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ABSTRACT

Receptor recognition and inhibitory mechanisms of contact dependent growth inhibition

systems

By

Ian Hoyt Matthews

Bacteria occupy nearly every environmental niche on Earth, including extremities of
salinity, temperature, pressure, and pH!. In each of these settings, they share space and
resources with other organisms and form a variety of symbiotic relationships®. In some cases,
bacteria have evolved to deliver toxic effectors into the environment?, or directly into nearby
organisms*® to provide themselves with a growth advantage over their neighbors. A number
of secretion systems have been identified which allow bacteria to translocate effectors across
their membranes, as well as the membranes of targeted organisms®. In Gram-negative bacteria,
contact-dependent Type Vb secretion systems (T5SS) recognize specific surface epitopes on
neighboring bacteria and deliver toxic proteins into their cytosol’ . Sibling cells are protected
from intoxication by expression of an immunity protein which binds and inactivates cognate
toxic effectors!®!!, This process, termed contact-dependent growth inhibition (CDI) is

14,15 and

associated with kin recognition®!2, genetic stability!®, biofilm formation
pathogenesis!®. The secretory pathway of CDI systems across the membranes of toxin-

producing cells appears highly conserved!”. However, the mechanisms underlying target cell



recognition, traversal across target cell membranes, as well as the processes by which toxins
exhibit their toxicity, are highly variable and in some cases not well understood®!!1%:19 In
chapter 1, I review the arsenal of systems used by Gram-negative bacteria to translocate
proteins across their membranes, with special focus on Type Vb CDI systems. In chapter 2, I
identify novel inner membrane proteins co-opted by the cytoplasm-entry domains of CDI
systems. Additionally, I find that some unique entry domains the recognize same inner
membrane proteins, suggesting differences in recognized epitopes. In chapters 3 and 4, I
investigate potential growth inhibition mechanisms of two protein effectors found in CDI
systems from Enterobacter cloacae. First, I cover an effector domain from E. cloacae S611
with homology to SAM-binding domains and propose that it could act as a toxic
methyltransferase. Then, I investigate an effector domain from E. cloacae UCI49 with
predicted homology to glutaminases and cysteine proteases, where I identify potential protein
targets via mass spectrometry. Finally, in chapter 5 I discuss potential future directions in the

field of CDI.
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I. Introduction

Abstract

A plethora of secretion systems in Gram negative bacteria power and/or facilitate the
export of a variety of molecules destined for the environment or for the cytosol of other cells.
Pathways such as the general secretory pathway are highly traveled routes for most proteins
destined beyond the cytosol of the producing cell. On the other hand, many systems have
evolved to specifically recognize and secrete a handful of effectors. In some cases, they rely
on the Sec system for transport of substrates into the periplasm, and in other cases they span
multiple membranes. Here, I briefly cover the the general secretory pathway and Type I-VI
secretions systems, with special focus on Type V systems and specifically on Type Vb contact

dependent growth inhibition (CDI) systems.

The General Secretory Pathway

Most gene products in Gram negative bacteria bound for destinations beyond the
cytoplasm encode a hydrophobic amino-terminal signal peptide that enables co-translational
or post-translational secretion into the periplasm. During post-translational secretion, the
nascent signal peptide retards initial folding and allows binding by promiscuous chaperones
including SecB?°. SecB then associates with the ATPase SecA at the inner membrane and
hands off the protein for interaction with SecYEG?!?2, The SecYEG complex forms a helical

pore in the inner membrane capable of expanding its lumen?*-2*

, as well as opening laterally
toward the inner membrane?*?*. Cycles of ATP hydrolysis by SecYEG-bound SecA pump

coordinated substrates through the lumen of SecYEG while the signal peptide remains

associated with the lipid bilayer proximal to the lateral gate>*2°. A second associated complex,
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SecDFYajC, binds the substrate in the periplasm and further powers translocation via
conformational changes driven by the proton motif force (PMF)?’. When translocation nears
completion, the signal peptide can be proteolytically removed by a membrane associated signal
peptidase?*. While post-translational secretion is typically reserved for proteins destined
beyond the cytosolic membrane, a co-translational pathway delivers inner membrane
proteins?®. In this process, the signal peptide interacts with a recognition protein, SRP, and the
complex associates with the SecYEG complex?*. Energy from translational elongation
provides a power source for translocation across the opened lateral gate of the pore 8, assisted
by the inner membrane protein YidC?». Combined, pathways using the Sec system are

responsible for the export of the majority of the bacterial secretome?3-2+3°,

Type I-IV and Type VI Secretion Systems

Type I secretion systems (T1SS) present a simple model for translocation across Gram-
negative membranes. A continuous transport pathway is formed across both host membranes
consisting of an ABC transporter in the inner membrane, TolC or a TolC-like porin that bridges
the outer membrane and periplasm, and a membrane fusion protein in the inner membrane that
mediates interactions between the two’!2. Assembly of these components is induced by
interaction of the ABC transporter with a secretion signal at the extreme C-terminus of the
cargo that then leads to active transport of the cargo into the periplasmic channel and
subsequent facilitated diffusion into the extracellular environment®*>*. In contrast, Type 2
secretion systems (T2SS) are formed from the assembly of multi-protein subcomplexes in the
inner membrane, periplasm, and outer membrane, transporting folded periplasmic proteins

across the outer membrane®*. Following Sec or Tat-mediated secretion into the periplasm,



effectors likely associate with the periplasmic lumen of the outer membrane pore complex>-¢,

Recognition of a secretion signal on the effector then induces activity of a cytoplasmic ATPase,
which drives polymerization of inner membrane-associated pseudopili*’. As the pseudopili
extend through the periplasmic space and the outer membrane porin, they drive opening of an
extracellular gate and push the effector outside of the cell’.

Type 3 secretion systems (T3SS) are made up of a similarly complex macromolecular
assembly, spanning both bacterial membranes®**!. This assembly, termed the needle complex,
is made up of assembled monomers which extend the apparatus beyond the LPS to enable
contact with a host cell. Interestingly, this machine is closely related to the flagellar structure
and shares similar export pathways to that of flagellar subunits*’. Contact with a host cell
triggers secretion and assembly of a pore complex in the targeted cell’s membrane, allowing
the delivery of unfolded toxic effectors®’. In Salmonella typhimurium, T3SS has also been
found to be necessary for invasion of eukaryotic host cells and formation of Salmonella-
containing vacuoles®. Type 4 secretion systems (T4SS) can similarly target eukaryotic cells
for delivery of effectors, but also perform interbacterial conjugation***>. These systems form
12-protein complexes spanning both membranes, while a hollow pilus assembled from pilin
monomers extends from the cell*®. Recognition interactions between T4SS and host cells in
some cases mediate adhesion to targeted cells and delivery of toxic effectors, although the
mechanisms surrounding receptor binding and membrane translocation are not well
understood*”4%,

Type VI Secretion Systems (T6SS) are reminiscent of the contractile tail structures of

bacteriophages*. T6SS complexes span both membranes and form massive, rod-like tubular

structure composed of Hep monomers, while at the tip of the rod lies a trimeric VgrG cap and
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PAAR domain-containing protein®%>!. Some toxic effectors are loaded into the “cargo bay” of
the Hcp tube, while specialized effectors encode fusions to PAAR domains, placing them at
the tip of the contractile sheath®?. During secretion, the system undergoes a forceful
contraction, anchored by the baseplate, which penetrates the T6SS-producing cell’s outer
membrane, as well as those of any adjacent cells within its trajectory®!. Given the lack of
specificity in firing, these systems are upregulated by quorum sensing, limiting expression to
scenarios in which other cells are likely to be nearby>2. T6SS are responsible for anti-
eukaryotic activities> as well as interbacterial competition>*, capable of releasing an arsenal

of diverse toxic effectors with each contraction.

Type Va Ve, Vd, and Ve Secretion Systems

Type V secretion systems can further be classified into five distinct subtypes, denoted
Type Va through Ve. Universal among subtypes is the presence of a translocator, which forms
a beta-barrel in the outer membrane, and a passenger, which is exported through the
translocator. Passengers tend to remain tethered to the translocator on the cell surface, forming
semi-rigid extensions through various structural motifs**>. Type V proteins are first targeted
to the periplasm through Sec-dependent secretion via a cleavable signal sequence. Once in the
periplasm, the translocator is assembled into the membrane by the Bam complex*. However,
the system lacks an apparent external energy source to power passenger translocation across
the outer membrane**°, The energy powering passenger export is thought to come from co-
translocational folding, as the passenger remains in a less stable, partially unfolded

conformation in the periplasm mediated by chaperones*>’-°



In Type Va systems, termed “classic autotransporters,” the translocator and passenger
are domains of the same protein. Membrane insertion of the C-terminal translocation domain
leads to export of the N-terminal passenger to the cell surface, where a fused cargo may be
presented®%>7%0, Passenger domains usually form beta helices, which stack as long beta sheets
extending away from the membrane®>S!. Enzymatic cargoes, such as IgA protease from
Nisseria meningitidis, undergo autoproteolysis for liberation into the extracellular
environment®?. Other cargoes, like the adhesins presented by pertactin from Bordetella
pertussis, remain associated with the cell surface®!.

The genetic arrangements of Type Vc systems bear similarity to that of classic
autotransporters, but instead form trimers on the cell surface*. The C-terminal translocation
domain of each monomer forms a third of the outer membrane beta-barrel, while the
oligomerized passenger domains form a coiled coil structure®>%. Cargoes at the tip of the
filament tend to function as adhesins, as is the case for the characterized collagen-binding
autotransporter YadA from Yersinia enterocolitica®. The exact mechanism underlying
passenger translocation through the trimeric beta-barrel is poorly understood, although co-
secretory folding is likely involved®’.

