 45 min at ambient temperature and then incubated with primary antibodies
in 1 x PBS with 4% nonfat milk overnight. Rabbit polyclonal antisera for Hcp (Donato
et al., 2020b), Tle, Tli, CdiA (Ruhe et al., 2015) and CdiB were used at dilutions of
1:10,000, 1:5,000, 1:5,000, 1:10,000, and 1:12,500, respectively. After three 10-min
washes in 1 x PBS, the membranes were incubated with IRDye 800CW-conjugated
goat anti-rabbit IgG (1:125,000 dilution) (Li-Cor) in 1 x PBS for 45 min. Immunoblots

were visualized using a Li-Cor Odyssey infrared imager.
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Figure 1 Identification of Tn5 insertions in the tli immunity gene.

(A) Schematic of Tn5 insertion sites in tle and tli. Regions encoding the predicted
a/b-hydrolase domain of Tle and the Tli lipoprotein signal peptide (lipo) and
ankyrin repeats are depicted. Alternative translation initiation codons
(Met10,Met16, and Met24) are indicated, and possible ribosome-binding sites
are shown in orange font. The codon for the lipidated Cys20 residue is shown
in red font. (B) Wild-type ECL, the parental cdi-gusA reporter strain (tle* tIi),
and tli mutants were grown on LB agar supplemented with X-Gluc. (C)
Quantification of b-glucuronidase activity in selected t/i mutants. Activities
were quantified as Miller units as described in Materials and Methods. Data
for technical replicates from two independent experiments are shown with the
average +/- standard deviation. (D and E) Tn5 insertions do not upregulate
CdiB or CdiA production. Protein samples from wild-type ECL, the parental
tle* tii reporter strain, and t/i mutants were subjected to immunoblot analysis
using polyclonal antisera to CdiB (D) and CdiA (E). The Para-cdi sample is
from an ECL strain that contains an arabinose-inducible promoter inserted
upstream of the native cdiBAl gene cluster.
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Figure 2 Disruption of tli increases cell permeability.

(A) ECL is impermeable to chromogenic X-Gluc substrate. Wild-type and cdi-
gusA reporter cells were grown on LB agar supplemented with X-Gluc. Where
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indicated, SDS solution (1% [wt/vol]) was applied to the edge of the colonies prior to
imaging.

(B) The indicated ECL strains were complemented with plasmid-borne /i (pTli) or an
empty vector and grown on LB agar supplemented with X-Gluc.

(C) Complementation with t/i does not affect cdi-gusA reporter expression. (3-
Glucuronidase activities were quantified as Miller units as described in Materials and
Methods. Data for technical replicates from two independent experiments are shown
with the average +* standard deviation.
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(A) Schematic of the ECL T6SS-1 locus. Core secretion system genes are colored
light orange, and effector and immunity genes are shown in red and green,
respectively. Genes of unknown function are not colored and are indicated by their
ordered locus number. The extents of the gene deletions used in this study are

indicated.

(B) ECL AtssM strains do not secrete Hcp. The indicated ECL strains were grown in
LB, and then cell pellet (P) and culture supernatant (S) fractions were prepared as
described in Materials and Methods. Where indicated, the strains carried a plasmid-
borne copy of tssM (pTssM) or an empty vector plasmid. Fractions were analyzed by

SDS-PAGE and immunoblotting with polyclonal antisera to Hcp.

(C) ECL tli AtssM mutants do not exhibit increased cell permeability. The indicated
ECL strains were grown on LB agar supplemented with X-Gluc. Where indicated, the

strains carried pTssM or an empty vector plasmid.
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(A) tli mutants carrying Tnb insertions in the lipoprotein signal sequence still produce
immunity protein. Protein samples from the indicated ECL strains were subjected to
immunoblot analysis using polyclonal antisera to Tli.

(B) Tn5 insertions ablate the immunity function of Tli. Wild-type ECL (tssM*) and
mock (AtssM) inhibitor strains were mixed with the indicated tli AtssM target cells
and spotted onto LB agar. After 4 h of coculture, inhibitor and target cells were
enumerated as CFU on selective media. The competitive index equals the final ratio
of inhibitor to target cells divided by the initial ratio. Presented data are the average
+ standard error from three independent experiments.
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Figure 5 Atli mutants fail to deploy active Tle.

(A) ECL Atli mutants do not exhibit hyper-permeability. The indicated strains were
grown on LB-agar supplemented with X-gluc. Where indicated, strains carried an
empty vector or were complemented with plasmids that produce Tli variants.

(B) The indicated ECL inhibitor strains were mixed with ECL Atle Atli target cells and
spotted onto LB-agar. After 4 h of co-culture, inhibitor and target cells were
enumerated as colony forming units (cfu) on selective media. The competitive index
equals the final ratio of inhibitor to target cells divided by the initial ratio. Presented
data are the average + standard error from three independent experiments.

(C) Viable ECL Atle Atli target cell counts (cfu/mL) at 0 and 4 h for the cocultures
shown in panel B.

(D) Viable inhibitor cell counts (cfu/mL) at 0 and 4 h for the cocultures shown in
panel B. (E) ECL inhibitor strains were mixed with E. coli X90 target cells and
spotted onto LB-agar. Co-culture conditions and cfu enumerations were the same as
described for panel B.

44



A Atle Atli

N
e
Q

S

) )
& ~
g Q

<1//e
Ay

100e

- Tle

35e
25¢

15e

10e

103 -
= o
102 o)
x —_~
@ w
T B
c (&)
£ O ]
e § 107
- 8
'g_ S
)
E £ 400 - -
o -
?_w O
101 T
@)
Arf/s Atli vector pTle pTle-Tli
inhibitors:

Figure 6 Tli is required for Tle-mediated growth inhibition.

(A) Cell extracts from the indicated ECL strains were subjected to immunoblot
analysis using polyclonal antisera against the Tle lipase domain.
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(B) The indicated ECL inhibitor strains were mixed with ECL Atle Atli target cells and
spotted onto LB agar. After 4 h of coculture, inhibitor and target cells were
enumerated as CFU on selective media. The competitive index equals the final ratio
of inhibitor to target cells divided by the initial ratio. Presented data are the average
+ standard error from three independent experiments.
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Figure 7 Tli is required to activate Tle prior to T6SS-mediate export.

(A) AlphaFold2 model of Tle. The C-terminal a/B-hydrolase domain is rendered in
light orange and the linker region in yellow. The locations of predicted catalytic
residues Ser341 and His448 are indicated. (B) VgrG2-lipase domain fusion
schematic. Coding sequence for the Tle linker region (beginning at Pro134) and
lipase domain was fused to vgrG2 under the control of an arabinose-inducible
promoter. A matched construct that also includes the wild-type t/i gene was also
generated. (C) The VgrG2-lipase fusion protein supports T6SS-1 activity. The
indicated ECL inhibitor strains were mixed with E. coli X90 target cells and spotted
onto LB agar supplemented with I-arabinose. After 4 h of coculture, inhibitor and
target cells were enumerated as CFU on selective media. The competitive index
equals the final ratio of inhibitor to target cells divided by the initial ratio. Presented
data are the average + standard error from three independent experiments. (D) ECL
inhibitor strains were mixed with ECL Atle Atli target cells and spotted onto LB agar
supplemented with I-arabinose. Coculture conditions and CFU enumerations were
the same as described for panel C.
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Figure S1. Evolved VgrG proteins from Enterobacter species.

VagrG2 from Enterobacter cloacae ATCC 13047 was aligned with homologs from
Enterobacter hormaechei ATCC 49162 (NCBI Refseq: WP_006810934.1),
Enterobacter sp. NIC22-4 (WP_221813114.1), Enterobacter hormaechei 2355
(WP_058700648.1), Enterobacter hormaechei e1105 (CZV11788.1), and
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Enterobacter cloacae M-7-X3 (WP_165464354.1) using Clustal Omega and
rendered with Jalview 2.11.2.6. Residues are colored according to sequence identity.
The C-terminal extension domains from ATCC 49162, NIC22-4 and e1105 are
predicted to fold into metallopeptidase domains by AlphaFold2. The effector domain
from e2355 is homologous to N-acetylmuramidases (lysozyme), and the domain
from M-7-X3 is a predicted LytD B-N-acetylglucosaminidase.
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TIi-663

Figure S2. AlphaFold2 modeling of lipase-immunity protein complexes.

A) Superimposition of structural models for the isolated lipase domain (red) and the
lipase (orange) ¢ Tli (green) complex.

B) Predicted conformational changes in the lipase domains from panel A. The
positions of helices a5, a10 and a11 are indicated for the isolated lipase (red) and
Tli-bound domain (orange). Models of the lipase domain (raspberry) bound to Tli-64
(C), Tli-231 (D), Tli-663 (E) and Tli-673 (F) immunity proteins colored in marine. The
latter complexes are superimposed onto the wild-type lipaseTli complex from panel
A for comparison. The Tn5 encoded extension at the C-terminus of Tli-673 is colored
gray

(F). Catalytic Ser341 and His448 residues are rendered as spheres and indicated in
each panel.
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Tle4PAO1

Figure S3. Superimposition of Tle1 and Tle4 with the structural model for the
TleECL lipase domain.

The AlphaFold2 model of the TleECL lipase domain was superimposed onto the
structures of Tle1 (PDB: 405P) and Tle4 (PDB: 4R1D) from Pseudomonas
aeruginosa PAO1. The predicted active-site residues Ser341 and His448 are
indicated in the TleE°t model, and corresponding Tle1 and Tle4 catalytic residues
are rendered as spheres in the structure overlays.
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Table 1 Bacterial strains used in this study

Strain Description? Reference or source
CH1360 | ECL Atle-tli-vgrG1-vgrG2::kan Kan' This study
. N (Garza-Sanchez et
CH2016 | E. coli X90(DE3) Arna AslyD::kan Kan' al., 2006a)
CH3469 | ECL Atli gimS::cdi-gusA Gent' This study
CH11196 | ECL AtssM1::kan Kan' (Beck et al., 2014)
CH11199 | ECL Ahcp1::spc Spec’ (Donato et al., 2020)
ECL araC-
CH11248 Psap::cdiB AaraBAD::kan Spec' Kan' (Beck et al., 2014)
CH11396 | ECL AtssM1 (Donato et al., 2020)
CH11876 | ECL Atle::kan Kan' (Donato et al., 2020)
CH11895 | ECL Atle Atli::spc Spec' (Donato et al., 2020)
CH12384 | ECL AvgrG1::kan Kan' (Whitney et al., 2014)
CH14384 | ECL Atle Atli::spc rif Spec' Rif" This study
CH14587 | ECL Atli::kan Kan' This study
CH14588 | ECL Atli This study
E. coli F~ A= mcrA A(mrr-hsdRMS-mcrBC)
$80d/acZAM15 AlacX74 deoR recA1 endA1 (Zarzycki-Siek et al
E2072 | galU galK rpsL nupG AdapA::pir-lacl®-Gent'- y 2013) 5
FRT8 mob|[recA::RP4-2 Tc::Mu-
Kan'] leu* Str" Gent" Kan'
ECL Ifg(t)ir;)bacter cloacae subsp. cloacae ATCC ATCC
E. coliMG1655 RP4-2-Tc::[AMu1::aac(3)IV- (Ferriéres et al
MFD pir | AaphA-Anic35-AMuZ2::zeo] dapA::(erm-pir) 2010) v
ArecA Apr' Zeo Erm’
X90 E. coli F' lacl? lac' pro'lara A(lac-pro) nal1 (Beckwith & Signer,
argE(Amb) rif thi-1 Riff 1966)
ZR71 ECL gImS::cdi-gusA Gent' This study
ZR71 tli-231; Tn5 insertion after tli nucleotide :
ZR135 231: Gent Spec’ This study
ZR137 2371 tli-21; Tnb insertion after tli nucleotide This study
21; Gent" Spec'
ZR71 tli-57; Tn5 insertion after tli nucleotide ,
ZR138 57: Gent’ Spec’ This study
ZR71 tli-663; Tnb insertion after tli nucleotide ,
ZR139 663: Gent' Spec’ This study
ZR71 tli-17; Tnb insertion after tli nucleotide ,
ZR140 17: Gent’ Spec’ This study
ZR148 | ZR71 tli-231 AtssM::kan Gent" Spec’ Kan" This study
ZR149 | ZR71 tli-21 AtssM::kan Gent" Spec’ Kan' This study
ZR150 | ZR71 tli-57 AtssM::kan Gent" Spec' Kan" This study
ZR151 ZR71 tli-663 AtssM::kan Gent" Spec" Kan' This study
ZR152 | ZR71 tli-17 AtssM::kan Gent" Spec’ Kan" This study
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ZR71 tli-31; Tn5 insertion after t/i nucleotide

ZR161 31: Spec’ Gent' This study
ZR163 §f|t?e7r1tlger;l1110%6c;t?<-jr;51i? ggrt iSop?ecr Gent' This study
ZR165 §7Rs71stpl)/£?.é;'nrlr5 insertion after tli nucleotide This study
ZR170 gﬁ?gptgfé(;l’nr;r‘j insertion after tli nucleotide This study
ZR200 | ZR71 AtssM::kan Gent" Kan' This study
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TABLE 2 Plasmids used in this study

Plasmid Description Reference
pBR322 Cloning vector; Amp’ Tetr (Bo'q’g;f)t al,
CH70 pBluescript with FRT-flanked Kan' cassette ligated | (Hayes et al.,
P into Smal restriction site; Amp" Kan" 2002)
pCH371 pCATKAN-pheS(A294G); Cm" Kan' This study
pCH377 pCAT-pheS(A294G); Cm' This study
pCH417 pCH450::vgrG2(ECL)-CT/vgrl(Eh49162); Tet" This study
pACYC184 derivative with E. (Hayes & Sauer
pCH450 coli araC and araBAD promoter for arabinose- y2003 ’
) . . )
inducible expression; Tet"
gl (Donato et al.,
r
pCH494 pCH450K::tli; Tet 2020)
pCH495 pCH450K::tli(A23); Tet" This study
oCH1359 pCATKAN-pheS(A294G)-Atle-tli-vgrG1-vgrG2; This study
Cm" Kan'
pCH3128 pCH450::tle-tli; Tet' This study
pCH3291 pET21::ti(A23); Amp" This study
pUC18T-mini-Tn7T-Gm with the ECL cdi promoter
pCH3468 region fused to E. coli gusA within mini-Tn7; This study
Amp" Gent’
pCH3763 pCHA450::vgrG2-lipase(S341A)-tli; Tet This study
pCH3884 pCATKAN-pheS(A294G)-Atli; Cm" Kan' This study
pCH5036 pCH450K::tli(A51); Tet This study
pCH5037 pCH450K::tli(A75); Tet This study
pCH6118 pET21b::cdiB(STEC3); Amp" This study
pCH9062 pCH450::vgrG2-lipase-tli; Tet" This study
pCH9063 pCH450::vgrG2-lipase; Tet" This study
CH9384 pBluescript with FRT-flanked Spec' cassette (Koskiniemi et
P ligated into Smal restriction site; Amp" Spec' al., 2013b)
CH11050 pCH70 with regions upstream and downstream of (Beck et al.,
P ECL tssM1; Amp" Kan' 2014)
pCH11198 pCHA450::tssM; Tet" This study
pCH14212 pCH450::tle; Tet' This study
pCH15269 pSH21P::lipase; Amp' This study
CP20 Temp-sensitive replication origin, expresses FLP (Pérez et al.,
P recombinase; Amp" Cm’ 2007)
pDAL912 pBR322::pheS(A294G); Amp’ This study
pDAL6480 pRE118-pheS(A294G); Kan' This study
T i licati - th (Cherepanov &
oKOBEG emp-sensitive replication origin, expre§ses e Wackernagel,
Bet-Gam-Exo proteins from phage A; Cm’ 1995)
LG99 Tnb transposase expression vector harboring a (Gallagher et
P mini-Tnb derivative with Pmap-out; Amp" Tmp” al., 2013)
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pLG99-

pLG99 with Spec' cassette cloned into Tn5;

spec Amp’ Spec’ This study
pRE118 Vector plasmid for sacB allelic exchange; Kan" (Edw%césé)et al.,
pBBR1 derivative that carries araC and (Koskiniemi et
pSCBAD Psap promoter; Tmp" al., 2015)
PpTNS2 Expresses Tn7 transposase, Amp' (Chz%oest)al.,
rr?#f‘ljr?;:l_'- Tn7 transposase expression vector harboring (Choi et al.,
Gm mini-Tn7 with Gent" cassette; Amp" Gent' 2008)
0ZR42 pUC18T-mini-Tn7T-Gm with E. coli gusA; This study