Type Vd systems have only recently been characterized, appearing similar to classic
autotransporters but containing an additional polypeptide translocation associated (POTRA)

56,57

domain linking the passenger and translocator’®”’. POTRA domains are common among

porins that export protein substrates, including the Type Vb systems, the Bam complex, and

65-67 The first and best characterized protein of this

porins in mitochondria and chloroplasts
system, PlpD from Pseudomonas aeruginosa, is cleaved from the cell surface after export and

exhibits lipase activity®®. The authors who identified this system postulate that the POTRA



domain could be important in recruiting a processing factor or enhancing export of the
passenger domain.

Type Ve systems are termed “inverse autotransporters” due to the relocation of the
translocation domain to the N-terminus rather than the C-terminus. The passengers also utilize
structural motifs distinct from other autotransporters, such as immunoglobulin-like repeats>>-
37, A notable example is intimin, an adhesin produced by diarrheagenic Escherichia coli that
binds to a bacteria-produced transmembrane receptor inserted into the host membrane via a
type III secretion system®. Similar to Type Vc, the majority of the identified Ve

autotransporters remain associated with the cell surface and function in adhesion’.

Type Vb Secretion Systems and Contact Dependent Inhibition

In contrast to single protein autotransporters, type Vb systems divide the translocator
and passenger between two proteins. They are thus termed “two partner secretion” (TPS)
systems, where TpsB forms the translocator in the outer membrane and TpsA forms the
passenger. In E. coli and other enterobacteria, TPS systems have been identified to be involved
in contact-dependent growth inhibition (CDI)!. Cells carrying CDI systems (CDI" cells) are
termed “inhibitors,” while CDI" cells may be referred to as “targets”. During CDI, CdiB (TpsB)
exports and presents CdiA (TpsA) on the inhibitor cell surface, where upon recognition of a
specific receptor on an adjacent bacterial cell, a toxic payload is delivered across both target
cell membranes into the cytoplasm.

The translocator, CdiB, belongs to the Omp85 family of outer membrane porins which
are found across eukaryotes®®, didermic bacteria, and their relatives, including mitochondria

and chloroplasts®’. The C-terminal region of CdiB and related TpsB proteins form membrane-
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associated beta-barrels comprised of 16 beta strands, with eccentric lumens containing
diameters around 30 A7'. Meanwhile, the N-terminus forms a helical plug as well as two
periplasmic POTRA repeat domains®. POTRA domains have been demonstrated to mediate
substrate specificity, as exchanging the POTRA domains between different TpsBs allows
recognition of different TpsA passengers’?. The extreme N-terminal helix (H1) allows an
additional form of regulation by occluding the beta-barrel lumen in the absence of CdiA
secretion. In FhaC, a CdiB homolog from Bordetella pertussis, spin labeling measurements
between the distal tip of H1 and extracellular or periplasmic residues indicate a conformational
change that slides the helix into the periplasm during secretion of FHA (TpsA)”®. Additionally,
in a crystal structure of FhaC lacking substrate, the extracellular loop 6 (L6) extends into the
lumen of the beta-barrel, forming a “lid-lock™ structure’*”>. L6 contains a conserved motif

necessary for secretion’*7¢

and protease site insertions indicate that it becomes extracellularly
available in the presence of FHA”’. This suggests a similar regulatory role to that of HI,
although while displacement of HI is transient during secretion’>’>, L6 may form stable
interactions with neighboring extracellular loops or with FHA. Given the high degree of
structural similarity between FhaC and E. coli CdiB, these findings likely bear functional
significance to the mechanisms underlying CdiA translocation.

CdiA is a large multidomain protein, varying in mass between species from 180 to 630
kDa’. Its extreme N-terminus bears a signal sequence for targeting to the periplasm via the Sec
pathway, after which the peptide is proteolytically removed. The mature N-terminus harbors
the two-partner secretion (TPS) domain, which interacts with the periplasmic POTRA domains

of CdiB. TPS domains form a conserved three face beta-helical backbone characteristic of

filamentous hemagglutinin (FHA) in B. pertussis’®. Excursions from this backbone are more
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variable and are thought to mediate substrate specificity through a transient beta-augmentation
mechanism conserved between various POTRA-extended peptide interactions”®’. Thus, a
given TPS domain will only interact with its cognate POTRA domain to trigger secretion. This
domain is followed by the FHA-1 domain, given its name due to its repetitive beta-helical
motifs with high homology to B. pertussis FHA. The size of this domain varies across CDI
proteins, ranging from around 500 residues to nearly 4000!7. In FHA, the beta-helices stack
upon those in the TPS domain, forming a rigid filament that extends from the cell surface after
translocation through FhaC”%.

Downstream of the FHA-1 domain resides the receptor binding domain (RBD). The
RBD has been demonstrated to bind epitopes on the outer membrane of closely related species
and plays a critical role in the specificity of target cell recognition®. The RBD region is highly
variable between different cdid genes, and in E. coli four distinct classes are recognized by
sequence identity. Classes 1-3 bind the outer membrane porins BamA !4, heterotrimeric OmpC-
OmpF!2, and tsx® respectively, while class 4 RBDs target a core phosphorylated heptose in
LPS3!. The extracellular components targeted by receptor binding domains are highly variable,
and thus RBDs tend to recognize the corresponding receptors of only closely related species®.
Downstream of the RBD is an extended tyrosine-proline rich region, termed the YP domain,
which is necessary for cell surface presentation and therefore likely forms contacts with the
inhibitor cell surface or with CdiB!’. This domain links directly to the FHA-2 domain, which
bears resemblance to FHA-1, although structural modeling indicates that it contains many beta-
strand excursions of varying length which change the number of residues between the beta-
helical, FHA-like repeats. FHA-2 has been shown to associate with the surface of the target

cell and is thought to form a pore for translocation of the rest of the C-terminus of CdiA into
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the target cell periplasm!’. Downstream of FHA-2 is a region termed the “pre-toxin” (PT)
domain due to its proximity to the extreme C-terminal toxin!’. This domain ends in a conserved
“VENN” motif (or “ELYN” in Burkholderia species’) that has been identified as a cleavage
site that liberates the C-terminus of CdiA into the target cell periplasm. Processing immediately
C-terminal to the final asparagine residue has been shown to be crucial for proper delivery of
toxin to the target cytosol. The PT domain has been postulated to be important in this cleavage
process, perhaps carrying autoproteolytic acvitity®!”.

While majority of CdiA is highly conserved between species, considerable variability
exists in the previously covered RBD, as well as the post-VENN C-terminus of CdiA (CdiA-
CT). This region may contain one or two domains, with the extreme C-terminal domain
possessing toxic activity and the N-terminal “entry” domain mediating translocation across the
inner membrane. Entry domains have previously been characterized through mutagenesis of
target bacteria and selection for CDI-resistant mutants. Many factors identified by these
screens are inner membrane proteins which confer resistance to toxicity through native
delivery pathways, but not through internal toxin expression'®. For example, CdiA-CTEC3006
from E. coli isolate EC3006 requires the glucose-specific phosphotransferase system PtsG for
inhibition of target cells during co-culture, but cells expressing cytoplasmic CdiA-CTEC3006
exhibit toxicity in a PtsG-independent manner. Additionally, when this entry domain is
swapped with distinct CdiA-CTs, those fusions are endowed with PtsG-dependent delivery!®,
Interactions between entry domains and inner membrane proteins have been shown to mediate
translocation through a mechanism that, although unknown, does not rely on the hijacked
protein’s native import functions and is dependent on the PMF?®. One potential exception to

this observation may exist for entry domains targeting the Sec machinery, such as those found
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in CdiA-CTo10%% and CdiA-CTON03224 8 The introduction of a bulky side chain into the
lumen of SecY confers partial resistance to their CdiA-CT activities, and full resistance is
observed when coupled with disruptions of SecY associated proteins PpiD or YgfM. The
necessity of an available lumen may indicate that these CdiA-CTs travel backwards through
the export machinery and may later insert into the membrane as a step in translocation of the
toxin domain. Despite the potential exception of these entry domains, current findings suggest
a universal translocation mechanism across the inner membrane, despite the expansive
heterogeneity of entry domains.

While the toxin activities of CdiA-CTs are largely uncharacterized’, the majority of
characterized toxins harbor various nuclease activities. The first characterized toxin from E.
coli isolate EC93 appears to form pores in the inner membrane that dissipate the proton motive
force and cause reversible changes in cell morphology®*. Better characterized toxin domains
include CdiA-CTP®%72 from Dickeya dadantii 3937 CDI module 2, which nonspecifically
degrades DNA in the targeted cell'!. Other toxin domains target RNA instead, such as CdiA-
CTEL from Enterobacter cloacae which cleaves 16S rRNA® and CdiA-CTSTECO3! from E.
coli STEC_031 which cleaves tRNASM at a specific site near the anticodon!®. Some toxins

require specific co-factors in the cell for function, such as CdiA-CTEC86?

which requires EF-
Tu to cleave targeted tRNAs®® and CdiA-CTYPECS3¢ which requires the biosynthetic enzyme
CysK to perform a similar tRNase function®’. In the latter case, binding to CysK stabilizes the
toxin’s fold by anchoring its C-terminus and forming an interaction interface that increases
thermostability®®. Low thermostability may be a trend among CdiA-CTs, which must remain

unfolded in the inhibitor periplasm and subsequently cross 3 membranes to reach the target

cell’s cytosol.
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In addition to the two proteins encoded by Type Vb secretion systems, many CDI
systems encode an additional gene downstream of cdid which functions as an antitoxin to a
cognate CdiA-CT!*!!, This gene, termed cdil, prevents genetically similar cells from inhibiting
one another by providing specific immunity against the toxin deployed by CdiA. For example,

cells expressing CdilVPECS33

are protected from inhibition when co-cultured with cells
expressing CdiAYPECS36 but exhibit growth inhibition when co-cultured with cells expressing
CdiAE3 11, When a chimera is generated containing a fusion of CdiA-CTVPEC336 to CdiAEC?,
cells expressing CdilVPEC33¢ are protected. Crystal structures of Cdil-CdiA-CT complexes
illustrate a specific binding interaction between the two cognate proteins, where the bound
CdiA-CT is rendered inactive either by occlusion of its catalytic site® or through an allosteric
mechanism?®. Thus, CdiA-CT-Cdil interactions bear resemblance to classic toxin-antitoxin

(TA) systems like colicins and plasmid TA modules, but are delivered via a completely

heterologous, contact-dependent mechanism.

Mechanism of CDI Delivery

The secretion, surface presentation, and delivery of CdiA occurs in a highly controlled
manner through a series of stable intermediates. First, CdiB is targeted to the target cell outer
membrane via signal peptide-mediated export through the Sec machinery into the periplasm
and assembly into the outer membrane aided by the Bam complex. Then, CdiA follows a
similar Sec-mediated pathway to the periplasm, where it may begin interactions with CdiB.
Chaperones in both the cytosol and periplasm prevent full folding of CdiA until the protein is
presented on the surface of the cell®8. Following signal peptide removal, the TPS domain at the

mature N-terminus recognizes the POTRA domains of CdiB, which initiates secretion of the
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extended polypeptide through the lumen of the porin®®. Co-secretional folding powers
assembly of stacking beta-helices of the FHA-1 domain, which accounts for the majority of
the N-terminal half of the protein. CdiA is too large to occupy the CdiB lumen in a folded
state’, so this folded region may interact with the barrel’s extracellular loops or may form
some other interaction for tethering to the outer membrane.

Past models of CDI describe the delivery mechanism as a “toxin on a stick”, whereby
the entire protein is immediately secreted, folded and presented on the surface, with CdiA-CT
forming the most distal tip of the filament®!. Presumably, the RBD in the middle of the folded
filament then contacts a target cell and the toxin is deposited in the target periplasm via an
unknown mechanism. However, recent work by Ruhe et al., 20187 has shed light on the cell
surface presentation of CdiA and part of its delivery into target cells. They show that initially,
the FHA-1 domain forms an extended rigid filament ending at the receptor binding domain.
Thus, the RBD is presented at the far end of the filament while the C-terminal region of the
RBD as well as the YP domain form an extended polypeptide chain that crosses the outer
membrane back into the periplasm. The domains C-terminal to the YP region, including FHA-
2, the pre-toxin domain, the cytoplasmic entry domain, and the effector domain remain
sequestered in the periplasm in an unfolded state. This partially secreted hairpin-like structure
is held stably on the cell surface until the RBD encounters its cognate receptor on a neighboring
cell. Folding of the RBD in the presence of the receptor triggers export and subsequent folding
of the C-terminal half of CdiA. Based on the predicted structural model, the FHA-2 domain is
thought to fold into beta helices that stack on top of the FHA-1 and RBD beta helices and
extend toward the target cell membrane. Beta-strand spacers between these FHA-2 repeat

sequences may form a pore capable of translocating the rest of the C-terminus of CdiA into the
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target cell periplasm. Thus, the energy of folding could power transport across the target cell
outer membrane, explaining why no energy source has been attributed to this step in CDI,
unlike colicins which use the Tol and Ton systems to power their entry®?.

Delivery of the pre-toxin domain and CdiA-CT into the target cell periplasm could
trigger autoproteolytic cleavage at the VENN sequence, liberating CdiA-CT from the rest of
the polypeptide. The cytoplasm entry domain of the free CdiA-CT may then recognize
periplasmic epitopes of its cognate inner membrane receptor and mediate inner membrane
translocation through an unknown, PMF-dependent manner. Once inside the cell, the highly
variable effector domain exhibits toxic activity by interfering with core cellular processes to
inhibit growth. Cells carrying cognate immunity proteins would avoid effector-mediated

growth inhibition by binding and inactivating CdiA-CT.

Conclusion of Introduction

While the Sec pathway performs general cellular functions, Type I-VI secretion
systems offer highly specialized pathways out of the cell and sometimes into targeted
eukaryotic or bacterial cells. In the case of T2SS and T5SS, the general secretory pathway is
necessary to deliver the desired effectors into the periplasm for interaction with the secretory
apparatus. In contrast, T1SS, T3SS, T4SS, and T6SS span both membranes, transporting
effectors from the cytosol to their destined locations either in the extracellular milieu or the
inside of another cell. At a glance, CDI seems to be one of the simplest pathways, requiring
only two proteins, CdiA and CdiB for specific translocation across up to three membranes to
reach the target cell cytosol. However, the large, multidomain CdiA performs complex

functions and undergoes multiple structural rearrangements during delivery. Some steps in this
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dynamic pathway have recently become better understood, including the static presentation of
CdiA on the cell surface and the export of the full protein after receptor binding®!”. Other steps,
such as presumed liberation of CdiA-CT by the pre-toxin domain and translocation across the

target cell inner membrane, are poorly understood. Additionally, the characterized activities of

19,85,93,94 14,84
2

CDI effector domains currently remain limited to nucleases and pore formers
despite evidence that much greater diversity exists®. It is my hope that the work performed

here sheds light on the diversity and mechanisms underlying the cytoplasm entry domains and

effector domains of various CdiA-CTs.
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I1. Identification of Inner Membrane Proteins Involved in CDI

Abstract

Contact dependent growth inhibition (CDI) systems are made up of two partners, CdiA
and CdiB, which coordinate to deliver a toxic effector from the periplasm of a producing
“inhibitor” cell to the cytoplasm of a receiving “target” cell’. One critical step in CDI delivery
involves liberation of the C-terminus of CdiA from the rest of the large protein, releasing a
two-domain protein, termed CdiA-CT, into the target cell periplasm!”-%3, Free CdiA-CT must
then traverse the target cell inner membrane to access the cytosol and perform its toxic activity.
The mediator of the translocation step has been localized to the N-terminal “cytoplasm-entry”
domain of CdiA-CT, while toxic functions are attributed to the C-terminal effector domain!'3%.
Additionally, it has been found that cytoplasm-entry domains require specific proteins in the
target cell inner membrane in order to perform translocation via an unknown mechanism!8,
These domains exhibit high polymorphism, and unique inner membrane proteins have been
identified to be required to translocation via various domains. Here, I use transposon
mutagenesis to identify permissive factors involved in resistance to specific CdiA-CTs and
demonstrate that these factors are likely required for translocation across the cytoplasmic
membrane. While some of the identified factors are novel, including AroP, AmpG, MtIA, and
YajC, others are previously identified, including GItJK and FtsH. In the latter two cases,
dissimilarities between genetically distinct cytoplasm entry domains which target the same

proteins are postulated to recognize distinct epitopes on the periplasmic surface.
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Introduction

Targeting of CDI systems to neighboring cells requires the recognition of multiple
specific epitopes. The first target-recognition event involves a binding event between the
receptor binding domain and an extracellularly available motif on the target cell surface®. Four
classes of RBDs have been identified in E. coli which bind to distinct epitopes on either outer
membrane porins®!'!4 or components of LPS®!. After RBD-mediated deployment of FHA-2
and translocation of the C-terimnus of CdiA across the target cell outer membrane, a second
receptor recognition event occurs. Here, the cytoplasm entry domain of proteolytically-
liberated CdiA-CT recognizes periplasmic epitopes of inner membrane proteins'®%2, Many
recognized inner membrane proteins have been identified for various CDI systems, including
Metl, PtsG, FtsH, YciB, RbsC, GItJK, SecY, and AcrB'4!333 While some of these proteins
use ATP or the transfer of high energy phosphates to power the import of their native
substrates, others have no known import function. For example, AcrB forms part of the AcrAB-
TolC multidrug efflux pump, which uses the proton motive force to export molecules from the

cytoplasm®’. Interestingly, the involvement of AcrB in the import of CdiA-CTE?

appears to
be independent of its native function, as cells containing mutations in TolC or AcrA are still
sensitive to CDI'*, This may indicate that in CDI, inner membrane proteins function primarily
as specific receptors that localize the CdiA-CT to the inner membrane, where a general
translocation mechanism takes place for entry into the cytosol.

CDI systems in enterobacteria are thought to encode at least 29 distinct families of
cytoplasm entry domains, determined by primary sequence identity (unpublished data).
Currently, only a third of those families have been linked to a specific inner membrane protein

or IM protein complex!*!3#> (unpublished data). Identification of factors linked to
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uncharacterized entry domains could yield insight into the range of targets for receptor
recognition and the mechanism underlying the final translocation step in CDI. Here, I identify
AmpG, MtlA, YajC, and AroP as novel inner membrane proteins presumably involved in
translocating CdiA-CTs across the cytoplasmic membrane. Additionally, I find that two
previously recognized CDI-associated inner membrane proteins, FtsH and GItJK, are
associated with novel cytoplasm entry domains, suggesting that these entry domains may

recognize unique epitopes on the associated inner membrane proteins.