Amp" Gent’
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Table S1. ECL Tle family phospholipases

Effector
class

The

PAAR

Bacterial strain

Enterobacier cioacae subsp. cloacas ATCC 13047
Enterobacter hormaechel ATCC 49162
Peeudescherichia vulners NCTC12130
Cronobacter sakazakii ATCC BAA-BI4
Cronobacter condimenti 1330

Kozakonia sacchari SP1

Phytobacter massiliensiz JC163

Lelliottia nimjpressuralis 51

Citrobacter sp. R56

Salmonells enferica subsp. emerica serovar Newpor!
Franconibacter sp. ITDAS19

Phytohacter sp. SC041

Serratia urelytica SERD0108

Serratia marcescens BWH-23

Sarratia marcescens MGH135

Serratia marcescens Db11

Lonsdalea quercing NCCB 100489

Brenneris sp. L3-3C-1

Peciobaclerium caroiovarum subsp. carotovorum PC1
Dickeya dadanti 3937

Dicheya chrysanthemi Ech1581

Vibrio nigripuichrituda ATCC 27043

Vibrio parahasmolticus JW16-127

Vibrio mimicus VM223

FPolyangium aurulsnfum SDU3-1

DUF4150 Pardoea sp. PSNIHZ
(PAAR-Ike) Franconibacter pubeeris LMG 24059

Rhs

Cdia

Halopsewdomonas sakegens CECT 8338
Tahibacter caeni BUT-B
Xanthomonas translucens pv. cerealis
Xanthomonas youngi AmX2
Sorangium sp. Soced3d

Sorangium celasum So0157-2
Thauera bufanivarans NBRC 103042
Lampropedia sestuani YIM MLB12
Burkholderia vielnamiensiz AU3S216
Burkholdera thafandenzis B110013
Burkholderia psevdomallei MSHRT500

Aggregatibacier actihomycelemcomians SLT469
Pasieurells lestudinis NCTC12150

Burkholderia giadioll BSR3

Burkholderis mulivorans AU1G734

Burkholderia cepacia ATCC 25418
Desufuromonas versatiis NIT-T3
Chondromyces crocafus Cm ch

Geobacter benzoatfyficus Jerry-Yx
Cyslobacter fuscus DSM 52655

Pzeudomaonas fluorescens UMZ70
Pszeudomaonas paleroniana PS00G
Vibrio vuiniicus NERC 15645 = ATCC 27562
Vibrio cincinnatiensis 18-VB00020

Dezufovibrio sublerranevs ND17
Cupidesuffovibrio fsohensis X101
Desufomicrobivm sp. 251
Pesudodesuffovibrio plezophius C1TLV30

NCBI Refseq

WP_013096183.1
WP_D0G310941.1
WP_D42387755.1
WP_DO7853550.1
WP_DO7B68262.1
WP_D17458470.1
WP_D44180714.1
TFB20627.1
WP_203360225.1
EBRB158188.1
WP_024557997 .1
WP_108700663.1

WP_197777867.1
AVU29873.1
WP_033646675.1

WP_025302228.1

WP_027063756.1
WP_199379546.1
WP_015841393.1
WP_D13317122.1
WP_D12770502.1
WP_D04404991.1
EHA1109881.1
WP_D01138502.1

WP_169508841.1

AIXT4951.1
WP_029501452.1
WP_D92383249.1
WP_257385295.1
WP_142742694.1
WP_2068232757.1
AUX33661.1
WP_020737320.1
WP_DEBEI9422.1

WP_136407722.1
WP_243181664.1
WP_150331736.1

WP_038799229.1

MBMG0E5491 1
WP_115306396.1
WP_013700226.1
WP_105792066.1
WP_0277BETEE.1
WP_221250508.1
WP_063796385.1
WP_207164315.1

WP_157758952.1
WP_042727971.1
WP_DE0752379.1
WP_017422738.1
WP_238132309.1

WP_269800085.1

WP_167127856.1

WP_254080456.1
CCH47381.1
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length

472
488
496
476
488
472
468
472
488
488
479
474
493
493
483
493

464
456
456
456
456
513
513
505
421

422
431
434
424
419
433
396
409
433
437
38z
400
396

1060
1018
2996
1001
999
108z
1019
842
1050

4024
3668
1515
1558

1965
1900
2300
1774

predicted ankyrin-repeat immunity protein(s)

WP_01:3096194.1
WP_006810940.1

WP_D42388579.1; WP_042387753.1; WP_115084734.1
WP_007889010.1
WP_007668245.1
WP_017456469.1
WP_237567481.1

TFB20626.1
WP_203361220.1
EBRE158189.1
WP_247365411.1
WP_108700662.1
15PT1_RS11495 (pseuda); WP_197776957.1
AVU29874.1; AVU29675.1
WP_025302229.1
WP_025302229.1; WP_025302230.1

WP_026739306.1
WP_199379544.1:WP_199379560.1;WP_233356511.1
WP_043881824.1
WP_D13317123.1,WP_237703452.1
WP_012770501.1:WP_012770500.1;WP_012770499.1
WP_004404995.1
EHA1109882.1
WP_D0D199146.1; WP_000934380.1
WP_136926720.1
AIXT4950.1
WP_029591453.1
WP_197675042.1
WP_257385295.1
WP_221887383.1
WF_206232758.1
AUX33660.1
WP_020737319.1
WP_157659236.1; WP_D68638420
WP_136407723.1; WP_136407723.1
WP_150331737.1
WR_150331737.1,WP_150331738.1
WP_038799227 .1

MENE0S5490.1

WP_115306395.1
WP_013700225.1
WP_059935093.1
WP_225153282.1
WP_221250509.1
WP_050434209.1
WP_207164316.1

WP_157758053.1
WP_080921998.1
WP_158510675.1
WP_017422738.1
WP_238124837.1

WP_263890084.1
WP_167127853.1 (partial)
WP_254080455.1
CCHA4T382.1



Table S2. Oligonucleotides

rev

AGTTGG TG

Identifier | Description | Sequence Reference
CH2020 | ARB1 5" - GGC CAC GCG TCGACTAGT This study
ACN NNN NNN NNN GAT AT
CH2021 | ARB2 5"- GGC CAC GCG TCGACTAGT This study
AC
CH2022 | ARB6 5"- GGC CAC GCG TCGACTAGT This study
ACN NNN NNN NNN ACG CC
CH3023 | tssM-Nco-for |5 -TTT CCATGG TGACGACTC This study
TTCTTTC
CH3024 | tssM-Xho-rev |5 -TTT CTC GAG TTATGG GCA This study
TGA GAAACG
CH3025 | gusA-Eco-for |5 -TTT GAATTC TTAATG AGG AGT This study
CCCTTATCT TAC
CH3026 | gusA-Sac-rev |5 -TTT GAG CTC GATTCATTGTTT | This study
GCCTCCCTG
CH3146 | ECL-Pcdi- 5 -TTT GGTACC GTTACG GCG This study
Kpn GTC AAT CAGATC
CH3147 | ECL-PcdiB- |5 -TTT GAATTCACT GCCACT This study
Eco CCT TGC TAAAAG
CH3197 | vgrG2(KO)- 5 -TTT CTC GAG GCT GGA GCG (Whitney et
Xho GTGCTTG al., 2014)
CH3198 | vgrG2(KO)- 5 -TTT GGTACC CGAGTC CAG (Whitney et
Kpn ACAATC AGG al., 2014)
CH3247 | vgrG2-Xho- 5 -TTT CTC GAG GTT CCG CCT This study
rev TTTACC GC
CH3373 | tli(KO)-Sac 5" - CAA GAG CTC CGG GAT GGT This study
TGC C
CH3374 | tli(KO)-Bam 5 -ATTGGATCC GTCCTG TTA This study
CCAGTC
CH3377 |tle(KO)-Xho |5 -CCAACT CGAGTTAAATAG (Donato et
GAAACG al., 2020)
CH3378 | tle(KO)-Kpn |5 -CCAGGTACCAAAGTGCTG ((Donato et
TGT GC al., 2020)
CH3418 | tli-Kpn-for 5 - GAG GGTACCATGAAATCG (Donato et
TTCTTATCA GGC al., 2020)
CH3419 | tli-Xho-rev 5" -ATACTC GAG CTATTTAAC (Donato et
CGGAGTTGGTG al., 2020)
CH3719 | tli(M24)-Kpn- | 5" - AAAGGTACC ATG GAT TTAAAA | This study
for CCAG
CH4154 | tli-Xho(H6)- 5 -CGT CTC GAG TTT AAC CGG This study
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CH4452 | vgrG-Eco-for | 5" -ATAGAATTC ATG CTC AAC CGA | This study
ATTACC
CH4762 | tle-S341A-for | 5" - CGATAT TGC AGG CCACGC This study
TCT GGG TGG TGG G
CH4763 | tle-S341A-rev | 5" - CCC ACC ACC CAGAGC GTG This study
GCCTGCAATATC G
CH5137 | tli-152-Kpn-for | 5" - TTT GGT ACC ATGATTAAATTA This study
GCG TCAGGGAC
CH5138 | 1li-M76-Kpn- |5 -TTT GGT ACC ATG AAT TCG ATC This study
for AAT AAT CAG AA
CH5203 | Eh- 5"-CCG GGTACCACAGCACCG This study
vgrG(G615)- | GGATC
Kpn-for
CH5204 | Eh-vgrl-Pst- |5 -TTT CTG CAG CTC GAG CCC This study
rev GTAAAG TTG CCT CGC
CH5205 | vgrG2(G615)- | 5" - CGT GGTACC TGG CTTAGC G This study
Kpn-rev
CH5269 | cat-Xba-for 5 -TTTTCTAGATGT TGATAC This study
CGG GAAGCC
CH5270 | cat-Nsi-rev 5 -TTTATG CAT TTACGC CCC This study
GCCCT
CH5770 | Eh-vgrG- 5"-TTACTC GAG GAG CTC TTA This study
K639-Sac-rev | TTC GGC GAAAACTTC TCC TGC
CH5772 | tle-P134-Sac- |5 -TTT GAG CTC TCC TGC GCC This study
for AAC GGT GCT G
DL1667 | RE118-down- | 5" - GAGATT TTG AGA CAC AAC This study
rev GTG
DL2194 | pheS*-Sph- 5" - CAACAAGCATGC CCATAG This study
rev TGATTT GATTTG CCAGC
DL2195 | Ptet-for 5"-CTCATG TTT GACAGC TTATCA | This study
TCG
DL2196 | pheS*-rev 5"-CCATAG TGATTT GATTTG CCA | This study
GC
DL2197 | RE118-up-for | 5" - GAA GAT CAG CAG TTC AAC This study
CTGTTG
DL2198 | RE118-up-rev | 5" - GCATGATAA GCT GTC AAA This study
CAT GAG GGATTT GCA GAC TAC
GGG
DL2199 | RE118-down- | 5" - GCT GGC AAATCAAAT CAC TAT | This study
for GGG TCAAAG GGT GACAGCAG
DL2217 | pheS*- 5 -TTT GAT ATC TGA GAG GAA This study
EcoRV-for AAC CAT GTC
Tn5-right1 5 -GTGAGCATCACATCACCACA This study
Tn5-right2 5"-TCACGTTCATCTTTC CCT GG This study
Tn5-right2 5" - CTG TAC AAG TAAGGC CTAGC This study
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Tnb-left1 5 -ATGTTT GAATCG CTT GAT TTG | This study
G
Tnb-left2 5 -ATT GCT CAT GATTTCACC TCG | This study
Tn5-left3 5 - CAATAAAGC TGACCG TTA This study
GCG
ZR39 tli-KO-Sac 5 -TTT GAG CTC AAG GCAACC This study
TGAGTTTTTTCC
ZR40 tli-KO-Bam 5 -TTT GGATCCAAC GATTTC This study
ATG CAC GAC TCC
ZR248 cdiB-Eco-for |5 -TTT GAATTC GAC ATTACACAG | This study
GCC AGAATACG
ZR443 cdiB-Xho-rev | 5" -TTT CTC GAG GAT CCG TAA This study
TAATCC CTT AAAACG CGACG
ZR444 tle-Xho-rev 5 -TTT CTC GAG CTG ATAAGA This study

ACGATT TCATGC ACG
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Chapter Ill: Advanced Glycation End-product (AGE) Crosslinking Activates a

Type 6 Secretion System Phospholipase Effector Protein

Note: This chapter is a reprint of a manuscript written by Christopher Hayes and is in
preparation for publication. Bonnie Cuthbert and | made equal contributions to this

study.
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Introduction

All bacteria compete for limited resources in the environment, with many species
deploying specialized secretion systems to deliver toxic effector proteins directly into
neighboring cells (Ruhe et al., 2020). The type 6 secretion system (T6SS) is a
common mechanism of effector delivery utilized by many Gram-negative bacteria.
T6SSs are dynamic multi-protein machines that function like contractile
bacteriophages (Allsopp et al., 2020; Basler et al., 2012; Hernandez et al., 2020).
The T6SS duty cycle begins with the docking of a phage-like baseplate subassembly
onto the membrane-embedded trans-envelope complex, which forms the export
conduit across the inner and outer membranes of the bacterium (Brunet, Zoued, et
al., 2015; Durand et al., 2015). The baseplate then serves as the origin for
polymerization of an elongated contractile sheath that surrounds a central tube of
Hcp hexamers (Zoued et al., 2016). The Hcp tube is capped with trimeric VgrG,
which is structurally similar to phage tail-spike proteins (Leiman et al., 2009). Toxic
effector proteins are packaged into the lumen of the Hcp tube and also carried by
the VgrG spike (Hachani et al., 2014; Silverman et al., 2013; Whitney et al., 2014).
Upon contraction of the sheath, the spike-tipped tube is ejected from the cell through
the trans-envelope complex. Nearby bacteria are perforated by the projectile,

allowing toxic effector proteins to be deposited directly into the target-cell periplasm.

Because antibacterial T6SS effectors are potentially auto-inhibitory, they are
invariably encoded with cognate immunity proteins that protect the cell from self-
intoxication (Hernandez et al., 2020; Ruhe et al., 2020) We recently reported that the

T6SS lipase immunity (Tli) protein of Enterobacter cloacae is unusual in that it

61



performs two distinct functions (Jensen et al., 2023). The mature Tli lipoprotein is
secreted to the periplasmic space, where it acts as a canonical immunity factor to
neutralize incoming T6SS lipase effector (Tle) proteins (Jensen et al., 2023). E.
cloacae cells also synthesize cytoplasmic Tli from alternative translation initiation
sites downstream of the secretion signal sequence. This cytosolic pool of immunity
protein is required for the secretion of active Tle (Jensen et al., 2023). Given that
immunity proteins bind directly to their cognate effectors (Ruhe et al., 2020), Tle
activation presumably depends on transient interactions with cytoplasmic Tli before
the lipase is packaged into the T6SS apparatus for export. Thus, Tli immunity protein
has the paradoxical ability to activate its cognate effector protein through an
unknown mechanism. Here, we show that Tle activation entails covalent modification
with endogenous methylglyoxal to form an intramolecular crosslink that stabilizes the

lipase domain.

Results

Modification of the Tle phospholipase domain

To explore the biochemical basis of lipase activation, we used immunoblotting
to monitor Tle produced in the absence and presence of Tli. When placed under the
control of a plasmid-borne arabinose-inducible promoter, the isolated tle gene
produces a single Tle protein species (Fig. 1a, lane 3). By contrast, expression of
the tle-tli gene pair yields two Tle species, including an apparently processed form
that migrates more rapidly during gel electrophoresis (Fig. 1a, lane 4). These same
two species of Tle accumulate when the tle-tli construct is induced in E. coli cells

(Fig. 1a, lanes 7 & 8), indicating that processing does not require factors encoded by
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the T6SS locus of E. cloacae. Given that only about half of the Tle chains appear to
be processed, we reasoned that the tle-tli construct may not produce enough
cytoplasmic Tli to support complete effector conversion. Therefore, we deleted the
secretion signal sequence from Tli (Ass-Tli) and placed the construct under the
control of a strong isopropyl-B-D-thiogalactoside (IPTG) inducible promoter. We also
generated a new arabinose-inducible construct that produces Tle with an N-terminal
Hiss epitope to facilitate purification. Co-induction of these constructs produces fully
converted Hise-Tle (Supplementary Fig. 1a, lane 3). Mass spectrometry of the
purified Hiss-Tle*Ass-Tli complex shows that the immunity protein has the expected
mass (Supplementary Fig. 1b). However, Hiss-Tle exhibits a +36 Da shift relative to
the predicted mass (Supplementary Fig. 1b), indicating that the effector is not
processed by proteases. We were unable to characterize unmodified Hises-Tle,
because this form is insoluble (Supplementary Fig. 1a, lane 5) and does not ionize
during electrospray mass spectrometry. We also examined the C-terminal lipase
domain of Tle (corresponding to residues Thr172 - Ala472) and found that it is
modified when produced with Ass-Tli (Fig. 1b, lane 1). The modified lipase domain
can be isolated from the immunity protein by Ni?*-affinity chromatography under
denaturing conditions for comparison with the unmodified form (Fig. 1b, lanes 2 &
3). The modified domain exhibits the same +36 Da mass shift observed with full-
length Tle (Fig. 1¢), but unfortunately the unmodified domain fails to ionize for mass
spectrometry. In vitro enzyme assays show that the modified lipase catalyzes
phospholipase A1 and A2 reactions, which entail hydrolysis of phospholipid sn-1 and

sn-2 acyl chains, respectively (Figs. 1d & 1e). Both activities are neutralized when
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the lipase domain is pre-incubated with purified Ass-Tli immunity protein (Figs. 1d &
1e). By contrast, unmodified lipase has no enzymatic activity in vitro (Figs. 1d & 1e).
The modified form of full-length Hiss-Tle also exhibits phospholipase A1 and A2
activities, albeit at lower levels than the lipase domain construct (Supplementary
Figs. 1c & 1d). An inactive version (Ser341Ala) of the lipase domain is also modified
when produced with Ass-Tli (Fig. 1b, lanes 4 & 5), which indicates that the lipase
catalytic center is not required for modification. As expected, the Ser341Ala domain
has no phospholipase activity regardless of modification status (Figs. 1d & 1e).
Thus, the lipase domain of Tle is modified when synthesized with Tli, and this

modification appears necessary for enzymatic activity.
Structure of the lipasesimmunity protein complex

To identify the Tle modification, we solved the crystal structure of the Hise-
lipase*Ass-Tli complex to 1.75 A resolution using sulfur single-wavelength
anomalous diffraction (Table 1). The lipase domain adopts an a/B-hydrolase fold
with a central 7-strand B-sheet surrounded by 13 a-helices (Fig. 2a). Residues
Ser341, Glu393 and His448 (numbered according to full-length Tle) comprise the
lipase catalytic triad, with Ser341 projecting from a classical nucleophilic 'elbow' that
connects B4 to a7 (Fig. 2a). A DALI server (Holm et al., 2023) search for structural
homologs of the lipase domain recovered plant phospholipase A1 enzymes and
several triacylglycerol lipases from fungi (Supplementary Table 1). Ass-Tli is
entirely a-helical with six ankyrin repeats that form an open-solenoidal arc (Figs. 2a
& 2b). The lipase-immunity protein interface is extensive (~3,900 A2), corresponding

to 14.9% of lipase domain and 17.1% of Ass-Tli surface area. The inner helical layer

64



(a8, a10 and a12) of the immunity protein solenoid accounts for most of the contacts
with the lipase, though the long loop connecting the 2nd and 3rd ankyrin repeats
also forms several hydrogen bonds (Fig. 2b). Overall, Ass-Tli resembles a hand
cupped around the lipase, with the ankyrin repeats representing the palm and the
connecting loops forming extended fingers. Strikingly, lipase helix a6 is pulled away
from the main body of the domain through interactions with Ass-Tli (Figs. 2a & 2b).
AlphaFold2 (Jumper et al., 2021a) modeling predicts that a6 covers the active site in
the absence of Tli (Fig. 2c¢), suggesting that this helix corresponds to the "lid" found
in other lipases (Khan et al., 2017). Conformational changes in the lid underlie the
phenomenon of interfacial activation, in which lipases act only on phase-separated
substrates. The mechanistic basis of interfacial activation is understood for the
secreted lipase of Rhizomucor miehei, which is a structural homolog of the Tle lipase
domain (Fig. 2d, Supplementary Table 1). In aqueous solution, the R. miehei lid
helix occludes the lipase active site (Fig. 2d) (Brady et al., 1990). The active site
becomes accessible once the lid is displaced by interfacial tension forces at the
aqueous-lipid boundary (Fig. 2d) (Brzozowski et al., 1991). The everted helix
exposes its hydrophobic face adjacent to the catalytic cleft (Fig. 2e), thereby
facilitating penetration into lipid micelles. Surprisingly, Tle appears to adopt an
activated conformation when bound to Tli, because the lipase catalytic triad is
exposed to solvent in the crystal structure (Figs. 2a, 2c, 2d & 2e). However, the a6
lid helix of Tle is dislocated well beyond the open position observed in activated R.
miehei lipase (Fig. 2d). Moreover, the hydrophobic face of a6 packs against the

immunity protein (Figs. 2b & 2d), which should prevent its interaction with lipid
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substrates. Thus, the immunity protein appears to block lipase activity by

sequestering the amphipathic lid helix.

The crystal structure also reveals an unusual interaction between the
positively charged sidechains of lipase residues Arg180 from helix a1 and Lys461 in
helix a13 (Fig. 2a). Fo-Fc difference maps show continuous electron density between
these sidechains, suggesting that the residues are covalently linked (Fig. 2f). Arg-
Lys crosslinks are known to form upon prolonged exposure to glyoxal or
methylglyoxal (Sibbersen & Johannsen, 2020). These dicarbonyl compounds
accumulate as toxic byproducts of metabolism, and they react non-enzymatically
with proteins, lipids and nucleic acids to generate a diverse array of advanced
glycation end-products (AGEs) (Galligan et al., 2018; Hipkiss, 2017). AGE protein
damage is implicated in the pathology of several chronic degenerative diseases
including Alzheimer's, atherosclerosis and diabetes mellitus (Chaudhuri et al., 2018;
Goldin et al., 2006; Kold-Christensen & Johannsen, 2020; Perkins et al., 2020; Rabbani
et al., 2016; Rabbani & Thornalley, 2014a). The +36 Da mass shift observed in the
modified lipase domain is consistent with a methylglyoxal-derived imidazolium
crosslink (MODIC) (Fig. 1¢), and MODIC fits well into the electron density bridging
Arg180 and Lys461 (Fig. 2f). MODIC density is also apparent in the crystal structure
of chymotrypsin digested lipase+Ass-Tli complex (Supplementary Fig. 2). In the
latter structure, chymotrypsin has removed the entire catalytic core of the lipase
domain (His340 - Leu445), yet helix a13 remains tethered to a1 via MODIC
(Supplementary Fig. 2). Thus, AGE crosslinking joins the N- and C-termini of the

lipase domain into a topological circle. This intramolecular crosslink explains
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increased gel mobility because the lipase cannot be denatured into a fully extended
polypeptide and therefore adopts a more compact hydrodynamic radius during

electrophoresis.

AGE crosslinking is required for phospholipase activity

To confirm the crosslinking site, we generated Arg180Lys and Lys461GIn
substitutions in the lipase domain and showed that these variants remain unmodified
when produced with Ass-Tli (Fig. 3a, lanes 3 & 7). Mass spectrometry of purified
lipasesimmunity protein complexes also indicates that the Arg180Lys and Lys461GIn
domains do not react with methylglyoxal in vivo (Figs. 3b & 3c). Because Glu458
forms a direct hydrogen bond with MODIC (Fig. 2f), we also examined a Glu458Gin
substitution and observed significantly reduced crosslinking (Fig. 3a, lane 4).
Substitutions of the adjacent GIn459 and GIn460 residues in helix a13 have
intermediate effects on MODIC formation (Fig. 3a, lanes 5 & 6). These results
demonstrate that Arg180, Glu458 and Lys461 are critical for lipase modification. To
determine whether crosslinking is required for enzyme function, we assayed the
phospholipase A1 activities of each substituted variant. The Arg180Lys and
Lys461Gin lipases have no enzymatic activity, whereas the activities of the other
variants are commensurate with the degree of intramolecular crosslinking (Figs. 3a
& 3d). This correlation suggests that MODIC is necessary for lipase function in vitro.
We then introduced these mutations into the arabinose-inducible tle-tli construct to
examine how AGE crosslinking affects Tle-mediated growth inhibition activity. Wild-
type E. cloacae tle* cells inhibit the growth of E. cloacae Atle-tli mutants during

coculture, because the latter target cells lack immunity to Tle (Fig. 3e) (Donato et al.,
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2020; Jensen et al., 2023). This competitive advantage is lost when the E. cloacae
T6SS is inactivated through a deletion of tssM (Fig. 3e, AtssM), which encodes an
essential component of the trans-envelope assembly. Similarly, E. cloacae Atle
mutants — which cannot produce Tle effector — are also unable to inhibit Atle-tli target
cells (Fig. 3e). However, E. cloacae Atle cells regain the full competitive advantage
when complemented with the wild-type tle gene (Fig. 3e). By contrast, plasmids that
encode Tle Arg180Lys and Lys461GIn variants fail to restore inhibition activity (Fig.
3e). Immunoblot analysis showed that the Arg180Lys and Lys461GiIn variants
accumulate at levels comparable to wild-type Tle, but they exhibit no intramolecular
crosslinking (Fig. 3f, lanes 4, 5 & 9). The Glu458GiIn variant is also significantly
attenuated for growth inhibition activity (Fig. 3e) with a corresponding defect in AGE
crosslinking (Fig. 3f, lane 6). The GIn459Lys and GIn460Lys lipases retain robust
growth inhibition activities (Fig. 3e), which correlate well with in vivo crosslinking
efficiency (Fig. 3f, lanes 7 & 8). Collectively, these results indicate that AGE

crosslinking is required for the in vitro and in vivo activities of Tle.

Aldehyde reductases suppress Tle crosslinking

Endogenous methylglyoxal is produced largely through the non-enzymatic
decay of triose phosphates, though enterobacteria encode a methylglyoxal synthase
(MgsA) enzyme that generates methylglyoxal during increased flux through the
glycolytic pathway (Booth, 2005). However, MgsA activity does not contribute to
crosslinking, because the lipase domain is still modified efficiently when produced in
E. coli AmgsA cells (Supplementary Fig. 3, compare lanes 2 & 5). We also

attempted to suppress endogenous methylglyoxal levels with aminoguanidine, which
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reacts with the dicarbonyl to form non-toxic triazine compounds (Thornalley, 2003).
Treatment with up to 50 mM aminoguanidine has no discernable effect on lipase
domain crosslinking in vivo (Supplementary Fig. 3). We next tested whether
methylglyoxal detoxification enzymes influence lipase crosslinking. The major
detoxification pathway entails condensation with glutathione to form a
hemithioacetal, which is subsequently converted into D-lactate by glyoxalase | and Il
enzymes (Lee & Park, 2017). In addition, E. coli encodes a glutathione-independent
glyoxalase, HchA, and a number of NAD(P)H-dependent aldehyde reductases
capable of methylglyoxal detoxification 3°. We cloned various detoxification genes
under the control of an arabinose-inducible promoter and asked whether their
overexpression affects Tle crosslinking in vivo. Somewhat surprisingly, glyoxalase |
(GloA) overexpression has little effect (Fig. 4a, lane 3), but HchA induction
suppresses Tle crosslinking (Fig. 4a, lane 4). The YdjG and YghD-YghE aldehyde
reductases also appear to decrease crosslinking efficiency in E. coli cells (Fig. 4a,
lanes 5 & 6). We next introduced these plasmids into E. cloacae to test whether the
detoxification enzymes decrease the level of activated Tle available for T6SS export.
Each construct reduces the competitive fitness of wild-type E. cloacae against Atle
Atli target bacteria, though the effects are modest (Fig. 4b). HchA has the greatest
effect with a ~10-fold decrease in the competitive index (Fig. 4b). We note that these
detoxification enzymes have Michaelis constants (Km) for methylglyoxal in the low
millimolar range (Di Luccio et al., 2006; Ko et al., 2005; Lee et al., 2010; Subedi et
al., 2011), suggesting that the dicarbonyl is still present at micromolar concentrations

in these cells.
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In vitro activation of the Tle phospholipase domain

Given that AGE crosslinking is not enzyme-catalyzed, it should be possible to
activate the lipase domain by methylglyoxal treatment in vitro. We mixed unmodified
Hise-lipase with Ass-Tli and treated the purified complex with 1 mM methylglyoxal to
monitor crosslink formation as a function of time. Intramolecular crosslinking is
detectable after 1 h and increases up to the 24 h endpoint (Supplementary Fig. 4).
We also examined different methylglyoxal concentrations and found that crosslinking
is apparent at 100 uM methylglyoxal and nears completion at 5 mM methylglyoxal
(Fig. 5a). The lipase can also be crosslinked with glyoxal at lower efficiency (Fig.
5b). As predicted from the mutagenesis data presented above, the Arg180Lys and
Lys461Gin lipase variants are not subject to methylglyoxal crosslinking in vitro (Figs.
5¢ & 5d). Moreover, lipase crosslinking is not observed in the absence of Ass-Tli
(Supplementary Fig. 5a), indicating that the domain only reacts with methylglyoxal
when bound to immunity protein. To determine whether the in vitro crosslinked
lipases are active, we first isolated the Hiss-lipase domains away from Ass-Tli by
Ni2*-affinity chromatography under denaturing conditions. After refolding by dialysis,
the activities of dicarbonyl treated lipases were determined. Remarkably, glyoxal and
methylglyoxal crosslinking both promote phospholipase A1 activity, whereas the
untreated lipase remains inert (Fig. 5e). Somewhat surprisingly, glyoxal treatment
leads to greater enzymatic activity (Fig. 5e), despite more efficient crosslinking with
methylglyoxal (Figs. 5a & 5b). However, we subsequently found that the glyoxal
crosslink is thermolabile (Supplementary Fig. 5b, lanes 5 & 6), and therefore

glyoxal crosslinking is underestimated in Fig. 5b because these samples were
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heated to 95 °C prior to SDS-PAGE analysis. Importantly, the in vitro crosslinked
lipases can be neutralized with purified Ass-Tli (Fig. 5e), indicating that the treated

domains retain native interactions with the immunity protein.