Mariner Transposon Mutagenesis and Selection for CDI-Resistant Mutants
CDlI-associated factors have previously been identified via mutagenesis of CDI-
susceptible bacteria and selection for CDI-resistant mutants®!>!41886  Randomized
mutagenesis of E. coli cells is commonly performed using a variety of mutagenic agents
including chemical mutagens, UV light, and transposable elements. While the former two
approaches generate single nucleotide changes that lack easy traceability, transposable
elements generate large insertions and can be engineered to carry resistance markers as well as
other components necessary for identifying their location in the genome®®. Regardless of the
mutagenic approach, enrichment of CDI-resistant mutants from pools of mutagenized cells
takes advantage of the fact that CDI-sensitive cells often experience a drastic decrease in
viability during co-culture with CDI" inhibitor cells. Meanwhile, CDI-resistant cells continue
to grow normally. Over multiple rounds of exposure to CDI" cells, resistant mutants will vastly
outnumber sensitive mutants, allowing the simple isolation of an isogenic resistant colony,

followed by recovery of an inserted genetic marker or whole-genome sequencing.
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To generate mutagenized target cells for selection, independent pools of MG1655 Awzb
E. coli were mated with a donor strain carrying a mobilizable pSC189 plasmid. Target cells
lacking the colonic acid biosynthetic wzb gene were chosen as mutations upregulating
biosynthesis and formation of capsule have been shown to block CDI, leading to accumulation
of undesirable resistant mutants'#. Inhibitor cells were generated for co-culture selections
carrying chimeric fusions of various CdiA-CTs to CdiAE“? from E. coli isolate EC93, lacking
CdiA-CTEC?, These chimeras allow for targeted selection for factors associated specifically
with the CdiA-CT, as the receptor binding domain of CdiA®® recognizes the essential outer
membrane protein BamA, which is unlikely to accumulate viable transposon insertions!*,
Potential genes linked to CDI resistance should thus be limited to factors associated with the
specific fused CdiA-CT.

Candidate CdiA-CTs for selection were chosen by the identity of their cytoplasm entry
domains, which appear distinct by primary sequence from those previously identified. Three
of the selected CdiA-CTs bear characterized toxin domains, including CdiA-CTE“!® from
Erwinia chrysanthemi EC16 which cleaves 16S tRNA%, CdAiA-CTP®%7 from Dickeya
dadantii which degrades DNA!!, and CdiA-CTPB51% from Citrobacter rodentium DBS100
which acts as a cysteine protease (unpublished data). The other selected CdiA-CTs include
CdiA-CTWPP163 from Pectobacterium parmentieri WPP163, CdiA-CTS!! from Enterobacter
cloacae S611, and CdiA-CTY™ from E. cloacae UCI49. Enrichment of mariner transposon-
mutagenized pools against each chimeric inhibitor yielded resistant mutants after 2 to 4 rounds
of co-culture, from which single colonies were isolated and tested for resistance. To confirm
that the CDI-resistant phenotype of individual colonies was caused by mariner transposon

insertion, the transposon-associated kanamycin marker was transduced using P1 phage into
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CDlI-sensitive non-mutagenized MG1655 Awzb E. coli. Surprisingly, multiple enriched pools
across the tested chimeras exhibited CDI-resistant phenotypes which were not linked to a

transposon marker.

CdiA-CT from EC16 Recognizes Known CDI-Associated Factor GItJK

Enrichment of three independent transposon-mutagenized pools for mutants resistant
to CdiA-CTEC! yielded two linked mutants harboring insertions in either gitJ or gltK (Figure
1A-C). GltJ and GItK are inner membrane proteins that complex with the ATP-binding protein
GItL and periplasmic binding protein GItI to form an ABC transporter for import of L-
glutamate and L-aspartate®®. All four proteins are encoded within the same operon, with g/z/
and g/tK most downstream. To ensure that identified insertions do not simply induce polar
effects on the g/t/JKL operon, in frame insertions in each gene were tested in co-culture with
chimeric cdiA??3-CTEC!6 (termed CDIEC!®) inhibitors. Loss of either gltJ or gltK was sufficient
to confer CDIEC!® resistance and complementation of the respective genes on a plasmid
restored wild-type levels of inhibition (Figure 1C). Additionally, Agltl and AgltL cells were

sensitive to CDIEC1®

, confirming that only the membrane-associated proteins are required for
delivery.

Interestingly, these proteins have previously been reported as CDI-associated receptors
for cytoplasm entry domains from Photorhabdus luminescens TTO1'® and Burkholderia
multivorans CGD2M”®. It was found that importer activity is not necessary for uptake of P.
luminescens CdiA-CT, as AgltL cells retain CDI-sensitivity. This is also the case for CdiA-

CTEC!6, Alignment of the CdiA-CTs reveals little significant homology between any of their

N-terminal cytoplasm entry domains aside from two highly conserved Cys residues which are
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predicted to form separate disulfides with less conserved cysteines (Figure 1D). In the case of
B. multivorans CGD2M, it was reported that this entry domain does not recognize E. coli GItJK
(although it does recognize E. coli Glt] in complex with B. multivorans GItK, perhaps
indicating that GtlK residues form the majority of the epitope while GltJ is important for proper
presentation of GItK)’. However, in the case of CdiA-CTTT9!, screens identifying association
of GItJK with were performed in E. coli. Lack of sequence homology between TTO1 and EC16
may suggest either that these sequences form similar structures with the similar activities, or
that they may recognize distinct epitopes of the GItJK complex. Comparison of structural
models of the two entry domains generated by AlphaFold2!9%1%! show that both have high
alpha-helical content, a property consistent among CDI entry domains (Figure 1E). Although
two disulfide-linked helices are conserved, most of the domains are structurally dissimilar,
supporting the possibility that each entry domain recognizes a distinct region of the GItJK

surface.

AroP, AmpG, MtIA, and YajC are Novel CDI-Associated Inner Membrane Proteins

Enrichment of transposon pools and selection of these pools against cdid2?? fusions
with cdid-CTs from Dd3937, WPP163, S611, and C. rod yielded insertions in aroP, ampG,
mtlA, and yajC, respectively (Figures 2A&B, 3A&B, 4A&B, SA&B). In each case, in frame
insertions generated by the Keio collection!® into each of the respective genes led to CDI-
resistance, and complementation with the corresponding plasmid-borne gene rescued CDI-
sensitivity (Figure 3C, 4C, 5C).

AroP is an inner membrane permease that imports the aromatic amino acids Phe, Tyr,

and Trp using the PMF!'»1%4 1t is encoded as a single gene and is not predicted to complex
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TPd3937 interaction

with other inner membrane proteins that could potentially share a CdiA-C
surface. Topology models propose 12 transmembrane helices, as well as only 2 minimal
periplasmic excursions determined by fusions with alkaline phosphatase!'®. The periplasmic
loops of inner membrane proteins have previously been proposed to form the recognition
epitopes for CDI entry domains'®, and the minimal available interaction surfaces in the
periplasm of AroP may make it an attractive model to study the mechanism of CDI
translocation. Interestingly, transposon-linked mutants in aroP are not fully resistant to growth
inhibition by CDIP#%7 with inhibitors retaining a ~10-fold growth advantage after 3 hours of
co-culture (Figure 2A, bottom panel). This could suggest an alternative, suboptimal entry
pathway for CdiA-CTP%%7 across the cytoplasm involving a separate inner membrane protein.
Alternatively, AroP could be recognized in complex with another periplasmic epitope, where
loss of AroP makes interactions with the entry domain suboptimal and thus reduces inhibition.
This protein is unlikely to be a co-factor for DNase activity of the effector domain, as in vitro
reactions demonstrate high processivity against plasmid DNA!!, presumably in the absence of
AroP.

AmpG is an inner membrane permease that facilitates the import of cell wall
degradation products using the proton motive force!%. It works alongside the cytosolic amidase
AmpD to induce expression of beta-lactamase, AmpC, and plays a role in cell wall recycling
in Gram-negative bacteria!®”. AmpG has no known inner membrane partners, making it likely
that it is the only inner membrane protein with recognition epitopes for CdiA-CTWPP163,
Topology mapping of AmpG via generation of fusion proteins indicates an even more minimal
periplasmic landscape than is present in AroP!'%, suggesting that very little context is required

for recognition by the WPP163 entry domain. To confirm that AmpG is necessary for passage
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across the cytoplasmic membrane rather than functioning as a co-factor for toxic activity, the
cdid-CT"PP18_cdi]"PP1% complex was internally expressed in cells under an arabinose
inducible promoter. To eliminate the immunity protein and allow growth inhibition, a modified
SsrA tag was fused to C-terminus of CdilVF?163 for ClpXP-mediated degradation'?”. Induction
of this construct with arabinose showed no difference in growth inhibition between wild-type
and AampG cells (Figure 3D), indicating that the inner membrane protein is not required for
the activity of endogenously expressed CdiA-CT. Therefore, AmpG is likely co-opted by the
cytoplasm entry domain of CdiA-CTYPP163 for traversal of the cytoplasmic membrane.

In contrast to the two previous inner membrane proteins, topology maps of the CdiA-
CTS!-associated MtIA demonstrate more significant periplasmic loops for interaction with
the entry domain'', MtIA is a phosphotransferase system (PTS) powered by
phosphoenolpyruvate which imports and phosphorylates D-mannitol'!!. As opposed to many
PTS proteins, MtlA is a fusion of the IIA, IIB, and IIC components, covalently linking the

membrane transporter to the phosphotransfer machinery!!2.

Although CDI cytoplasm entry
domains have been reported to function independently of associated import functions!'®, it’s
possible that the CdiA-CTS®!! entry domain interacts with the periplasmic loops of MtIA in a
similar manner to its substrate to mediate recognition. To confirm that the inner membrane
protein is not involved in its uncharacterized mechanism of inhibition, an internal expression
constructs was generated similar to that of CdiA-CTYPP!63, This construct showed no

difference in inhibition between wild-type and AmtlA cells, indicating that endogenously

expressed CdiA-CTS¢!! bypasses the requirement for MtlA.
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Compared to inhibition levels of the other CdiA-CT fusions explored in this section,
CdiA-CT5®!! exhibited at least 10-fold less inhibition during co-culture with susceptible target
cells. It was therefore hypothesized that low expression of MtlA in co-culture conditions could
be responsible for lower inhibition levels when compared to fusions targeting constitutively
expressed inner membrane proteins. Transcriptional de-repression of mt/4 in the presence D-
mannitol, which binds the repressor MtIR, has been found to increase expression 20-fold!!?.
However, co-culture inhibition of CDI-sensitive cells was not significantly different in the
presence of D-mannitol (Figure 4D). This may indicate that even low levels of inner membrane
proteins are sufficient to translocate overexpressed CdiA-CTs into the cytoplasm, suggesting
that translocation across the cytoplasmic membrane is not a rate-limiting step of CDI.

Enrichment of transposon mutants against CdiA-CTPB5!% from C. rodentium DBS100
resulted in three sequenced insertions in a protein of unknown function, YajC. CDIPBSI00.
resistant cells were also resistant to delivery of another CdiA-CT from Yersinia kristensenii
ATCC 33638, which bears highly similar entry domain and a distinct effector domain®,
confirming that the requirement for YajC is directly related to the cytoplasm entry domain.
The inner membrane protein is encoded in the yajC-secDF operon and has been reported to
form part of the general secretory pathway SecYEG-SecDF-YajC-YidC holo-translocon!!#,
Thus, it’s possible that other components of the holotranslocon may contribute to the
periplasmic binding epitope of CdiA-CTPBES!%, Transposon insertions into these other genes
are not expected to be viable as they are all essential, potentially explaining why only yajC
insertions were recovered. It’s also possible that transposon insertion into yajC could exhibit a
polar effect on secDF downstream in the operon. However, complementation of the transduced

mutants with plasmid-borne yajC was sufficient to restore CDIPBS!% gensitivity. Additionally,
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in-frame Keio insertions exhibited a similar CDI-resistant phenotype that could be restored by
complementation with yajC (Figure 5C). Therefore, it is clear that YajC is necessary for
recognition and unlikely that SecD or SecF contribute to the binding epitope of CdiA-CTPBS100]
as polar effects generated by mariner transposons require only YajC provided in trans to
restore sensitivity (Figure 5D). However, contacts between YajC and the SecYEG complex
have been postulated, suggesting that these proteins may contribute to a binding epitope. This
is furthered by the size of YajC, which contains only one transmembrane helix and a significant
periplasmic region. Most of this periplasmic region is potentially buried during assembly with
the rest of the holo-translocon, resulting in a mixture of periplasmic regions from YajC and the

surrounding proteins. Selection of UV mutants against CdiA-CTPBS100

and sequencing of yajC
from resistant mutants yielded multiple strains with nonsense mutations in the locus which
conferred resistance, as well as a single point mutation, V72G. This mutation was confirmed
to be responsible for CDI-resistance, as complementation with plasmid-borne yajC fully
restored CDI sensitivity (Figure 5D). Based upon a crystal structure of YajC in complex with
AcrB!" and AlphaFold2-predicted monomer structure, V72 resides in the hydrophobic core of
the periplasmic domain. It’s unlikely that this mutation would prevent expression or
presentation of YajC on the cytoplasmic membrane, but disruption of hydrophobic packing
could drastically change the fold of this domain, rendering it unrecognizable by CdiA-
CTPBS100 While this may not reveal an obvious point of contact between the two domains, it

does confirm that the periplasmic region of the inner membrane protein is specifically

recognized during CDI delivery.
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CdiA-CT from E. cloacae UCI49 Recognizes FtsH

Enrichment of transposon mutagenized target cells against CdiA-CTU* yielded no
significant resistance after three rounds of selection (Figure 6A). This is expected to be the
case if all associated factors are essential and do not tolerate transposon insertions. A position-
specific iterative BLAST of the cytoplasmic entry domain revealed distant homology to a

previously characterized entry domain from CdiAECt

, which is known to target FtsH for
translocation'®. Alignment of CdiA-CTY“™ with CdiA-CTECL as well as FtsH-targeting CdiA-
CTECS36 reveals little homology at the level of primary sequence (Figure 6B). However, co-
culture of chimeric CdiA-CTY™® with target cells lacking FtsH demonstrates a clear
dependence upon the inner membrane (Figure 6C). The CDI-resistant phenotype can be
reversed by complementation with plasmid-borne fisH, confirming its involvement with this
CDI system. In addition to the lack of similarity in primary sequence, comparison of the entry
domains AlphaFold2 model of CdiA-CTV!* and a crystal structure of CdiA-CTEC36 88 shows

little structural similarity. This could indicate that this novel entry domain recognizes distinct

periplasmic epitopes from the previously identified FtsH-targeting domains.

Discussion

Transposon mutagenesis has continually proved to be an effective strategy for the
identification of permissive factors involved in CDI'>!®, Here, pools of transposon-
mutagenized E. coli were selected for resistance to various cdid-CTs fused to the previously
characterized cdiA?“?? scaffold!®!4. Novel CDI-associated inner membrane proteins including
AroP, Mtla, AmpG, and YajC highlight the diversity of proteins co-opted by the cytoplasm

entry domains of various CdiA-CTs. The functional dissimilarity between the identified
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proteins reinforces evidence that translocation across the cytoplasm of target cells is not related
to import functions of involved inner membrane protein'®. Instead, these proteins likely act as
periplasmic receptors, triggering a PMF-dependent delivery mechanism facilitated by the
cytoplasm entry domain of CdiA-CT?®2, It’s possible that this mechanism could involve direct
interactions of the entry domain with the lipid bilayer, as a family of these domains has been
identified to form molten-globule-like structures!!®.

In addition to the novel inner membrane proteins identified here, some CdiA-CTs were
identified to be associated with previously identified factors including GItJK and FtsH!®%,
Given the lack of primary sequence and predicted structural homology between the entry
domains characterized here and those characterized previously, it’s possible that each entry
domain recognizes distinct epitopes on the cell surface of the respective inner membrane
protein. Further study of interactions with GItJK could yield new insights into the mechanism
of entry or contact points between the entry domain and periplasmic epitopes. In a similar
manner to the methodology described previously®®, pieces of GItJK from E. coli could be
grafted onto unrecognizable GItJK from B. multiovorans. It’s possible that regions determined
to be necessary for translocation of P. luminescens TTO1 and E. chrysanthemi EC16 would be
different, confirming the recognition of distinct epitopes. Identification of important single
residues could also be easily done with UV mutagenesis now that the associated inner
membrane protein has been identified. Perhaps single point mutations causing resistance to
only one entry domain and not the other could be used to map distinct recognition epitopes.

Although many CDI-associated inner membrane proteins have been identified here,
many recognized cdid-CTs harbor genetically distinct entry domains from those previously

identified'®!'® (unpublished data). To reveal the true diversity of periplasmic epitopes targeted

26



by CdiA-CTs, further mutagenesis should be performed. These screens are also able to identify
other CDI-associated factors, such as extracellular recognition epitopes or co-factors required
for toxicity®!28188 A systematic search for more of these factors has the potential to provide
important insights into the cellular processes co-opted for import of toxic effectors, as well as

the mechanisms of import and toxicity.
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Figure 1. Selection for CdiA-CT"“"*-Resistant Mutants Reveals a Requirement for GItJK

A. Selection of transposon mutagenized CDI-sensitive CH7367 pools against CdiA-CT . Single
colonies from resistant pools were competed (middle graph) to confirm their resistance. CH7367 cells

transduced with transposon-associated kanamycin resistance markers from respective cprt single colonies
were competed (bottom graph). In each case CH7286 cells were used as a CDI-sensitive control.

B. Location and orientation of transposon insertions in g/tJK for resistant, transduced colonies. Upper and
lower markers denote insertions in the “forward” and “reverse” orientations of the ORF respectively.

C. Competitive indices of CDI'"° chimeric inhibitors co-cultured for 3 hours with indicated target cells.
D. Multiple sequence alignment of CdiA-CTs from E. chrysanthemi EC16, P. luminescens TTO1, and B.
multivorans CGD2M, beginning at the conserved VENN motif.

E. Structural alignment of AlphaFold2 models of CdiA-CT entry domains from E. chrysanthemi EC16
(green) and P. luminescens TTOI (blue).
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Figure 2. Selection for CAiA-CT " Resistant Mutants Suggests Involvement of AroP.
A. Selection of transposon mutagenized CDI-sensitive CH7367 pools against cdia-ct™”. Single colonies

from resistant pools were competed (middle graph) to confirm their resistance. CH7367 cells transduced with

. . . . R . .
transposon-associated kanamycin resistance markers from respective CDI  single colonies were competed
(bottom graph). In each case CH7286 cells were used as a CDI-sensitive control.

B. Location and orientation of transposon insertions in aroP for resistant, transduced colonies. Upper and
lower markers denote insertions in the “forward” and “reverse” orientations of the ORF respectively.
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Figure 3. Selection for CdiA-CT" " ""*_Resistant Mutants Reveals a Requirement for AmpG.

A. Selection of transposon mutagenized CDI-sensitive CH7367 pools against cdia-cTV"™®, Single colonies
from resistant pools were competed (middle graph) to confirm their resistance. CH7367 cells transduced with
transposon-associated kanamycin resistance markers from respective cpr® single colonies were competed
(bottom graph). In each case CH7286 cells were used as a CDI-sensitive control.