Phospholipase activation with an engineered disulfide bond

AGE crosslinking presumably promotes lipase function by stabilizing tertiary
structure. Thermodynamic stability is particularly important for lipases, which
necessarily operate at the water-lipid interface. Interfacial tension at this phase
boundary is known to disrupt protein structure and inactivate enzymes (Bergfreund
et al., 2021; Zhai et al., 2013). Thus, the same interfacial forces that promote lipase
activity through lid displacement also have the potential to inactivate the enzyme
(Reis et al., 2009). We note that the lipase of R. meihei contains a conserved
Cys123-Cys362 disulfide bond that tethers the N- and C-termini (Fig. 6a). Given that
disulfides protect proteins from denaturation at the water-lipid interface (Bergfreund
et al., 2021), we reasoned that this bond may serve the same stabilizing function as
MODIC in Tle. If this hypothesis is correct, then an engineered disulfide bond should
be able to restore phospholipase activity to the Lys461GIn domain. Disulfide-by-
design (Craig & Dombkowski, 2013) software predicts that Cys substitutions of Tle
residues Lys186 and Ala472 should form a disulfide linking helices a1 and a13 (Fig.
6b). Indeed, the resulting lipase variant forms an intramolecular disulfide bond under
oxidizing conditions when produced with Ass-Tli (Fig. 6c, lanes 5 & 6). In contrast to
the Lys461GIn domain, the disulfide-linked variant has significant phospholipase A1
activity that is neutralizable with the Ass-Tli immunity protein (Fig. 6d). Moreover,

phospholipase activity is diminished when the disulfide bond is reduced with
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dithiothreitol (Fig. 6d). The residual activity in the latter experiment presumably
reflects lipase that is resistant to reduction (Supplementary Fig. 6a, lanes 3 & 4).
Importantly, dithiothreitol has no effect on the activity of MODIC modified wild-type
lipase (Fig. 6d). Together, these data demonstrate that intramolecular crosslinking is
necessary and sufficient for Tle phospholipase activity. Although the disulfide-linked
lipase domain is active in vitro, the corresponding full-length Tle variant does not
inhibit target bacteria in competition cocultures (Fig. 3e). Immunoblotting shows that
the effector does not form an intramolecular disulfide in vivo (Supplementary Fig.
6b, lanes 3 & 4), consistent with the lack of growth inhibition activity in bacterial

competitions.

Discussion

E. cloacae cells produce two forms of Tli immunity protein with distinct functions.
Full-length Tli is secreted to the periplasm, where it is lipidated and embedded into
membranes to protect against incoming Tle effectors (Fig. 7). Cytosolic Tli is
synthesized from alternative translation start codons found downstream of the signal
sequence (Jensen et al., 2023). The latter pool of immunity protein is required to
activate Tle by promoting methylglyoxal crosslinking, suggesting that cytosolic Tl
forms a transient complex with newly synthesized Tle prior to T6SS-mediated export
(Fig. 7). MODIC formation must be efficient under physiological conditions, because
T6SS effectors are deployed within minutes of synthesis (Basler et al., 2012).
Moreover, endogenous methylglyoxal concentrations are estimated to be in the low

micromolar range (Rabbani & Thornalley, 2014b), indicating that the Tle*Tli complex

has high affinity for the dicarbonyl. The mechanism by which Tli promotes AGE
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crosslinking is not clear. The immunity protein does not make contact with helix a1 or
a13 of the lipase domain, and the MODIC residue is ~33 A from Tli in the crystal
structure. These observations suggest that Tli does not directly catalyze AGE
crosslinking. Given that unmodified Tle is insoluble, perhaps Tli acts as a folding
chaperone to guide the lipase into a conformation that is competent for crosslinking.
This model implies an additional mechanism to dissociate Tli before the activated
effector is loaded into the T6SS (Fig. 7). In principle, binding interactions between

Tle and Hcp or VgrG could provide the free energy to remove Tli during packaging.

We propose that AGE crosslinking activates Tle by stabilizing its tertiary
structure to resist denaturation at water-lipid phase boundaries. Structurally related
triacylglycerol lipases from fungi use long-range disulfide bonds to address this
biophysical problem (Bordes et al., 2010; Brady et al., 1990; M. Zhang et al., 2019).
These neutral lipases are released into the environment to scavenge glycerol and
fatty acids as nutrients. Before secretion, the newly synthesized lipases are first
transferred into the endoplasmic reticulum lumen, where disulfide bond formation is
orchestrated through the redox activities of Ero1p and Pdi1p (L. Wang & Wang,
2023). The lipases are then trafficked through the Golgi apparatus and ultimately

secreted via exocytosis (Q. Wang et al., 2020). By contrast, T6SS effectors are
transferred directly from the inhibitor-cell cytoplasm to the periplasm of target
bacteria (Fig. 7). Because the bacterial cytosol is a reducing environment (Collet et
al., 2020), T6SS effectors presumably cannot form disulfides prior to export, which
may explain why the engineered disulfide approach fails to activate Tle in

competition cocultures. Coulthurst and coworkers have shown that some T6SS
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effectors can acquire disulfide bonds after delivery into the oxidizing environment of
the target-cell periplasm (Mariano et al., 2018). However, like the MODIC residue,
the engineered disulfide in Tle only forms when the effector is bound to immunity
protein. These constraints presumably underly the evolutionary pressure for Tle to

utilize an AGE crosslink in lieu of a disulfide bond.

Mougous and coworkers originally delineated five families of T6SS
phospholipase effectors (Tle1-Tle5) (Russell et al., 2013). E. cloacae Tle does not
belong to any of these families, though it is homologous to the Slp lipase effector
from Serratia marsescens (Cianfanelli, Alcoforado Diniz, et al., 2016). We propose
that this new phospholipase effector group be designated Tle6 in accordance with
the nomenclature of Russel et al (Russell et al., 2013). Tle6 effectors are invariably
encoded with ankyrin-repeat containing immunity proteins (Jensen et al., 2023),
raising the possibility that these lipases are all subject to Tli-dependent AGE
crosslinking. By contrast, representative Tle1, Tle2, Tle4 and Tle5 lipases are active
in vitro when purified from heterologous expression systems (Flaugnatti et al., 2016;
Jiang et al., 2016; Russell et al., 2013). Moreover, Tle1, Tle2 and Tle5 are readily
deployed from mutant strains that lack the corresponding immunity genes (T. G.
Dong et al., 2013; Flaugnatti et al., 2016; Russell et al., 2013). Given that other
T6SS lipase effectors are intrinsically active, the advantage of AGE-mediated Tle6
activation is not clear. This phenomenon could represent a fail-safe mechanism that
prevents auto-intoxication in Tle6 producing cells. The inner leaflet of the
cytoplasmic membrane is composed of glycerophospholipid, and therefore cytosolic

phospholipases could disrupt cell integrity. Activation in the context of the Tle6-TIi6
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complex would ensure that the phospholipase remains neutralized until export (Fig.
7). Auto-intoxication is potentially a problem for other T6SS phospholipases as well,
though these enzymes are generally not active when produced in the cytosol
(Flaugnatti et al., 2016; H. Hu et al., 2014; Jiang et al., 2016; Russell et al., 2013). In
some instances, Tle effectors have been shown to be toxic only when directed to the
periplasm with signal peptides (Berni et al., 2019; Flaugnatti et al., 2016; Jiang et al.,
2016; Russell et al., 2013). The mechanistic basis of this activation has not been
explored, but the redox potential and increased Ca?* ion content of the periplasm

could conceivably modulate phospholipase activity.

In summary, decades of research have concluded that glycation adducts are
invariably deleterious to protein function (Kold-Christensen & Johannsen, 2020;
Schalkwijk & Stehouwer, 2020). However, our results show that methylglyoxal-
mediated AGE crosslinking can be harnessed as a bona fide post-translational
modification to promote protein function. Given that reactive dicarbonyl compounds
accumulate in all cells — prokaryotic and eukaryotic — these findings raise the
possibility that AGE crosslinking could be exploited to enhance the function of other
proteins. This alternative strategy to fortify protein structure could be particularly
advantageous in the cytoplasm, where the redox potential precludes disulfide bond

formation.
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Materials and Methods
Bacterial strain and plasmid constructions.

Bacterial strains and plasmids are listed in Supplementary Table 2. The
AmgsA::kan allele from the Keio strain collection > was transferred into strain
CH6247 by phage P1 mediated transduction to generate strain CH5691.
Oligonucleotide primers used for plasmid constructions are presented in
Supplementary Table 3. All bacteria were grown at 37 °C in lysogeny broth (LB):
1% tryptone, 1% yeast extract, 0.5% NaCl. Media were supplemented with
antibiotics at the following concentrations: ampicillin (Amp), 150 pg/mL; kanamycin
(Kan), 50 pg/mL; rifampicin (Rif), 200 pg/mL; spectinomycin (Spc), 100 ug/mL;

tetracycline (Tet), 15 pg/mL; and trimethoprim (Tp), 100 pg/mL, where indicated.

The Ass-Tli coding sequence was amplified with primers CH3719/CH3419
and ligated to pET21K and pCH450K using Kpnl/Xhol restriction sites to generate
plasmids pCH3291 and pCH495, respectively. The tli gene was also amplified with

CH5751/CH3419 and ligated to pMCSG63 via Kpnl/Xhol sites to generate plasmid
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pCH7695, which appends a tobacco etch virus (TEV) protease cleavable Hise
epitope to the N-terminus of Ass-Tli. Full-length tle was amplified with
CH4703/ZR248 and the product ligated to pCH8259 (Garza-Sanchez et al., 2011)
and pSH21 (Koskiniemi et al., 2014) using Spel/Xhol to produce plasmids pCH7620
and pCH2199, respectively. Plasmid pCH5892 was generated by subcloning the /i
containing Hindlll/Xhol fragment from pCH3128 into pCH2199. The coding
sequence for the Tle lipase domain was amplified with CH5807/ZR248 and ligated to
pCH8259 to generate plasmid pCH7088. Fragments containing tle and tle-tli were
subcloned from pCH14212 and pCH3128 (Jensen et al., 2023) into pSCBAD
(Koskiniemi et al., 2015) using BamHI/Xhol restriction sites to generate plasmids
pCH2826 and pCH4362, respectively. Missense mutations were introduced into tle
using forward primers CH5721 (Arg180Lys), CH5689 (Glu458GIn), CH5722
(GIn459Lys), CH5723 (GIn460GIu), CH5690 (Lys461GIn) in conjunction with
CH3419. The resulting products were used as megaprimers in conjunction with
CHA4469 to amplify tle-tli, and the final products ligated to pCH4362 using Kpnl/Xhol
restriction sites to generate plasmids pCH5501 (Arg180Lys), pCH7600 (Glu458Gin),
pCH5502 (GIn459Lys), pCH5503 (GIn460Glu) and pCH7601(Lys461GIn). The
disulfide lipase variant containing Lys186Cys and Ala472Cys substitutions was
generated by three rounds of overlap extension PCR using plasmid pCH4362 as a
template. The endogenous Cys456 residue was first mutated to Ser in the
tle(K461Q) allele with primers CH943/CH5960 and CH5959/CH3419. The
Ala472Cys (using primers CH943/CH6063 and CH6062/CH3419) and Lys186Cys

(CH943/CH5908 and CH5907/CH3419) mutations were then introduced
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sequentially. The final product was digested with BamHI/Xhol and ligated to

pSCBAD to generate plasmid pCH3923.

Hise-tagged lipase domain constructs were amplified using primers
CH5087/ZR248 and ligated to pCH8259 using Spel/Xhol restriction sites to generate
plasmids pCH8871 (Glu458GIn), pCH8717 (GIn459Lys), pCH8718 (GIn460GIu) and
pCH8872 (Lys461GIn). The catalytically inactive tle(S321A) allele was amplified from
pCH3763 (Jensen et al., 2023) with primers CH5087/ZR248 and ligated to pCH8259
using Spel/Xhol site to generate plasmid pCH3936. The tle(R180K) allele was
amplified with CH5688/ZR248 and ligated to pCH8259 using Spel/Xhol sites to
generate plasmid pCH7599. The tle(K186C,C456S,K461Q,A472C) allele was
amplified with CH5087/CH5909 and ligated to pCH8259 using Spel/Xhol sites to

generate plasmid pCH1382.

Methyglyoxal detoxification genes were amplified from E. coli genomic DNA
and placed under the control of an arabinose-inducible promoter on plasmid
pSCBAD. gloA was amplified with primers CH5761/CH5762 and ligated using
EcoRI/Xhol restriction sites. hchA was amplified with CH6310/CH6311 and the
product digested with Mfel/Sbfl for ligation to EcoRI/Pstl-digested pSCBAD. yd|jG
was amplified with CH6312/CH6313 and ligated using EcoRI/Pstl sites. The yghD-

yqhE gene pair was amplified with CH6314/CH6315 and ligated via EcoRI/Pstl sites.
Tle-Tli coproduction.
E. coli X90 and E. cloacae ATCC 13047 cells were transformed with pCH2826 (tle)

or pCH4362 (tle-tli), and cells were grown in Tp-supplemented LB media at 37 °C.
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Once the cultures reached an optical density at 600 nm (ODeoo) of ~ 0.4, they were
split in two and one half was induced with 0.4% L-arabinose. After 1 h, cells were
collected by centrifugation at 15,000 rpm in a microfuge and the cell pellets frozen at
-80 °C. Frozen pellets were resuspended in urea lysis buffer [8 M urea, 20 mM Tris-
HCI (pH 8.0), 100 mM NaCl] and subjected to another freeze-thaw cycle to break
cells. Lysates were clarified by centrifugation at 15,000 rpm in a microfuge. Protein
concentrations were estimated using Bradford reagent and equal amounts of lysate
were analyzed by SDS-PAGE at 110 V using 7% polyacrylamide gels buffered with
Tris-tricine. Gels were soaked for 10 min in 25 mM Tris, 192 mM glycine (pH 8.6),
20% methanol before transfer to polyvinylidene fluoride membranes at 17 V for 30
min using a semi-dry electroblotting apparatus. Membranes were blocked with 4%
non-fat milk in 1X PBS for 45 min at ambient temperature, then incubated with a
1:5,000 dilution of rabbit anti-Tle polyclonal antisera (Jensen et al., 2023) in 1X PBS,
4% non-fat milk overnight. After three 10 min washes with 1X PBS, the membranes
were incubated with IRDye 800CW-conjugated goat anti-rabbit IgG (LI-COR,

1:125,000 dilution) in 10 PBS for 45 min. Immunoblots were visualized using a LI-

COR Odyssey infrared imager. The effect of methyglyoxal detoxification on AGE
crosslinking was assessed in E. coli cells that overproduce Hiss-Tle and Tli from an
IPTG-inducible phage T7 promoter. E. coli CH2016 cells carrying plasmid pCH5892
(hise-tle/tli) were transformed with pCH7694 (gloA), pCH5119 (hchA), pCH5120
(ydjG) or pCH5121(yqhDE). The resulting strains were grown in LB media
supplemented with Amp Tp to mid-log phase, and detoxifying enzyme expression

was induced with 0.4% L-arabinose for 90 min. Hiss-Tle/Tli production was then
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induced with 1.5 mM IPTG for 30 min. Cells were collected by centrifugation, and
Hise-Tle was purified by Ni?*-affinity chromatography under denaturing conditions as
described above. Purified proteins were resolved by SDS-PAGE at 110 V on 7%

polyacrylamide gels buffered with Tris-tricine.
Hise-lipase domain modification and purification.