B. Location and orientation of transposon insertions in ampG for resistant, transduced colonies. Upper and
lower markers denote insertions in the “forward” and “reverse” orientations of the ORF respectively.

C. Competitive indices of DIV chimeric inhibitors co-cultured for 3 hours with indicated target cells.
D. Transformation of a cdid-CT" " *-cdil”™'”-DAS construct into wild-type CH7286 cells (WT) or AampG
cells, followed by plating of transformants on LB-agar containing 20pg/mL tetracycline and either 0.4%
glucose or 0.2% arabinose.
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Figure 4. Selection for CdiA-CT """ -Resistant Mutants Reveals a Requirement for MtIA.

A. Selection of transposon mutagenized CDI-sensitive CH7367 pools against cdia-cT™". Single colonies

from resistant pools were competed (middle graph) to confirm their resistance. CH7367 cells transduced with
transposon-associated kanamycin resistance markers from respective cpr® single colonies were competed
(bottom graph). In each case CH7286 cells were used as a CDI-sensitive control.

B. Location and orientation of transposon insertions in mtl4 for resistant, transduced colonies. Upper and
lower markers denote insertions in the “forward” and “reverse” orientations of the ORF respectively.

C. Competitive indices of CDI*" chimeric inhibitors co-cultured for 3 hours with indicated target cells.

D. Transformation of a cdid-CT"""-cdil’*'-DAS construct into wild-type CH7286 cells (WT) or AmtlA cells,
followed by plating of transformants on LB-agar containing 20pg/mL tetracycline and either 0.4% glucose or
0.2% arabinose.

E. Competitive indices of CDI*" chimeric inhibitors co-cultured for 3 hours with indicated target cells in
either the presence or absence of 0.4% D-mannitol. Targets bore plasmids either as empty vector controls (EV)
or with the cognate cdir®’ immunity gene.
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Figure 5. Selection for cdia-cT™™

A. Selection of transposon mutagenized CDI-sensitive CH7367 pools against CdiA-CT . Single colonies
from resistant pools were competed (middle graph) to confirm their resistance. CH7367 cells transduced with

*_Resistant Mutants Reveals Involvement of YajC.
DBS100

transposon-associated kanamycin resistance markers from respective cpI® single colonies were competed
against either CDI™®*' or CDI™™™ chimeric inhibitors (bottom graph). In each case CH7286 cells were used
as a CDI-sensitive control for both inhibitors.

B. Location and orientation of transposon insertions in yajC for resistant, transduced colonies. Upper and lower
markers denote insertions in the “forward” and “reverse” orientations of the ORF respectively.

C-D. Competitive indices of CDI™™' chimeric inhibitors co-cultured for 3 hours with indicated target cells.
In Figure 5D, the “Pools” refer to isogenic linked transposon mutants from the bottom panel of Figure 5A.
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Figure 6. cpr Requires FtsH for Delivery into Target Cells.

A. Three rounds of enrichment of transposon mutagenized CDI-sensitive CH7367 pools against CdiA-CT
CH7286 cells were used as a CDI-sensitive control.

B. Multiple sequence alignment of CdiA-CTs from E. cloacae UCI49, E. coli EC536, and E. cloacae ATCC
13047

C. Target CFU/mL of mock and chimeric CDI
indicated target cells.

UCI49

UCI49 EC536

and CDI inhibitors co-cultured for 5 hours with
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Materials and Methods

Table 1. Bacterial Strains

Strains Genotype Source
X90 F'laclqg lac' pro'/ara A(lac-pro) nall argE(Am) ri)‘R thi-1. -
F- [araD139]B/r A(argF-lac)169* &lambda- el4- fIhD5301 A(fruK-yeiR)725
MC4100 (frud25)f relAl rpsL150(strR) rbsR22 A(fimB-fimE)632(::1S1) deoC1 Rif* 18
CH120010  MC4100 AglL: kan Rif  Kan" 18
CH12007 MC4100 Agltl: :kan Rif" Kan" 18
CH12008 MC4100 Aglt]: kan Rif Kan' 18
CH12009 MC4100 AgltK::kan Rif Kan' 18
CH2552 EPI100 pir+ TpR 18
MG1655 RP4-2-Tc::[AMul ::aac(3)IV-daphA-Anic35-AMu?::zeo]
MFDpir AdapA::(erm-pir) ArecA Aer Zeo' Erm" 167
MG1655 K-12 F— 21— ilvG—rfb-50 rph-1 -
CH43 MG1655AfisH AlpxC::kan Kan" 168
CH7157 X90 DelpX DelpA: -kan Kan' 169
CH3778 MG1655 Awzb AarfB bamA(A2014-2043) This Study
CH7367 MG1655 Awzb 17
CH7286 MG1655 Awzb. -kan Kan" 17
CH8420 MG1655 Awzb AampG::kan Kan' This Study
(CH8508 MG1655 Awzb AyajC::kan Kan' This Study
CH8827 MG1655 Awzb AmtlA: kan Kan" This Study

Abbreviations: AmpR , ampicillin-resistant; CmR , chloramphenicol-resistant; KanR , kanamycin-resistance;
RifR , rifampicin-resistant; TetR , tetracycline-resistant; TpR , trimethoprim-resistant
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Table 2. Plasmids

Plasmid Description Source
CH12025 pTrc99aKX::gltJ, IPTG-inducible expression of glt/, AmpR 18
CH12132 pTrc99aKX::gltK, IPTG-inducible expression of g/tk, AmpR 18
Constitutive expression of chimeric cdid”™”-cT" and

CHI3171 cdil’ ™’ Cm" 18

. . . . . . EC93 kris

Constitutive expression of chimeric cdid -C 7" and

CH14361 cdil ", Cm" 94
Constitutive expression of chimeric cdid””-c1"" and

CH2005 cdil’™” Amp" This Study
Constitutive expression of chimeric cdid””-cT"™” and

CH2006 cdil’”"'”, Amp" This Study

Trc99a IPTG-Inducible Expression Plasmid, AmpR GE Healthcare

CH475 pTrc99a::ftsH, IPTG-inducible expression of fisH, AmpR 18
Mobilizable plasmid with R6Ky replication origin. Carries
the mariner transposon containing kanamycin-resistance
cassette,

SC189A Amp" Kan" 171

CH450 pACYC184 Derivative with E. coli araBAD promoter, Tet: 82
pCH450::cdiA-CT-cdil-DAS (P. parmienteri WPP163 0433),

CH8422 Arabinose Inducible Degradation Construct, Tet' This Study

CHS8510 pTrc99a::yajC, IPTG-inducible expression of yajC, AmpR This Study
Constitutive expression of chimeric cdid””-cT"" and

CHS8539 cdil””"! Amp" This Study
Constitutive expression of chimeric cdid””-c1”™"" and

CH8826 cdil’”™"”’ Amp" This Study

CHS8828 pCH405A::mtlA, constitutive expression of mtlA4, Tet' This Study
pCH450::cdiA-CT-cdil-DAS (E. cloacae S611), Arabinose

CH8849 Inducible Degradation Construct, Tet" This Study
Constitutive expression of chimeric cdid™”-cT"" and

CHS8865 cdil’ *'’ Amp" This Study
Constitutive expression of chimeric cdid™”-c1""" and

CHS8867 cdil’™’ cm"® This Study
pTrc99a::yajC (V72G), IPTG-inducible expression of yajC

CH8846 (V72G), Amp" This Study

Abbreviations: AmpR , ampicillin-resistant; CmR , chloramphenicol-resistant; KanR , kanamycin-resistance;
RifR , rifampicin-resistant; TetR , tetracycline-resistant; TpR , trimethoprim-resistant
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Table 3. Oligonucleotides

Oligo
Number Name Sequence Description Source
5'- TTT CTC GAG TTA TGC Reverse primer for cloning UCI49 CdiA-
UCI49-cdil-Xho- ATC ATA TCC AGC ATT  CT into the CdiA(EC93) inhibitor This
(CH5838 rev TTT G -3' chimera Study

5'-TTT CTC GAG TTA CTT reverse primer to amplify MG1655 mtlA This
CH5782 mtlA-Xho-rev =~ ACG ACC TGC CAG C -3' for cloning into pCH400-series plasmids Study
5-TTT GAA TTC ATG TCA
TCC GAT ATT AAG ATC  forward primer to amplify MG1655 mtlA This
(CH5781 mtlA-Eco-for AAA GTG -3' for cloning into pCH400-series plasmids Study
5'-TTT ACT AGT TTC TTT Reverse primer for generation of the
TGC ATT ATA AGG CTT  CdiA-CT-Cdil-DAS S611 construct with This
CH5759 S611-cdil-Spe-rev AAT TGC -3' pCH450 Study
Forward primer for cloning S611 CdiA-
5'-TTT CCA TGG GTT ATT CT into the CdiA(EC93) inhibitor
TAT ATG CAG ATG AAG chimera and generation of the CdiA-CT- This
CH5758 S611-CT-Nco-for ATA AAG CG -3' Cdil-DAS S611 construct with pCH450 Study
reverse primer to amplify MG1655
5'-TTT CTC GAG TTA CGT ampG for cloning into pCH400-series  This
CH5709 ampG-Xho-rev  CAG ATG CGT TTT TCG -3' plasmids Study
forward primer to amplify MG1655
5'-TTT GAA TTC ATG TCC ampG for cloning into pCH400-series ~ This

CH5708 ampG-EcoR1-for AGT CAA TAT TTA CG -3' plasmids Study
5'-TTT CTC GAG TTA TTC Reverse primer for cloning S611 CdiA-
S611-cdil-Xho- TTT TGC ATT ATA AGG  CT into the CdiA(EC93) inhibitor This
CH5707 rev CTT AAT TGC -3' chimera Study