To examine lipase domain modification, E. coli CH2016 cells (Garza-Sanchez et al.,
2006) were co-transformed with pCH7088 (hiss-lipase) or pCH3936 (hiss-lipase-
S341A) and pET21b or pCH3291 (Ass-tl). The resulting strains were grown to ODeoo
~ 1.0 in LB media supplemented with Amp Tet, and lipase domain production was
induced with 0.4% L-arabinose for 1 h. Where indicated, aminoguanidine was added
to cultures at the same time as L-arabinose. Ass-Tli expression was then induced
with 1.5 mM IPTG for 90 min. Cell pellets were collected by centrifugation at 6,000
rpm for 10 min and frozen at -80 °C. To isolate Hiss-lipase*Ass-Tli complexes, cells
were resuspended in native lysis buffer [20 mM Tris-HCI (pH 7.5), 150 mM NacCl,
0.05% Triton X-100, 5 mM imidazole] and adjusted to 0.1 mg/mL lysozyme for 15
min prior to sonication. Sonicated cell lysates were clarified by centrifugation at
11,000 rpm for 10 min at 4 °C, and the supernatant incubated with Ni?*-nitrilotriacetic
acid (Ni?*-NTA) agarose for 90 min at ambient temperature. Ni*-NTA resins were
washed five times with 10 volumes of native lysis buffer, and Hiss-lipase*Ass-Tli
complexes were eluted in native elution buffer [20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 0.05% Triton X-100, 250 mM imidazole]. To isolate Hiss-lipase domains, cell
pellets were resuspended in guanidine lysis buffer [6 M guanidine-HCI, 20 mM Tris-

HCI (pH 8.0), 1 mM imidazole] and sonicated. Lysates were clarified by
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centrifugation at 11,000 rpm for 10 min at 4 °C, and the supernatants incubated with
Ni2*-NTA agarose for 90 min at ambient temperature. Resins were washed four
times with 10 volumes of 8 M urea, 1 mM imidazole, and Hise-lipase domains eluted
with 8 M urea, 20 mM Tris-HCI (pH 8.0), 250 mM imidazole. Purified lipase domains
were refolded by dialysis against 20 mM sodium phosphate (pH 7.0). Hise-lipase
domain concentrations were quantified by absorbance at 280 nm (A2so) using an
extinction coefficient of 35,410 M-' cm'. Modified full-length Hise-Tle was purified in
the same manner under denaturing conditions and quantified using an extinction

coefficient of 66,810 M- cm-".
Ass-TIi purification.

E. coli CH2016 cells carrying plasmid pCH7695 were grown in Amp-supplemented
LB medium at 37 °C. At ODsoo ~ 1.0, Hiss-TEV-Ass-Tli production induced with 1.5
mM IPTG for 90 min. Cell were collected by centrifugation at 6,000 rpm for 10 min
and frozen at -80 °C. Frozen cell pellets were resuspended in guanidine lysis buffer,
and Hiss-TEV-Ass-Tli was purified as described above for Hiss-lipases. After dialysis
into 20 mM sodium phosphate (pH 7.0), the N-terminal Hiss epitope was removed by
digestion with tobacco etch virus (TEV) protease overnight at 37 °C in 20 mM
sodium phosphate (pH 7.0) supplemented with 2 mM dithiothreitol (DTT). Hise-TEV
protease and released Hiss epitopes were removed by incubation with Ni2*-NTA
agarose for 90 min. Untagged Ass-Tli was quantified by A2so using an extinction

coefficient of 27,960 M-' cm™.

Phospholipase activity assays.
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Tle and lipase domain activities were measured by monitoring the hydrolysis of
fluorogenic phospholipase substrates PED-A1 (PLA1-specific) and PED6 (PLA2-
specific). PED-A1 and PEDG (1.5 uM) were incorporated into liposomes of
dioleoylphosphatidylcholine (DOPC, 15 uM) and dioleoylphosphatidylglycerol
(DOPG, 15 yM) according manufacturer’s instructions (Invitrogen). Hise-Tle/Hiss-
lipase domains were assayed at 600 nM, and immunity blocking experiments were
conducted by supplementing the reactions with 700 nm purified Ass-Tli. Assays were
performed in 50 mM Tris-HCI (pH 7.5), 100 mM NaCl, 1 mM CaClz. Fluorescence
was measured every 4 min for 1 h using a PerkinElmer Victor 3V Multilabel Plate
Reader (Figs. 1d, 1e, 3d, Supplementary Figs. 1c & 1d), or every 4.5 min for 153
min using a Molecular Devices SpectraMax M5 fluorimeter (Figs. 5e & 6d).
Fluorescence values were baseline corrected by subtracting the background
fluorescence from mock control reactions containing only buffer and fluorogenic

substrate. All assays were performed independently three times.
Mass spectrometry

Purified Hise-Tle*Ass-Tli and Hises-lipase*Ass-Tli complexes (5 yL at 0.02

mg/mL) were resolved on an Acquity UPLC Beh Phenyl VanGuard Pre-column (130
A, 1.7 um, 2.1 mm O 5 mm) using an ACQUITY UPLC H-class system (Waters).

Molecular masses were determined using a Xevo G2-XS QTof quadrupole time-of-

flight mass spectrometer (Waters) run in positive ion mode.
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X-ray crystallography

E. coli CH2016 was transformed with pCH15269 and pCH495 (Jensen et al.,
2023) to generate a strain that over-produces Hise-lipase and Ass-Tli. Cells were
grown in LB supplemented with 50 ug/mL Amp and 15 pg/mL Tet at 37 °C to ODeoo ~
0.6-0.7, and immunity protein expression was induced with 0.4% L-arabinose for 1 h.
Lipase domain expression was then induced with 0.5 mM IPTG for 30 min. Cells
were harvested by centrifugation for 30 min at 5,000 rpm and the pellets stored at -
20 °C. Cells were broken by sonication in Buffer A (11.5 mM Na2HPO4, 8.5 mM
NaH2PO4, 150 mM NacCl) with phenylmethylsulfonyl fluoride and lysozyme. Cell
debris was removed by centrifugation at 14,000 rpm for 1 h, followed by filtration of
the supernatant through a 0.45 um filter. The complex was purified on a HisTrap
column (GE healthcare) in Buffer A. The Hise-lipase*Tli complex was eluted with a
linear gradient of 500 mM imidazole in Buffer A. Fractions containing the Hise-
lipase*Tli complex were identified by SDS-PAGE, and concentrated for further
purification on a S200/10/300 column (GE healthcare) in 20 mM Tris pH 7.5, 150
mM NaCl. Fractions with pure Hiss-lipase*Tli complex were identified by SDS-PAGE
analysis, concentrated to 80 mg/mL and screened for crystallization at room
temperature and 4 °C. After 6 months, crystals were found in PACT 59 (0.2 M
sodium citrate, 20% PEG 3350) at 4 °C. Crystallization was optimized and
reproduced in 0.4 M sodium citrate, 22% PEG 3350. Crystals were collected after
three weeks in mother liquor supplemented with 20% glycerol and cryo-cooled
before data collection at SSRL beamline 12-2. Native (at 12398 eV) and sulfur

single-wavelength anomalous diffraction (S-SAD) (at 7000 eV) datasets were
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collected from a single crystal. The S-SAD data was processed by XDS (Kabsch,
2010) and scaled and truncated in Aimless to 2.1 A resolution (Evans & Murshudoy,
2013). The native dataset was handled identically and truncated to 1.75 A
(Supplementary Table 1). Phasing and initial model building were performed with
the S-SAD datasets in Crank2 in ccp4i2 (Skubak et al., 2018). Subsequent model
building and refinement were performed in phenix.refine and coot (Adams et al.,
2010; Emsley & Cowtan, 2004). The S-SAD dataset was used to solve the native
datasets by MR in Phaser (Adams et al., 2010), and refined as described above to a

final Rwork and Riree of 17.8 and 20.9%.

Chymotrypsin was used as an additive to facilitate crystallization through
limited proteolysis during initial trials. Chymotrypsin was added to the Hise-
lipase+Ass-Tli complex at a final concentration of 0.02 mg/mL. Proteolyzed Hise-
lipase*Ass-Tli was crystallized in 0.25 M sodium citrate, 22% PEG-3350 and cryo-
cooled in mother liquor supplemented with 20% glycerol. A dataset was collected at
SSRL beamline 12-2 at 12659 eV. Phasing was initially determined in ARP-WARP
(Chojnowski et al., 2020) with a search for Tli. Subsequently, the lipase domain
structure was partially build in autobuild (Terwilliger et al., 2007). The remainder of
the lipase domain was built and refined manually as described above to a final Rwork

and Riree of 16.4% and 18.8%.

Competition co-cultures. Inhibitor and target cells were grown overnight in LB

media, then diluted 1:50 into fresh LB media and grown at 37 °C to mid-log phase.
Cells were harvested by centrifugation at 3,400 Og for 2 min, resuspended to an

ODeoo of 3.0 and mixed at a 10:1 ratio of inhibitor to target cells. Cell mixtures (10
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ML) were spotted onto LB-agar supplemented with 0.4% L-arabinose and incubated
at 37 °C. A portion of each cell mixture was serially diluted into 10 M9 salts and

plated onto antibiotic supplemented LB-agar to enumerate inhibitor and target cells
as colony forming units (cfu) at t = 0 h. Inhibitor cells were scored by TpR (conferred
by plasmid pSCBAD derivatives), and target cells were enumerated by RifR. After 4 h
of co-culture, cells were harvested from the agar surface with polyester-tipped

swabs and resuspended in 1.0 mL of 10 M9 salts. To examine the effects of

methylglyoxal detoxifying enzymes, wild-type E. cloacae inhibitor cells harboring
plasmids pCH7694 (gloA), pCH5119 (hchA), pCH5120 (ydjG) or pCH5121(yqhDE)
were co-cultured with E. cloacae Atle Atli target bacteria at a 1:1 ratio for 2 h on LB-
agar supplemented with 0.4% L-arabinose. Cell suspensions were serially diluted in
1X M9 salts and plated as described above to quantify end-point cfu. Competitive
indices were calculated as the final ratio of inhibitor to target cells divided by the
initial ratio of inhibitor to target cells. All competitions were performed independently

three times and data are presented as the mean + standard error.

In vitro crosslinking. Unmodified Hise-lipase domains (in 8 M urea) were mixed
with purified Ass-Tli at 1.1:1 ratio, and the mixtures dialyzed against 20 mM sodium
phosphate (pH 7.0) to allow complex formation. The resulting Hises-lipase*Ass-Tli
complexes (17 uM) were treated with varying concentration of methylglyoxal or
glyoxal at 37 °C for 3 h. Treated complexes were analyzed by SDS-PAGE. To isolate
in vitro crosslinked lipases for activity assays, methylglyoxal (1 mM) and glyoxal (1
mM) treated complexes were bound to Ni>*-NTA agarose for 90 min, then Ass-Tli

proteins were dissociated with three guanidine lysis buffer washes. Hiss-lipase
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domains were then eluted from the resins with 6 M guanidine-HCI, 20 mM Tris-HCI
(pH 8.0), 250 mM imidazole. The proteins were then refolded by dialysis against 20
mM Tris-HCI (pH7.5), 100 mM NaCl, quantified and used in phospholipase A1

reactions.
Disulfide engineering, oxidation and analyses.

E. coli CH2016 cells carrying pCH3291 were transformed with pCH7088 (wild-type),
pCH8872 (Lys461GiIn) or pCH1382 (Lys461GIn + disulfide), and the resulting strains
were grown and induced as described above. Cell pellets were resuspended in 20
mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.05% Triton X-100, 5 mM imidazole, 10 uM
CuCl2 and incubated with 0.1 mg/mL lysozyme for 15 min prior to sonication. Cell
lysates were clarified by centrifugation at 11,000 rpm for 10 min at 4 °C, and the
supernatants incubated with Ni?*-NTA agarose for 90 min at ambient temperature.
Resins were washed 5 times with 8M urea for wild-type and Lys461GIn lipase
domains, and 5 times with 3 M urea for the disulfide containing lipase. Samples were
eluted in native elution buffer (20 mM Tris 7.5, 150 mM NaCl, 0.05% Triton X-100,
250 mM Imidazole). Purified Hises-lipase domains were dialyzed against 20 mM Tris-

HCI (pH 7.5), 100 mM NaCl, quantified and assayed for phospholipase A1 activity.
Statistics and reproducibility.

Standard errors were calculated using either GraphPad Prism (version 9.4.0) or
Microsoft Excel (version 16.63.1). All competition co-cultures, crosslinking
experiments and phospholipase activity assays were performed independently at

least three times with similar results.
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(a) Tle and Tle-Tli production was induced with arabinose in E. cloacae and E. coli
cells. Urea-soluble total protein was extracted for immunoblot analysis using anti-Tle

polyclonal antisera

(b) Hise-lipase domains were produced with (or without) Ass-Tli in E. coli cells, then
purified by Ni2*-affinity chromatography under non-denaturing (native) or denaturing
conditions for SDS-PAGE analysis.

(c) Deconvoluted mass spectrum of purified modified Hise-lipase domain.

(d) In vitro phospholipase A1 activities of purified lipase domains from panel b.

(e) In vitro phospholipase A2 activities of purified lipase domains from panel b.
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Fig. 2. Structure of the lipasesimmunity protein complex.

(a) Structure of the lipase*immunity protein complex. Lipase active-site and MODIC
residues are indicated in one-letter code. (b) Hydrogen-bond network of the
lipase+Ass-Tli complex interface. (¢) The AlphaFold2 model of Tle residues Thr172 -
Ala472 superimposed onto the lipase domain structure (PDB: 9CYS). The
AlphaFold2 modeled a6 lid helix is shown in cyan, and the unresolved segment from
the experimental model is rendered in charcoal. (d) Superimposition of the Tle lipase
domain onto inactive (closed) and activated (open) forms of the R. meihei
triacylglycerol lipase. Residues are indicated using three-letter code. (e) Surface
electrostatic potentials of lipase domains from panel d. Red surfaces are
electronegative and blue surfaces are electropositive. (f) Omit map of lipase helices
a1 and a13 to illustrate MODIC electron density.
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Fig. 3. AGE crosslinking is required for phospholipase activity. (a) The indicated
Hiss-lipase domain variants were produced with (or without) Ass-Tli, then purified by
Ni2*-affinity chromatography under denaturing conditions for SDS-PAGE analysis.
(b) Deconvoluted mass spectrum of the Hise-lipase(Arg180Lys)+Ass-Tli complex. (¢)
Deconvoluted mass spectrum of the Hises-lipase(Lys461GIn)+Ass-Tli complex. (d) In
vitro phospholipase A1 activity assays of the purified domains from panel a. (e)
Competition co-cultures. E. cloacae inhibitor strains were co-cultured with Atle-tli
target bacteria and viable cells enumerated as described in Methods. Competitive
indices are averages = standard error for three independent experiments. (f) Urea-
soluble cell lysates were prepared from the inhibitor strains in panel e and subjected

to immunoblot analysis with polyclonal antibodies to Tle.
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(a) Hise-Tle was produced with Tli in E. coli cells that overexpress the indicated
methylglyoxal detoxification enzymes. Hiss-Tle was purified by Ni2*-affinity
chromatography under denaturing conditions and analyzed by SDS-PAGE.

(b) Competition co-cultures. E. cloacae inhibitor strains that overexpress
methylglyoxal detoxification enzymes were co-cultured with E. cloacae Atle-tli target
bacteria and viable cells enumerated as described in Methods. Competitive indices
are averages + standard error for three independent experiments.
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Fig. 5. In vitro activation of the phospholipase domain.

Unmodified lipase domain and Ass-Tli were mixed in vitro to form a complex, which
was then treated with methylglyoxal (a) or glyoxal (b) at the indicated concentrations
for 7 h at 37 °C. Treated complexes were analyzed by SDS-PAGE. Methylglyoxal
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treatment of Arg180Lys (c) and Lys461GlIn (d) lipase domains in complex with Ass-
Tli. (e) In vitro crosslinked Hise-lipase domains were isolated from Ass-Tli by Ni?*-

affinity chromatography under denaturing conditions, then refolded by dialysis for
phospholipase A1 activity assays.
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Fig. 6. Phospholipase activation with an engineered disulfide bond.