5-TTT ACT AGT TCC TTT reverse primer to amplify cdil of
WPP163-cdil-  ATT GAT ATA AAT AGC WPP163 0433 for DAS constructand  This
(CH5687 Spe-rev ATC GC -3 purification Study
5'-TTT CCA TGG TGG forward primer to amplify cdiA-CT of
WPP163-CT- AGA ATA ACT ATC TGT WPP163 0433 for DAS construct and ~ This
(CH5686 Nco-for CCAG-3 purification Study
Reverse primer for generation of the
UCI49-cdil-Spe- 5'- TTT ACT AGT TGC ATC CdiA-CT-Cdil-DAS UCI49 construct  This
(CH4738 rev ATA TCC AGC ATTT-3'  with pCH450 Study
Forward primer for cloning S611 UCI49-
5'- TTT GGT ACC ATG GTT CT into the CdiA(EC93) inhibitor
MGH20/UCI49C- GAG AAT AAC TCG CTG  chimera and generation of the CdiA-CT- This

(CH4734 Kpn/Nco-for AG -3' Cdil-DAS UCI49 construct with pCH450 Study
5'- CAA GCT TGT CAT reverse sequencign oligo for rescue

CH2260 mariner-rev-seq CGT CAT CC-3' cloned plasmids 18
5'- GAG CGG GAC TCT forward sequencing oligo for rescue This

(CH2255 mariner-for-1 GGG GTA CG -3' cloned plasmids Study

Generation of Mariner-Transposon Pools:
Overnight cultures of transposon donors (CH5951) and recipients (CH7367) were

diluted into fresh cultures and grown at 37°C in shaking LB broth until ODsoo of 0.6. Donors
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were grown in the presence of 600 uM DAP. Donors and targets were mixed at a 2:1 ratio and
75 uL of this mixture was spotted onto an LB-agar plate. Each independent transposon-
mutagenized pool comes from an independent mixture and plate spot. Spotted mixtures were
incubated 37°C for 4 hours, then transferred to 500 uL. M9. Resuspended cell mixtures were
diluted 10 fold and 100 fold, and each dilution (including the undiluted mixture) was spread
on separate LB-agar plates containing 50 pg/mL kanamycin. The next day, cells from each
dilution in a given pool were resuspended in M9 stocked in 50% glycerol to form the

transposon-mutagenized pools for future selections.

Enrichment of Mariner-Transposon Pools:

Overnight cultures of transposon mutagenized pools were grown in 50 pg/mL
kanamycin, along with the respective inhibitor (grown in 150 pg/mL ampicillin). Overnight
cultures were diluted to ODgoo = 0.1 and grown for 1.5 hours. The optical density of each fresh
culture was then measured and target cells and inhibitors were mixed by resuspending each to
ODgoo = 0.1 in 10 mL of LB. Co-cultures were incubated in baffled 125 mL flasks at 37°C for
3 hours with shaking. Prior to incubation, a time = 0 point was taken by diluting cells 10-fold
into M9, followed by further 10-fold serial dilution for spot plating. Aliquots were again taken
after 3 hours and serial diluted, followed by spotting 10 uL of dilution on LB-agar containing
either kanamycin (50 pg/mL) or ampicillin (150 pg/mL) to measure target and inhibitor
CFU/mL. Finally, 100 uL of the 10!, 102, and 10~ dilutions were spread on LB-agar with 50
pg/mL kanamycin and incubated overnight at 37°C. The next day, spread plates were harvested
with M9 and used to inoculate fresh cultures at an ODgsoo = 0.1 for further selections. Once

pools were judged to likely be resistant to the given inhibitor, determined by CFU/mL counts,
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single colonies were selected from pools and co-cultured with the corresponding inhibitors in
the same manner as above. Single colony strains demonstrating resistance (a competitive index
close to 1) were then selected for transduction of the transposon-associated kanamycin marker

into a non-mutagenized E. coli K-12 background.

P1 Phage Transduction of Transposon Markers and Confirmation of Transposon-Linkage:
CDlI-resistant isogenic isolates (donors), along with a CDI-sensitive MG1655 Awzb
recipient strain (CH7367), were grown in overnight cultures along with the corresponding
antibiotics. Overnight cultures of donor strains were diluted 1:100 into LB media containing
0.2% D-Glucose and 5 mM CaCl,. Fresh cultures were grown until slightly turbid, followed
by addition of chloroform-extracted P1 phage at 1:25 dilution. Cultures were monitored until
visibly cleared and lysates were prepared by extraction of cleared culture with chloroform at a
1:5 ratio. Overnight recipient cultures resuspended in LB containing 100 mM MgSO4 and 5
mM CaCl> were mixed at a 1:1 v/v ratio with prepared lysate at either no dilution or 10X
dilution. Controls were generated containing either recipient cells and LB at a 1:1 ratio, or P1
phage and LB at a 1:1 ratio. Mixtures were incubated without shaking at 37°C for 30 minutes,
followed by addition of an equal volume of 1M Na-Citrate and 5 volumes of LB, then allowed
to recover with shaking at 37°C for 2 hours. Recovered cells were then pelleted and
resuspended in a small volume of LB, then spread on LB-agar plates supplemented with
kanamycin (50 pg/mL). The next day, single colonies were streaked onto fresh LB-agar-
kanamycin plates and incubated overnight. Single colonies from these plates were competed

against the respective inhibitors in the manner described in the section above to confirm
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linkage of the transposon-associated kanamycin marker to CDI-resistance. Strains exhibiting

resistance at this stage were selected for rescue cloning of the transposon marker.

Rescue cloning:

Transduced colonies shown to be CDI-resistant in competition co-culture with the
selected inhibitor were selected for recovery of the genomic transposon marker. First, genomic
DNA (gDNA) was purified from overnight cultures by phenol/chloroform extraction and
ethanol precipitation. Then, 1 pg of gDNA was digested in 30 pL reaction containing 1 pL
EcoRlI restriction enzyme and 3 pL 10X NEB Cutsmart. Digests were incubated at 37°C for 6
hours, followed by heat inactivation at 75° for 5 minutes. Reactions were cooled slowly and
ATP was added to a final concentration of 1.5 mM, followed by addition of 2 pL of purified
T4 ligase. Ligations were incubated at 16°C overnight. The next day, 10 pL of ligation mixture
was transformed into TSS-competent CH2552 cells with heat shock at 42°C and recovery in
LB at 37°C for 3 hours. Cells were then pelleted, resuspended in a small volume of LB, and
spread on LB-agar plates supplemented with 50 pg/mL of kanamycin. Colonies selected the
next day from this plate were grown in LB-kanamycin, followed by harvesting of plasmids.
An aliquot of plasmid was checked for presence of an EcoR1 site by digest with the enzyme
followed by gel electrophoresis. Viable plasmids were then sent for sequencing, using primers

binding to conserved sequences on either end of the transposon.

Competition Co-Cultures
Overnight cultures of targets were grown in 50 pg/mL kanamycin and inhibitors were

grown in either grown in 150 pg/mL ampicillin (for pET-derivative inhibitors) or 60 pg/mL
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chloramphenicol (for pDAL879-derivate inhibitors). Overnight cultures were diluted to ODsoo
= 0.1 in fresh LB without antibiotics and grown with shaking for 1.5 hours at 37°C. The optical
density of each fresh culture was then measured using a spectrophotometer and target cells and
inhibitors were mixed by resuspending each to ODgoo = 0.1 in 10 mL of LB. Co-cultures were
incubated in baffled 125 mL flasks at 37°C for 3 hours (unless otherwise stated) with shaking.
Prior to incubation, a time = 0 point was taken by diluting cells 10-fold into M9, followed by
further 10-fold serial dilution for spot plating. Aliquots were again taken at the final time point
and serial diluted, followed by spotting 10 uL of dilution on LB-agar containing either
kanamycin (50 pg/mL) or ampicillin (150 pg/mL) to measure target and inhibitor CFU/mL.
Competitive indices were calculated as the ratio of inhibitors:target CFU/mL at the final time
point divided by the ratio of inhibitors:target CFU/mL at the initial time point.

For the competitions performed in figure 6C, all incubation was performed at 30°C

rather than 37°C to allow growth of cells lacking ftsH.

Multiple Sequence Alignments
Sequences selected for multiple sequence alignment were submitted together to

Uniport Align, followed by formatting and coloring with Jalview!!”.

Structural Alignment of Entry Domains

A structural alignment was generated for the entry domains of E. chrysanthemi EC16
and P. luminescencs TTOLI. First, the respective CdiA-CT protein sequences were submitted
separately to the AlphaFold2 server. Then, the resultant .pdb files were imported into PyMol

and aligned relative to the disulfide bridge shown in yellow.