(a) Structure of R. meihei lipase illustrating the disulfide bond linking the N- and C-
termini.(b) Predicted structure of Disulfide-by-design engineered Tle phospholipase
domain (c) The indicated Hiss-lipase variants were produced with Ass-Tli in E. coli
cells, and the complexes purified by Ni?*-affinity chromatography under non-
denaturing conditions. Complexes were analyzed by SDS-PAGE under oxidizing and
reducing (B-mercaptoethanol, B-ME) conditions. (d) The indicated Hiss-lipase
domains were isolated from Ass-Tli by Ni?*-affinity chromatography under denaturing
conditions, then refolded by dialysis for phospholipase A1 activity assays.
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Fig. 7. Model for Tli-dependent Tle activation and T6SS mediated delivery.
Mature Tli (lipo-Tli) is secreted to the periplasm where it is lipidated and embedded
in membranes to protect the cell from incoming Tle effectors. E. cloacae cells also
produce cytosolic Tli, which presumably forms a transient complex with Tle to enable
methylglyoxal crosslinking. The activated effector is then dissociated from the
immunity protein and loaded into the T6SS apparatus for export. Upon delivery into
the target-cell periplasm, activated Tle hydrolyzes membrane phospholipids.
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Supplementary Figure 1. Full-length Tle is modified.

(a) Hiss-Tle was produced with (or without) Ass-Tli immunity protein in E. coli and the
cells broken by French press for fractionation into soluble and insoluble fractions by
centrifugation. Fractions were analyzed by immunoblotting with polyclonal antibodies
to Tle. (b) Deconvoluted mass spectrum of purified the purified Hiss-Tle*Ass-Tli
complex. (c) Modified Hise-Tle was isolated from Ass-Tli using Ni?*-affinity
chromatography under denaturing conditions, then refolded by dialysis for

phospholipase Al activity assays. (d) Phospholipase A2 activity assay of purified
Hise-Tle.
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Crystal structure of chymotrypsin-treated lipase*Ass-Tli complex. The structure of the
proteolyzed complex (PDB:7UBZ) is presented together with the native complex
(PDB:9CYS). The digested lipase segment is depicted in gold in structure 9CYS.
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comparison
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Supplementary Figure 3.

Aminoguanidine treatment and deletion of methylglyoxal synthase (mgsA) does not
affect lipase domain crosslinking in vivo. His6-lipase was produced with Ass-Tli in
wild-type and AmgsA cells treated with aminoguanidine. The His6-lipase*Ass-Tli
complex was purified by Ni2+-affinity chromatography under non-denaturing
conditions and analyzed by SDS-PAGE.
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Supplementary Figure 4. In vitro methylglyoxal crosslinking time course.
Unmodified Hise-lipase was purified and mixed with Ass-Tli in vitro to form a
complex. The complex was incubated with 1 mM methylglyoxal at 37 °C for the
indicated times and analyzed by SDS-PAGE.
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Supplementary Figure 5. In vitro crosslinking of the Tle lipase domain. (a)
Unmodified His6-lipase was incubated with methylglyoxal at the indicated
concentrations for 7 h at 37 °C, then analyzed by SDS-PAGE. (b) The stability of
methylglyoxal and glyoxal crosslinked His6-lipase was assessed by SDS-PAGE
analysis of unheated and 95 °C heated samples.
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Supplementary Figure 6. Analyses of disulfide containing lipase domain. (a) The
indicated His6-lipase variants were produced with Ass-Tli in E. coli cells, then
isolated by Ni2+-affinity chromatography under denaturing conditions. Purified His6-
lipases were reduced with dithiothreitol for SDS-PAGE analysis and phospholipase
A1 activity assays shown in Fig. 6d. (b) Tle-Tli and Tle(Lys461GIn-disulfide)-Tli
production was induced with arabinose in E. cloacae cells. Urea-soluble total protein
was extracted for immunoblot analysis using anti-Tle polyclonal antisera. Where
indicated, samples were reduced with B-mercaptoethanol (B-ME).
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Supplementary Table 1. Structural homologs of the Tle lipase domain.

triacylglycerol lipase

Homolog PDB Z- | rmsd | lali® | nres | %
identifier | score | (A)? ¢ |iden
tityd

Capsicum annum 7X0D 13.3 3.8 194 | 386 15
phospholipase A1
Arabidopsis thaliana 2Y1J 13.2 3.9 193 | 390 | 15
phospholipase A1
Aspergillus niger feruloyl 2I1X9 12.7 3.4 186 | 386 15
esterase A
Rhizopus chinensis 6A0W 12.7 3.7 173 | 287 16
triacylglycerol lipase
Thermomyces lanuginosus 4S0X 12.6 3.4 170 | 269 15
lipase
Aspergillus oryzae 5XK2 12.5 3.3 169 | 271 15
diacylglycerol lipase
Penicillium roqueforti lipase 6L7N 12.3 3.2 170 | 270 12
Rhizomucor miehei 4TGL 12.3 3.3 172 | 265 | 20
triacylglycerol lipase
Rhizopus niveus triacylglycerol 1LGY 12.2 3.8 174 | 265 19
lipase
Penicillium cyclopium 5CHS8 12.2 3.0 164 | 270 | 13
diacylglycerol lipase
Rasamsonia emersonii lipase 6UNV 121 3.1 169 | 266 14
Yarrowia lipolytica 300D 12.0 3.6 171 | 296 15

aroot-mean-square deviation over aligned a-carbon atoms
bnumber of residues in the structural alignment

°humber of total residues in the homologous protein
dpercent sequence identity between the aligned proteins
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Supplementary Table 2 Bacterial strains and plasmids.

Strain Description Reference
ECL Enterobacter cloacae subsp. cloacae ATCC 13047 ATCC
E. coli F’ lacl? lac” pro/ara A(lac-pro) nal1 argE(Am) rif
X90 thi-1, RifR
(Garza-
Sanchez et
CH2016 E. coli X90 (DE3) Arna AslyD::kan, Rif® KanR al., 2006)
CH5691 E. coli X90 (DE3) Arna AslyD AmgsA::kan, RifR KanR this study
CH6247 E. coli X90 (DE3) Arna AslyD, RifR
(Donato et
CH11396 | E. cloacae AtssM al., 2020)
(Donato et
CH11895 | E. cloacae Atle Atli::spc, SpcR al., 2020)
(Jensen et
CH14384 | E. cloacae Atle Atli::spc rif, SpcR RifR al., 2023)
Plasmid
(Garza-
pCH450 pACYC184 derivative with E. coli araC and araBAD Sanchez et
promoter for arabinose-inducible expression, TetR al., 2006)
(Jensen et
pCH495 pCH450K::(Ass)tli, TetR al., 2023)
pCH450::hise-lipase(K186C,C456S,K461Q,A472C),
pCH1382 | TetR this study
pCH2199 | pSH21::tle, AmpR this study
pCH2826 | pSCBAD::tle, TpR this study
(Jensen et
pCH3128 | pCH450::tle-tli, TetR al., 2023)
pCH3291 | pET21P::(Ass)tli, AmpR this study
(Jensen et
pCH3763 | pCH450::vgrG2-lipase(S341A)-tli, TetR al., 2023)
pCH3923 | pSCBAD::tle(K186C,C456S,K461Q,A472C)-tli, TpR this study
pCH3936 | pCH450::hiss-lipase(S341A), TetR this study
pCH4362 | pSCBAD::tle-tli, TpR this study
pCH5119 | pSCBAD::hchA, TpR this study
pCH5120 | pSCBAD::ydjG, TpR this study
pCH5121 | pSCBAD::yghDE, TpR this study
pCH5501 | pSCBAD::tle(R180K)-tli, TpR this study
pCH5502 | pSCBAD::tle(Q459K)-tli, TpR this study
pCH5503 | pSCBAD::tle(Q460E)-tli, TpR this study
pCH5892 | pSH21::tle-tli, AmpR this study
pCH7088 | pCH450::hiss-lipase, TetR this study
pCH7599 | pCH450::hiss-lipase(R180K), TetR this study
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pCH7600 | pSCBAD::tle(E458Q)-tli, TpR this study
pCH7601 | pSCBAD::tle(K461Q)-tli, TpR this study
pCH7620 | pCH450::hiss-tle, TetR this study
pCH7694 | pSCBAD::gloA, TpR this study
pCH7695 | pMCSG63::TEV-(Ass)tli, AmpR this study
(Garza-
Sanchez et
pCH8259 | pCH450::hiss-arfA, Tet? al., 2011)
pCH8717 | pCH450::hiss-lipase(Q459K), TetR this study
pCH8718 | pCH450::hiss-lipase(Q460E), TetR this study
pCH8871 | pCH450::hiss-lipase(E458Q), TetR this study
pCH8872 | pCH450::hiss-lipase(K461Q), TetR this study
pCH8904 | pSH21::lipase(K186C,C456S,K461Q,A472C), AmpR this study
(Jensen et
pCH14212 | pCH450::tle, TetR al., 2023)
(Jensen et
pCH15269 | pSH21::lipase, AmpR al., 2023)
(Koskiniemi
pBBR1 derivative that carries araC and Psab promoter, et al.,
pSCBAD | TpR 2015)

Abbreviations: AmpR, ampicillin resistant; KanR, kanamycin resistant; RifR,
rifampicin resistant; SpcR, spectinomycin resistant; TetR, tetracycline resistant; TpR,
trimethoprim resistant

103




Supplementary Table 3. Oligonucleotides.

Identifier | Description Sequence
5 - GAT TAG CGG ATC CTA CCT GAC GCT TTT TAT
CH943 ara-for CGC
CH3719 t"'szg;Kp”' 5" - AAA GGT ACC ATG GAT TTAAAA CCA G
CH3419 | tli-Xho-rev | 5 - ATACTC GAG CTATTT AAC CGG AGT TGG TG
CHA469 | tle-Ecofor Eé E CAGG GAATTC CGAATG TAC AAC ATAAAATTT
5-TTT ACTAGT ATG TAC AAC ATAAAATTT GTC TAT
CH4703 | tle-Spe-for CTT TTC AG
tle-S341A- | 5 - CGA TAT TGC AGG CCA CGC TCT GGG TGG
CH4762
for TGG G
tle-S341A- | 5 - CCC ACC ACC CAG AGC GTG GCC TGC AAT ATC
CH4763
rev G
te-T172- | ..
CH5087 | g o« |5 - TTTACT AGT ACC AAA GCT GAA CGC TGG C
tle-H448A- | 5 - GTC CAT TGG ACC GCG CTG GCATTG GTC
CH5539 o AGG
CHsg7s | 11e-K461Q- [57-TTC TCG AGT TAT GCA CGA CTC CTAATAATT
Xho-rev | GAAATG TCT TCATCC TGT TGC TGT TCT ATG
Chsegs | 16-R180K- | 5"- CAC ACTAGT ACC AAA GCT GAA CGC TGG CAG
Spe-for | GCG AAG AAG GAT CTG ATT GC
tle-E458Q- | 5 - GGC AAT AGA TTG CAT ACAACA GCA AAA GGA
CH5689 . ToA
5 - GAT TGC ATA GAA CAG CAA CAG GAT GAA GAC
CH5690 | tle-461Q-for | ;=T\ o
tle-R180K- | 5° - CGC AAT CAG ATC CTT CTT CGC CTG CCA GCG
CH5721 . T
CHs72o | 16-Q459K- [ 5”- GCAATA GAT TGC ATA GAAAAG CAAAAG GAT
for GAA GAC
CHs7o3 | 11e-Q460E- |5 - ATA GAT TGC ATA GAA CAG GAAAAG GAT GAA
for GACATT TC
chs7s1 | Tovons |57~ TTT GGT ACC GAG AAC CTG TAC TTC CAATCC
Kon-for | GAT TTAAAA CCA GAT AAT TAC TTT AGC GGA
CH5761 | 9599 | 5°_ TTT GAATTC ATG CGT CTT CTT CAT ACC ATG
CHs762 | 90" | 5°_ TTT CTC GAG TTA GTT GCC CAGACC G
tle-E393A- | 5 - CGT GTT GAA GGT GCATTG CTG ACAAAAATC
CH5879 o >
CHsgo7 | 1e-K186C- | 5-AAG GAT CTG ATT GCG TGT GGG AGT AAT AGC

for

CTC
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tle-K186C-

5 - GAG GCTATTACT CCC ACA CGC AAT CAGATC

CH5908

rev CTT
chooog | 16-A4T2C- |5 - AAG CTC GAG TTC AAC AAC GAC TCC TAA TAA

Xho-rev | TTG AAATGT C
CH5959 "e'ﬁgf%' 5 - GGT CAG GCA ATA GAT TCC ATA GAA CAG CAA
CH5960 “e'cr:gfﬁs' 5 - TTG CTG TTC TAT GGAATC TAT TGC CTG ACC
chooga | 1e-A4T2C |5 -ATT TCAATT ATT AGG AGT CGT TGT TGATGA
tifor | AAT CGT TCT TAT CAG GCT GG
chooga | 16-A472C- |5 - CCA GCC TGA TAA GAA CGA TTT CAT CAA CAA
firev | CGA CTC CTAATAATT GAAAT

ches1o | NChA-Mfe- |5 - AAG CAATTG ACT ATG ACT GTT CAAACAAGT

for AAA AAT CC

hchA-Sbf- | 5" - AAC CCT GCA GGG ATT AAC CCG CGTAAG CTG
CHB311 A 2
ydiG-Eco- | 5 - TAA GAA TTC CAAATG AAAAAG ATA CCT TTA

CH6312

for GGC
CH6313 yd‘i‘\f’St' 5 - CGT CTG CAG TAT TTAACG CTC CAG G
CH6314 th?o'l'fco' 5 - AGG GAA TTC GTAATG AAC AAC TTT AAT CTG
CH6315 thi'VPSt' 5 - GAATCT GCA GGT TAG CCG CCG AAC TG
245 | toxtorey | 5 - TTT CTC GAG CTG ATAAGAACG ATT TCA TGC

ACG
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Chapter IV: Characterization of ECL Tle-Tli homologs

Introduction

The modular nature of the type VI secretion system (T6SS) makes it well suited for
delivering a diversity of effector proteins. A wide variety of anti-prokaryotic and anti-
eukaryotic activities have been observed from T6SS effectors as bacteria have
adapted the system for antagonization of different targets (Singh & Kumari, 2023).
But there is also diversity seen within effectors that share a similar function. For
example, type VI amidase effectors (Tae), which target the Gram-negative cell wall,
have been categorized into four families based on primary sequence identities and
peptidoglycan cleavage sites (Russell et al., 2012). There are several hypotheses on
the evolutionary drive behind differentiation of effectors with similar functions.
Concurrent secretion of similar effectors may yield a more thorough degradation of
the target substrate, or different effector families may be better suited for certain
target species and/or environmental conditions (Whitney et al., 2013). Lastly,
speciation and the accumulation of orphan immunity genes may also be driving
effector differentiation as a strategy for restricting effector neutralization to a small

subset of kin (Russell et al., 2012).

In Russell et al.’s study on type VI lipase effectors (Tle), predicted Tle genes
separated into 5 families based on sequence and phylogeny, Tle1-Tle5 (Russell et
al., 2013). Members of Tle1-4 all had a similar GXSXG active site motif, while those
in Tle5 had a unique HXKXXXD active site. This active site difference was reflective
of the phospholipase cleavage site, as the Tle1 and Tle2 effectors used in the study

had phospholipase A activity while the selected Tle5 protein was shown to have
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phospholipase D activity. More specifically, the Tle1 and Tle2 effectors had
phospholipase A1 (PLA1) and Az (PLA2) activities, respectively. However, Flaugnatti et
al. later demonstrated that a Tle1 homolog from entero-aggregative Escherichia coli
had both PLA+1 and PLA2 activity (Flaugnatti et al., 2016). Thus, functional

differences amongst effectors in the Tle1-4 families remains unclear.

Studies from Chapters Il and Il have revealed that the Tle encoded by Enterobacter
cloacae displays certain characteristics that distinguish itself from previously
characterized Tle proteins. TleECL requires co-expression of its cognate Tli protein to
display phospholipase activity, but activity assays in previous Tle studies were
carried out with purified lipases expressed in isolation of their immunity proteins
(Flaugnatti et al., 2016; Russell et al., 2013). Furthermore, the reported structures of
Tle1 and Tle4 from Pseudomonas aeruginosa show no evidence of having
intramolecular cross-links like the methylglyoxal-derived imidazolium crosslink
(MODIC) structure required for TIeECt activity(H. Hu et al., 2014; Lu et al., 2014). This
seemed to indicate that TIeEC- was representative of a sixth, previously
uncharacterized family of Tle proteins. A sequence alignment search revealed the
presence of multiple TIeEC- homologs. Furthermore, two of these TleEC homologs
from Serratia marcescens and Dickeya dadantii were examined to see if the

mechanism of activation was conserved across these species
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Results
MODIC site conservation and ankyrin Tli are hallmarks of TleECL homologs

The primary sequence of TleEC- was used as a BLAST search query to identify
homologous effectors across Gram negative bacteria (Table 1). Alignments were
also attempted between TIeECt and examples from the Tle1-5 families established by
Russell et al. (Russell et al., 2013) Uncharacterized homologs with >50% sequence
identities were found in various Enterobacteriales genera including Serratia and
Cronobacter, while less conserved examples were found in Burkholderia and
Dickeya species. Meanwhile, none of the attempted alignments with members of the
Tle1-5 families yielded sequence identity values above 10%. An alignment of the
lipase domain of TleECt with its predicted homologs shows much of the shared
sequence identity is between residues that comprise or are near the catalytic triad:
Ser341, Glu393, His448 (Fig. 1A). There is also sequence conservation at the N-
and C-terminus of the domain, which was noted as the MODIC-linked residues,
Arg180 and Lys461, are located in these regions (Fig.1B). These residues are highly
conserved across the selection of homologs analyzed, although both residues are
absent in the Tle homolog from Burkholderia cenocepacia. There are other residues
in these helices that are conserved with the MODIC sites, such as Arg176, Glu458,
and Asp464. It has been thought that protein glycation site selectivity can be
influenced by nearby charged residues, so the conservation of these residues near
the MODIC site suggests that they are important for the unusually specific nature of

TIeEC glycation (Ahmed et al., 2005).
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Because Tli has an essential role in TIeEC- modification, | also examined the
sequence conservation of the predicted immunity proteins for this selection of Tle
homologs (Table 1). As expected, the percent identities with TIiEC- were similar to
that of their cognate effectors. Several of these immunities are present in their
chromosomes in adjacent pairs of near-duplicate genes. Notably, all the identified
TleECt homologs were paired with Tli containing predicted ankyrin repeat domains.
Ankyrin repeats have not been seen in previously studied Tli proteins and were not
present in the Tle1-5-associated immunity proteins we analyzed. Conservation of the
ankyrin-repeat domain across TleEC- homologs may imply this is a necessary feature
that permits these immunity proteins to participate in a shared lipase activation

process.
The conserved MODIC site is essential for phospholipase activity in TleSMA

Primary sequence analysis suggested Tli-dependent MODIC activation was shared
amongst TleEC-homologs, so | investigated the in vitro activity of one such homolog
to see if it displayed functional similarities to TIeECL. | chose to characterize the
predicted Tle from Serratia marcescens Db11 (TleSMA) which has moderate
homology with TIeEC. From Db11’s parental strain Serratia marcescens Db10, the
lipase domain (Thr177-lle494) of TleSMA was cloned into a plasmid with an N-
terminal His6 tag, while the Tli directly downstream from TleSMA was cloned into a
separate plasmid without its lipoprotein signal sequence (AssTIiSMA) for cytoplasmic
overexpression. TleSMA was overexpressed in E. coli cells in the absence or
presence of AssTIiSMA, then purified under native conditions to pull down any Tle-
associated Tli. Pull-downs were analyzed via SDS-PAGE to check for a Tli-
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dependent mobility shift in TleSMA, as this mobility shift was a trait associated with
crosslink-activated TleECL. When co-expressed with AssTIiSMA TIeSMA runs as a
doublet with a majority of the sample in the higher mobility band (Fig.2A). However,
direct comparison with the sample not co-expressed with Tli was not possible, as
TleSMA was unable to be purified from cells expressing the effector alone. Attempts of
a denaturing purification of TleSMA alone were also unsuccessful. Thus, Arg185Lys
and Lys482GIn point mutations were introduced into TleSMA as an alternative
approach to disrupt potential crosslinking via substitution of the residues predicted to
participate in MODIC. When co-expressed with immunity both point mutation lipases
run as a single band on an SDS-PAGE gel, with a mobility that matches that of the
lower mobility band of the wild-type doublet. Enzymatic activity of the lipases was
measured via phospholipase activity assays alongside TleECt (Fig. 2B). Wild-type
TleSMA displays clear phospholipase activity while both the Arg185Lys and
Lys482GIn point mutations completely remove activity. Thus the presence of a
modified lipase species with higher SDS-PAGE mobility is correlated with enzymatic
activity in TleSMA just as it is in TIeECL. This, combined with the observation that the
conserved Arg-Lys pair in the N- and C-terminal helices is essential for its mobility
shift has led to the conclusion that TleSMA is activated via AGE-crosslinking similarly

to TIeFCL,
TIePPA js activated by Tli1 and does not interact with TIi2

Due to the difficulty of purifying TleSMA in the absence of its cognate immunity
protein, the Tli-dependent nature of Tle modification was further investigated by

focusing on a Tle homolog from a different species, Dickeya dadantii 3937 (TlePPA).
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His6-tagged TlePPA was overexpressed with or without its two downstream immunity
Tli proteins, Tli1 and Tli2 (Fig. 3A). Unlike TleSMA, TIePPA was successfully
overexpressed and purified in the absence of its immunity proteins (Fig. 3B).
However, TlePPA does not display a visible mobility shift on SDS-PAGE gels when
co-expressed with Tli. Tli co-expression did not alter TlePPA solubility either, as full-
length TlePPA appears to be more soluble than TleECL even in the absence of
immunity. Despite the lack of these features associated with Tli-activation, in vitro
activity assays show that TlePPArequires immunity co-expression to display
phospholipase activity (Fig. 3C). The activity of TlePPA that was overexpressed alone

shows similar activity to that of the Tli-neutralized sample.

Next, | sought to individually examine Tli1 and Tli2 regarding their capabilities of
TlePPA neutralization and activation. H6-TlePPA was co-expressed with either Tli1 or
Tli2, then purified to assess in vivo activity. Tween esterase assays show that Tli1
co-expression is sufficient to activate TlePPA, while Tli2 co-expression does not yield
enzymatic activity (Fig.4A). To assess effector neutralization, purified Tli1 and Tli2
were added to esterase reactions. A similar trend was observed in which active
TlePPA was neutralized by Tli1 but not Tli2. Seeing that only Tli1 was capable of
TlePPA activation and neutralization, a pull-down experiment was performed to
determine if Tli2 maintains significant non-covalent interactions with the effector.
His6-TEV-tagged Tli1, Tli2 and TIiECt were purified then treated with TEV protease to
yield untagged Tli isolates. Purified Tli samples were then incubated with purified
His6-TlePPA under non-denaturing conditions to enable formation of Tle-Tli

complexes. Affinity purifications of His6-TlePPA were performed and analyzed via
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SDS-PAGE to determine which Tli proteins were co-purified with the effector. Results
of the pull-down reveal that only Tli1 forms a stable complex with TlePPA (Fig. 4B).
This is surprising due to the overall sequence similarity between Tli1 and Tli2.
However, there is a region corresponding to lle196-Leu233 of Tli1, in which the
sequences of these proteins appear more divergent (Fig. 3A). AlphaFold2 modeling
suggests that this region of sequence divergence corresponds to the C-terminal pair
of a-helices of these proteins (Fig. 5A) (Jumper et al., 2021). In the crystalized Tle-
Tli complex from E. cloacae, the C-terminal a-helices of Tli appear to contact the
surface of Tle (Fig. 5B). It is feasible that the sequence divergence in this region is
responsible for the lack of interaction between Tli2 and TIePPA. Interestingly, Tli2 is
nearly identical to a predicted Tli sequence from another species, Dickeya
fangzhongdai (Fig. 3A). Having shown that Tli2 has no apparent effect on the
function TIePPA, Tli2 may instead be a remnant from an ancestral effector that

provides cross-species immunity.
Discussion

Tle deployed by E. cloacae is notable for two characteristics that have not been
observed in previously described type VI effectors: its activity is reliant on
simultaneous expression with its cognate Tli, and an essential AGE crosslink forms
within the effector prior to its secretion. My investigation of uncharacterized TleECt
homologues from D. dadantii and S. marcescens suggests that both characteristics
are common to a family of related Tle that can be found in at least 5 genera of
bacteria. The effectors in this family also have similar immunity proteins, as the

downstream Tli are all predicted to have ankyrin repeats. Ankyrin repeats are well-
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known to act as interfaces for protein-protein interactions, so their utilization for
effector-immunity interactions seems natural (Mosavi et al., 2004). However, ankyrin
repeats have not been previously seen in other Tli or any type VI immunity proteins
in general. Instead, ankyrin repeats have been observed in virulence factors
delivered by the type IV secretion system and are thought to allow association with
the endoplasmic reticulum (Lehman et al., 2018; Pan et al., 2008). The reduced
presence of ankyrin proteins in bacterial genomes compared to those from
eukaryotes has led some to hypothesize that bacterial ankyrin proteins are the result
of horizontal gene transfer (Bork, 1993). The shared identity between TleEC- and
fungal lipases, noted in Chapter Ill, may further suggest a eukaryotic origin of this

lineage of Tle and TIi.

Sequence alignments show that the MODIC-linked residues of TleECt are well-
conserved in its homologues, pointing towards a shared cross-linking activation
process across this protein family. Disruption of the predicted crosslinked residues in
Tle from S. marcescens, Arg185 and Lys482, abrogated effector modification and
enzymatic activity. Additional charged residues near the crosslink sites are also
conserved, resulting in RxxxR and ExxKxxD motifs for the N- and C-terminal cross-
link sites, respectively. The conservation of the glutamate in the C-terminal helix
coincides with our finding from Chapter Ill that mutation of Glu458 in ECL e
significantly reduces Tle modification and activity. Conservation of residues near the
crosslink site may therefore imply a role in the efficiencient and/or site-specific
nature of Tle glycation. Peptide mapping of glycated serum albumin by Ahmed et al.

found hot spots of methylglyoxal modification at surface-exposed arginine residues
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positioned near Asp, lle, and Lys residues (Ahmed et al., 2005). A proteome-wide
analysis in Arabidopsis by Bilova et al. not only found that glycation hotspots
frequently occurred near Lys, Arg, Glu, Asp and Leu residues, but also saw that the
residues were often spaced in patterns indicative of a-helical structure (Bilova et al.,
2017). Thus, the observed crosslink motifs of Tle are in accordance with previous
observations on glycation site determinants. The rapid and specific nature of Tle
glycation may make its motifs a suitable model to use for predicting spontaneous

glycation targets or identifying other potential examples of AGE-activated proteins.

Despite the overall similarities amongst the examined lipases, some differences
amongst these proteins were also noted. First, expression of the lipase domain of
TleSMA in the absence of its cognate Tli could not be achieved in this study. TIiEC- had
notably reduced solubility in absence of its Tli, but it seems the stability of TleSMA is
even worse when its unmodified and not bound to its immunity protein. The
immunity-dependent nature of Tle glycation seems apparent in this case: unmodified
TleSMA is tentatively stabilized when bound to TIiSMA, This allows glycation to occur,
after which modified TleSMA can persist without the aid of TIiSMA, Although the
unmodified forms of TleEC-and TlePPA appear to be more stable without their
respective Tli, these findings hint that their structures may be instable to a degree
that prevents proper glycation from occurring. Another deviation from TleECt was
seen in TlePPA after co-expression with Tli1 and Tli2. TlePPA similarly required Tli co-
expression to be enzymatically active, yet samples of the activated effector did not
display increased mobility on an SDS-PAGE gel. This mobility shift is associated with

TIeECL activity and crosslinking and could even be observed in the full-length effector.
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Yet it appears that crosslinked TlePPA might not have a similar change in its
hydrodynamic character, perhaps obfuscated by its N-terminal PAAR domain.
Although the presence of a mobility shift can be a straightforward method to assess
the presence of an AGE crosslink, it is now apparent that such shifts may not always

accompany these modifications.

Finally, the interactions between TlePPA and its immunity proteins, Tli1 and TIi2, were
studied as an example of a tlefF¢L homologue with two downstream immunity genes.
| found that Tli1 is capable of both activating and neutralizing TlePPA while Tli2 is
capable of neither function. Furthermore, Tli2 appears to have no specific affinity for
TlePPA and its sequence is nearly identical to a Tli from D. fangzongdai (TlePPF). It
seems likely that Tli2 has no interaction with TlePP# and is instead the cognate
immunity of TlePPF. A major region of sequence divergence in Tli2 occurs at its C-
terminus and corresponds to its final pair of a-helices. Ankyrin repeat domains are
known to be modular, as changes in protein interaction partners are often
determined by the addition, exchange or deletion of repeats (Al-Khodor et al., 2010).
It seems likely that one such repeat swap has caused the sequence and Tle-
specificity divergence of Tli1 and Tli2. This leads to the question of why D. dadantii
has the non-cognate tli2 genetically adjacent to its cognate t/i1. The duplication of an
ancestral tli resembling t/i°°F could have been caused by their ankyrin domains, as
their repetitive nature can lead to more frequent duplication events (Lynch & Conery,

2000). After this supposed duplication, an ankyrin repeat swap in tli1 may have

allowed the emergence of a divergent tle in D. dadantii. Regardless of its origin,
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retention of tli2 likely allows D. dadantii to neutralize Tle from D. fangzongdai

inhibitors.
Materials and Methods
Bacterial strains, growth conditions, and plasmid constructs

The bacterial strains, plasmids, and oligonucleotides used in this study are
listed in Table 2, Table 3, and Table 4. All bacteria were grown in shaking lysogeny
broth (LB) or LB-agar at 37°C. Media were supplemented with antibiotics at the
following concentrations: 15 pg/mL tetracycline (Tet) and 150 pg/mL ampicillin
(Amp). To construct the His6-tagged lipase domain of S. marcescens Db10 Tle,
oligos CH6147/CH6148 were used to amplify SMDB11_0927, and the resulting
product was ligated into pCH7620 via Spel/Xhol restriction sites to generate plasmid
pCH4025. Arg185Lys and Lys482GIn mutations were introduced via amplification
with oligo pairs CH6153/CH6148 and CH6147/CH6154, respectively, then ligated as
described above to generate plasmids pCH4249 and pCH4250. ss-TIiSMA was
cloned by amplifying SMDB11_0928 with oligos CH6149/CH6150 and ligating the
product into pET21P using Ncol/Xhol restriction sites to yield pCH4026. His6-tagged
Tle from D. dadantii 3937 was constructed by amplifying Dda3937_00831 with oligos
CH5115/CH5116 and ligating the product into pCH15269 via Spel/Xhol restriction
sites to yield pCH5603. To clone His6-tagged TlePPA with Tli1 and Tli2, oligos
CH5115/5117were used to generate an amplicon with Dda3937_00831, 00830, and
00829, which was then ligated into pCH15269 via Spel/Xhol restriction sites to

generate pCH5604. Thioredoxin-TEV-His6-tagged ss-Tli1 and ss-Tli2 were
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generated by first amplifying Dda3937_00830 and 00829 with oligo pairs
CH5346/CH5631 and CH5348/5117, respectively, then ligated via Kpnl/Xhol

restriction sites into pCH9764 to yield pCH7024 and pCH7027.
Tle overexpression and purification

Wild-type, Arg185Lys and Lys482GIn lipase domains of TleSMA were
overexpressed from E. coli CH2016 cells transformed with pCH4025, pCH4249 and
pCH4250, respectively. Cells were co-transformed with pCH4026 for ss-TliSMA co-
expression. The resulting strains were grown in shaking LB cultures until reaching
an OD600 of 1.0, after which Tle expression was induced by adding 0.4% L-
arabinose to the media. After 60 minutes of L-arabinose induction, Tli expression
was induced by adding 1.5 mM IPTG, after which cultures were incubated for
another 90 minutes. Cells were pelleted via centrifugation at 6000 RPM for 10
minutes. To purify His6-TIeSMA-TIiSMA complexes, cell pellets were first resuspended
in a Tris native lysis buffer (20 mM Tris-HCI pH7.5, 150 mM NaCl, 0.05% Triton X-
100, 15 mM imidazole) and incubated with 0.1 mg/mL lysozyme for 15 minutes on
ice. Cells were lysed via sonication, after which lysates were clarified via
centrifugation at 11000 RPM for 10 minutes at 4°C. The resulting supernatants were
incubated with Ni>*-NTA resin at 4°C for 90 minutes. The Ni-NTA resin was washed
with 5 volumes of native lysis buffer, then samples were eluted in native lysis buffer
supplemented with 250 mM imidazole. To isolate His6-TleSMA by itself, cell pellets
were resuspended in denaturing lysis buffer (6M guanidine-HCI, 20 mM Tris-HCI pH
8.0, 15 mM imidazole). Lysates were clarified via centrifugation at 11000 RPM for 10

minutes. The resulting supernatants were incubated with Ni2*-NTA resin for 90
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minutes. The Ni-NTA resin was washed with 5 volumes of urea lysis buffer (8M urea,
10 mM Tris-HCI pH 8.0), then samples were eluted in urea lysis buffer supplemented
with 250 mM imidazole. Tle from Dickeya dadantii was overexpressed by itself or
with Tli1-Tli2 co-expression from E. coli CH2016 cells transformed with pCH5603 or
pCH5604, respectively. These strains were grown in shaking LB cultures until
reaching an OD600 of 1.0, after which overexpression was induced by adding 1.5
mM IPTG. Cells were harvested after 90 minutes of induction via centrifugation at
11000 RPM for 10 minutes. TlePPA was purified under denaturing conditions as
described above with TleSMA, Denatured TleSMAand TlePPA isolates were refolded by

dialysis into a native buffer (20 mM Tris-HCL pH 7.5, 150 mM NacCl).
Tle activity assays

TleSMA and TlePPAphospholipase activity was assessed through the hydrolysis
of a PEDA1 fluorogenic phospholipid incorporated in liposomes. To prepare
liposomes, 1.5 yM PEDA1 was stirred with 15 uM dioleoylphosphatidylglycerol
(DOPG) and 15 pM dioleoylphosphatidylcholine in lipase buffer (50 mM Tris-HCI
pH7.5, 100 mM NacCl, 1TmM CaCl2) in accordance with the manufacturer’s protocol
(Invitrogen). Activity assays were performed at room temperature with 600 nM Tle.
750 nM of TIiPPA were used to neutralize TlePPA reactions. Fluorescence was
measured every 4 minutes with 485/535 nm excitation/emission wavelengths using a
Molecular Devices SpectraMax M5 plate reader for TleSMAassays and a PerkinElmer
Victor 3V Multilabel Plate Reader for TlePPA assays. Tween activity assays with
TIePPA were carried out at a Tle concentration of 600 nM in tween esterase buffer

(2% tween 80, 20 mM Tris-HCI pH 7.5, 100 mM NaCl, 3 mM CacClz); immunity
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neutralization reactions were done with the addition of 750 mM Tli. Reactions were
incubated at room temperature with constant rotation for 24 hours, after which
ODG600 values were recorded to measure the accumulation of calcium oleate

hydrolysis product.
TIePPA pulldown assay

Pull-down assays were done with purified His6-TlePP* and un-tagged Tli
isolates. To prepare un-tagged Tli isolates, His6-thioredoxin-TEV-TIi fusion proteins
were purified under native conditions (see Overexpression and purification section).
TEV protease cleavage was done at a 3:1 substrate-to-protease ratio at 37°C for 4
hours in TEV digestion buffer (20 mM Tris-HCI pH7.5, 150 mM NaCl, 25 mM -
mercaptoethanol). After digestion, samples were mixed with Ni-NTA resin and 15
mM imidazole and incubated for 1 hour at room temperature. Samples were
centrifuged to pellet the Ni-NTA resin, and the unbound supernatant was dialyzed in
native sodium phosphate buffer (20 mM Sodium phosphate pH7.5, 150 mM NaCl).
Purified Tle and Tli samples were mixed at a 1:1 ratio and incubated at 4°C for 15
minutes, after which Ni-NTA and 15 mM imidazole were added to samples and
incubation continued for an additional 60 minutes. Ni-NTA resin was washed with 5
volumes of sodium phosphate buffer supplemented with 20 mM imidazole. Washed
samples were eluted with urea elution buffer (8M urea, 10 mM Tris-HCI pH 8.0, 250

mM imidazole).
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Figure 1 Alignment of ECL Tle with homologous proteins

A) The sequence of the ECL Tle lipase domain aligned with predicted Tle homologs
that are paired with ankyrin-containing Tli proteins. Blue and red lines indicate the
regions associated with the N- and C-terminal a-helices.

B) Focus on the alignment of N- and C-terminal a-helices of homologous Tle lipase
domains. The MODIC cross-linked residues in ECL Tle are indicated along with a
surrounding sequence motif present in the alignment.
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Figure 2 S. marcescens Tle requires conserved crosslink residues for activity

A) SDS-PAGE of natively purified His6-tagged lipase domain of Tle from Serratia
marcescens in absence or presence of cognate Tli co-expression

B) In vitro phospholipase A1 assays of indicated Serratia marcescens and
Enterobacter cloacae Tle lipase domain constructs.
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Figure 3 TlePPAis inactive without immunity co-expression

A) TlePPA is encoded with two downstream immunity proteins, Tli1 and Tli2.
Shown here is a primary sequence alignment of Tli1 and Tli2 with Tli proteins
from E. cloacae and D. fangzhongdai

B) SDS-PAGE analysis of H6-TlePPA purified from E. coli cells in the absence
and presence of Tli1/Tli2 co-expression. The initial purifications under
denaturing conditions were dialyzed into Tris-HCI buffer, after which any
precipitate was re-suspended in 8M urea and run alongside the soluble
fraction.

C) In vitro phospholipase A1 assays of indicated TlePP”samples.
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Figure 4 Interaction of TlePPA with TIi1/Tli2

A) Tween esterase activity assays with TlePPAshown in well plate. Row labels
indicate Tli co-expression prior to Tle purification, while column labels indicate
Tli added to the reaction for activity neutralization. OD550 values of the
samples in each well are listed in the table below.

B) Pull-down assays using His6-TlePPA bait with various Tli prey. Shown are the
input samples taken prior to Ni-NTA binding, bound samples eluted after 5
wash cycles, and flow-through collected from the first wash cycle.
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Figure 5 The variable region of D. dadantii Tli1/2 maps to the C-terminal pair of a-
helices

A) AlphaFold2 predictions of Tli1 (green) and Tli2 (turquoise) structures. The
region of non-conserved residues is labeled in red for Tli1(lle196-Leu233) and
purple for Tli2 (Val202-GIn239).

B) Structure of the Tle-Tli complex from E. cloacae in cartoon (left) and surface
(right) displays. The C-terminal pair of a-helices is labeled in purple.
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Table 1 Similarity between TleECL and other Tle proteins

Tle Strain Tle/Tli Genes % % Ankyrin
Family Identity | Identity | domains
* Tle Tli in Tli?
(ECL) (ECL)
N/A Enterobacter Li64 12530 72.5% 63.6% Yes
hormaechei 34983 /12525
N/A | Cronobacter sakazakii | ES15 3828 76.0% 72.3% Yes
ES15 /3827
N/A Serratia marcescens | SMDB11_0927 | 60.4% 56.9% Yes
Db11 /0928 / 0929 140.0%
N/A | Dickeya dadantii 3937 | Dda3937_0083 | 32.5% 25.7% Yes
1/00830/00829 125.3%
N/A Geomonas oryzisoli | KP004_12225/ | 27.2% 22.9% Yes
RG10 12220
N/A Burkholderia BACL1296 / 44.0% 28.8% Yes
cenocepacia J2315 1297
N/A Burkholderia glumae | bglu_2g02560 /| 38.8% 30.4% Yes
BGR1 02570
tle1 Burkholderia BTH 12698 / 0.0% 0.0% No
thailandensis E264 12699 /126700 /0.0%
tle2 Vibrio cholerae ATCC VC 1418/ 3.6% 0.00% No
39315 1419
tle3 Klebsiella aerogenes | EAE_15950 / 0.0% 3.1% No
KCTC 2190 15955 /15960 /0.0%
tled4 Photorhabdus PAU_02319/ 7.8% 0.0% No
asymbiotica 02318
ATCC43949
tle Pseudomonas PA3487/3488 0.00% 7.90% No
aeruginosa PAO1

Predicted Tle and Tli proteins from other strains listed with their amino acid
sequence percent identity to Tle and Tli from Enterobacter cloacae ATCC 13047
(ECL). Strains with two Tli proteins have both percent identity values listed. The
presence of predicted ankyrin domains in the Tli protein(s) is indicated. Tle proteins
sorted into families by Russell et al. have their Tle family listed *.

125




Table 2 Bacterial strains

Strain Description Reference
X90 E. coli F’ lacl? lac’ pro/ara (lac-pro) nal1
argE(amb) rif thi-1 Rif}
Serratia Parental strain of Serratia marcescens Db11 (Flyg et al.,
marcescens 1980)
Db10
(SMA)

Dickeya dadantii (Kotoujansky
3937 et al., 1985)
(DD

CH2016 E. coli X90 (DE3) rna slyD::kan (KanR)
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Table 3 Plasmids

Number Description Reference
pET21P, AmpR Novagen
pCH7620 pCH450::his6-tle (ECL), TetR Chapter Il
pCH4025 pCH450::his6-tle (177-) This study
(SMA), TetR
pCH4249 pCH450::his6-tle (177-) (R185K) This study
(SMA), TetR
pCH4250 pCH450::his6-tle (177-) (K482Q) This study
(SMA), TetR
pCH4026 PET21p::( sstli (SMA), AmpR This study
pCH15269 pSH21p::tle(172-472), AmpR Chapter I
pCH5603 PET21p:: His6-tle (DDA), AmpR This study
pCH5604 pET21p:: His6-tle-tli1-tli2 (DDA), This study
AmpR
pCH9764 PET21p::his6-trxA-TEV-cysE, AmpR Fernando Garza
pCH7024 PET21p::his6-trxA-TEV-( sS)tli1 This study
(DDA), AmpR
pCH7027 PET21p::his6-trxA-TEV-( ss)tli2 This study
(DDA), AmpR
pCH7695 pMCSG63::TEV-( ss)tli (ECL), Chapter IlI

TetR
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Table 4 Oligonucleotides

Kpn-for

GGAAGC AGC -3'

Number Description Sequence Reference
CH6147 | Db11-tle(T177)- 5'-TTT ACT AGT ACC AAG GCA This study
Spe-for GAACGC TGG CAAGAAC -3
CH6148 Db11-tle-Xho- | 5'-TTT CTC GAG TTATAT TCT TCC | This study

rev CTT GAT TGT GGC AAT GTC ATC
GTC -3
CH6153 Db11- 5-TTTACT AGT ACC AAG GCA This study
tle(R185K)-Spe- | GAA CGC TGG CAA GAAAAG CAG
for TAC CTGATAG -3
CH6154 Db11- 5-TTT CTC GAG TTATAT TCT TCC | This study
tle(K482Q)-Xho- | CTT GAT TGT GGC AAT GTC ATC
rev GTCATC GTCTTGTTCATTTTC
AAT -3'
CH6149 | Db11-tli1(M24)- 5'- CGAAGG TAC CAT GGATTT This study
Kpn/Nco-for ACAACC GCAGG -3
CH6150 Db11-tli1-Xho- 5'- GAG CTC GAG CTATTG ACT | This study
rev GACAGGAGCAGG CG -3
CH5115 | 3937-tle-Spe-for 5 -TTTACTAGT ATG CCA GGA This study
GCT GC -3
CH5116 | 3937-tle-Xho-rev| 5'-TTT CTC GAG TTATGC CCC This study
CTTAAG CG -3
CH5117 3937-tli2-Xho- 5'-TTT CTC GAG TTAAAG GGA | This study
rev TTCACC CC -3
CH5346 | 3937-tli1-del(ss)- | 5'-TTT GGT ACC ATG GCA GGA This study
Kpn-for GGG CACAG -3
CH5631 3937-tli1-Xho- 5-TTT CTC GAG TCAAAG CGG This study
rev CTC TCC -3'
CH5348 | 3937-tli2-del(ss)- | 5'-TTT GGT ACC ATG GTA GGG This study
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Chapter V: Concluding Remarks

Many Gram-negative pathogens and constituents of the human microbiome utilize
the type VI secretion system (T6SS) to enhance host colonization or inhibit the
growth of competitor species in their environment. In Chapter I, | presented an
overview of the research that has built our current understanding of the T6SS. My
goal was to contribute to this body of knowledge with the study presented in Chapter
lI. In this chapter, | investigated the relation between Tle and Tli in Enterobacter
clocacae and conclude it as a novel instance in which a T6SS effector protein is
activated by its cognate immunity protein. When considering the pre-delivery
interactions between T6SS effectors and immunities in inhibitor cells, it is uncertain
how immunity proteins are reliably excluded from the secreted T6SS payload. The
necessary interaction between Tle and Tli prior to secretion implies the existence of
a mechanism to separate this, and perhaps other, effector immunity pairs prior to

delivery.

Further investigation of Tle, detailed in Chapter lll, revealed the nature of its Tli-
dependent activation was a reaction with the dicarbonyl compound methylglyoxal
that yielded a specific advanced glycation end-product (AGE) crosslink. The current
research on AGEs focuses on their deleterious effects on protein structure and
determining their link to various degenerative diseases. However, the crosslink
activation of Tle goes against the notion that AGEs are solely a form of protein
damage and instead demonstrates that they can act as something more akin to post

translation modifications. The utilization of an AGE in this manner is likely enabled
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by the notably rapid and site-specific nature of Tle glycation compared to the typical
formation of AGE adducts. It is not clear how Tle and methylglyoxal react with such
speed and precision, as the in vitro recreations of this modification required longer
durations to achieve lower protein conversion compared to in vivo Tle crosslinking.
However, further investigations that look at Tle in different glycation environments
and compare it with other AGE targets may reveal key factors that permit its unique

reactivity methylglyoxal.

In Chapter IV, | showed evidence that Tle homologs from S. marcescens and D.
dadantii also undergo activation via AGE crosslinking. Sequence comparison reveals
the conservation of the crosslinked arginine and lysine, along with other nearby
charged residues. These conserved residues may not just represent a central motif
for the specific AGE formation in Tle, but could also be a motif for targeted AGE
formation found in entirely different proteins. This, along with the noted similarities
and differences amongst Tle homologs, may help direct bioinformatic and proteomic

inquiries into the existence of other AGE-activated proteins.

In conclusion, this investigation of the bacterial phospholipase effector Tle and its
cognate immunity protein Tli has yielded new findings that are not just relevant to
study of the T6SS, but also bring exciting new ideas to the current perception of

advanced glycation end-products.
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