43



Internal Expression of Selected cdiA-CTs

Expression of cdid-CT*%!! and cdid-CT"""1% was performed by first generating a
construct consisting of the respective cognate cdid-CT-cdil pair in a pCH450-DAS backbone
plasmid (Tet®). This plasmid introduces a pBAD arabinose inducible promoter, and an
sstA(DAS) tag at the 3’ end of the immunity gene. Translation of this sequence generates a
suboptimal degradation tag at the C-terminus of Cdil. These constructs, stored in CH8849 and
CH8422 respectively, were transformed into either wild-type CH7286 cells or cells with the
corresponding inner membrane protein knockout. After ice-cold incubation of cells and
plasmid and heat shock at 42°C, cells were recovered in LB and 0.8% glucose for 1 hour at
37°C. After recovery, cells were pelleted, resuspended in a small volume of LB, then plated on
LB-agar plates supplemented with 20 pg/mL tetracycline and either 0.4% glucose or 0.2%

arabinose. Plates were incubated overnight at 37°C, and the following day were imaged.
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II1. Characterization of a CDI Effector with Homology to

Methyltransferases

Abstract

Contact dependent growth inhibition (CDI), is a phenomenon in which bacteria deploy
type V secretion systems (T5SS) to inhibit the growth of neighboring bacterial!®. CDI is carried
out by two proteins CdiA, which forms a filament capable of binding to target cell receptors
and delivering a toxic payload into their cytoplasm, and CdiB, which transports CdiA across
the outer membrane of the CDI-producing cell®. While some toxic effectors delivered via this
machinery have been characterized!*?*-4, the majority of effectors identified in nature remain
mysterious. Structural predictions of a CDI effector from Enterobacter cloacae S611 indicate
homology to S-adenosylmethionine (SAM)-binding domains and suggest that the effector
could act as a SAMase. Here, a potential SAMase phenotype of intoxication with CDIS!! is
investigated, revealing that the effector is unlikely to degrade SAM and instead may function

as a SAM-dependent methyltransferase.

Introduction

Of the CDI effectors currently characterized, the vast majority target nucleic acids as
DNases!!, tRNases!®-!!8, rRNases’ or general RNases’*. However, toxic effectors employed
by other anti-bacterial secretion systems highlight the variety of mechanisms by which growth
inhibition can occur. Type VI effectors have been identified which target membranes,
peptidoglycan, cell division, essential proteins, and small molecules to compete with adjacent
cells'!’®. Gram-negative bacteriocins such as colicin M and pesticin also interfere with the

formation and structural integrity of peptidoglycan!?’. Given that many CDI effectors are
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currently uncharacterized, it seems likely that they could exhibit similar, if not broader,
diversity. In silico structural modeling and crystallography of uncharacterized domains can
often offer unique insights into protein functions via comparison to databases of known protein
structures. In the previous chapter, I identified MtIA as an inner membrane protein co-opted
by the cytoplasm entry domain of CdiA-CT from Enterobacter cloacae S611 (see Chapter 2
Figure 4). In this chapter, I investigate the effector domain of this CdiA-CT, which is predicted

to have structural homology to S-adenosyl methionine binding domains.

Structural Modeling Predicts a SAM-Binding Rossman Fold

Recent advances in structural modeling of proteins, notably AlphaFold2!%%1%!  has
yielded new insights into the potential functions of previously uncharacterized CdiA-CTs.
Structural prediction of CdiA-CTS¢!! and subsequent interrogation of the PDB database reveals
strong homology to class 1 methyltransferases, specifically to their S-adenosylmethionine
(SAM) binding domains (Table 1, Figure 1A). In most methyltransferases, including the top
matches to CdiA-CTS®!!, these domains are used to coordinate SAM while an adjacent domain
binds the substrate of methyltransfer. Transfer of the active methyl group is achieved simply
by bringing the substrate in its proximity, after which the highly reactive group exchanges

bonds to neutralize the sulfur cation!?!

. The predicted SAM-binding fold strongly resembles a
Rossman fold, found across proteins that coordinate nucleotide derivatives!?*!23, Additionally,
CdiA-CT5®!! and relatives contain a conserved XGXG motif common among SAM-binding

domains'?* (Figure 1B). This motif follows an N-terminal beta-sheet in the structure, forming

a beta-turn that cradles SAM in the binding pocket!'?3.
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Despite homology to SAM-binding domains, CdiA-CTS¢!! notably lacks an obvious
substrate binding domain, as CdiA-CTs typically contain only a cytoplasm entry domain and
effector domain. This could indicate that CdiA-CT5¢!! does not participate in methyltransfer,
but instead degrades SAM to starve the cells of the essential cofactor. This is analogous to a
recently discovered Type 6 effector, Tse6, which contains an NAD" binding domain but lacks
a substrate binding domain for expected ADP-ribosylation reactions'?’. Tse6 has been found
to instead degrade NAD" and NADP" to inhibit the growth of targeted cells'?>!1?°, Similarly,
phage enzymes have been identified which function as SAM lyases and hydrolases to block

127,128

restriction modification systems during infection . Other SAM-processing enzymes have

been identified including a variety of SAM-halogenases, although they perform normal cell

functions rather than contributing to toxicity!'?’

. One issue with toxic mechanisms targeting the
degradation of SAM is that the co-factor and its natural degradation products are constantly
cycled and synthesized in the cell under native conditions!*?. As a result, targeted cells could
potentially counteract the depletion of SAM by upregulating biosynthesis to restore growth. If

CdiA-CTS®!! acts a SAMase, perhaps this could explain the relatively low inhibition levels of

the cdiA®“*3-cdiA-CT%!! fusion construct explored in the previous chapter.

Investigation of CdiA-CTS6!! SAMase Activity

It has previously been reported that expression of T3 SAM hydrolase in E. coli causes
inhibition of growth and slight cell elongation'3!. This is likely directly related to depletion of
the SAM pool, as temperature sensitive mutations in SAM synthetase (MetK) cause the
formation of filamentous cells at nonpermissive temperatures'*?2. To explore gross

morphological changes associated with CDIS®'!, inhibitor and target cells expressing

47



fluorescent markers were co-cultured (Figure 1C). When mixed with mock CDI" inhibitor cells,
both targets and inhibitors exhibit similar sizes as well as uniform fluorescence by DAPI
staining. When mixed with inhibitor cells expressing CDIS®!!, target cells become slightly
elongated relative to the inhibitors, with some filaments forming. Many target cells also stain
more brightly with DAPI, indicating increased cell permeability which could be associated
with loss of cell viability. This phenotype was further explored via internal expression of a

construct containing cdid-CT5%!!-cdil*%!!

under an arabinose-inducible promoter, with a
modified SsrA degradation tag encoded at the C-terminus of cdil'®. This construct was either
suppressed in cells by addition of D-glucose or induced with L-arabinose for expression of
CdiA-CTS®!! and ClpXP-mediated degradation of the cognate immunity protein. Cells
expressing CdiA-CTS®!! exhibited significant inhibition of growth compared to those
undergoing catabolite repression (Figure 1D). At 2 hours post-induction, the morphology of
cells expressing the effector was slightly elongated, with some filaments forming.

While the elongation phenotype may align with observed morphology changes caused
by SAM-depletion, this phenotype is associated with a broad range of cellular defects including
the activities of disparate CDI effectors!!:!%. To more closely examine an effect on SAM levels
in vivo, plasmid DNA from cells internally expressing CdiA-CTS®!! was harvested and
assessed for endogenous methylation. Under normal conditions, K-12 E. coli strains express
Dam methylase, which methylates both adenine nucleotides in the double stranded 5’-GATC-
3’ motif!*}, If CdiA-CTS®!! degrades SAM, newly synthesized DNA may lack Dam
methylation. This has been observed during internal expression of phage-encoded SAM

hydrolases. The methylation status of Dam sites can be probed using restriction endonucleases

which also recognize this site. Endonuclease Mbol cleaves the unmethylated GATC motif!34,
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while Dpnl cleaves the doubly methylated motif!*>. Plasmid pBluescript harvested from cells
lacking Dam methylase was found to be susceptible to digest by Mbol but protected from Dpnl
digestion (Figure 2A). 2 hours after arabinose induction of cdid-CT*5!! in cells expressing Dam
methylase, harvested pBluescript was susceptible to Dpnl but not Mbol digestion, indicating
unperturbed activity of Dam in vivo.

The ability of methyltransferases to protect DNA from digestion in the presence of
CdiA-CTS®!! was additionally probed in vitro using a restriction protection assay. SAM
incubated with purified CdiA-CT5¢!! was added to a solution containing linearized pBluescript
and BamHI methyltransferase (M.BamHI). The methylation status of the single BamHI cut
site in pBluescript was then probed by digestion with BamHI endonuclease, which recognizes
fully unmethylated GGATCC sites!*S. DNA methylation by M.BamHI in the absence of CdiA-
CTS!! pretreatment showed only partial protection from digestion (Figure 2B). Interestingly,
pretreatment of SAM with CdiA-CT5®!! resulted in slightly less digestion rather than more,
providing no evidence of significantly depleted SAM. An alternative approach to monitor a
direct enzymatic interaction between CdiA-CTS¢!! and SAM used HPLC to resolve the
nucleotide derivative from potential degradation products after co-incubation. This method
takes advantage of the absorbance of the adenine group of SAM, which absorbs maximally at
260 nm. Common SAM byproducts that share the nucleobase and thus absorb at this
wavelength include S-adenosyl-L-homocysteine (SAH) and 5’-methyl-thioadenosine (MTA).
Isocratic elution of SAM and SAH in I-heptanesulfonate buffer generated distinct peaks
(Figure 2C). When SAM was incubated with purified CdiA-CTS®!'!, no change in elution time

was observed. Additionally, the height of the peak corresponding to SAM remained relatively
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invariant, indicating that no unobservable products were formed either. In combination, these

in vitro and in vivo findings suggest that CdiA-CTS%!! does not degrade SAM.

CdiA-CT5¢!! May Act as a Methyltransferase

Despite the lack of evidence of SAMase activity, the strong predicted homology of
CdiA-CTS®!! to SAM-binding domains indicates that some SAM-dependent activity may
underly toxicity. The most likely remaining mechanisms would involve the methyltransfer.
Common targets for this actiivty include DNA, RNA, proteins, and small molecules. Of these,
small molecule and tRNA methyltransferases are the predominant matches to CdiA-CTS6!! by
structural homology (Table 1). Reassessment of the AlphaFold2 model based on these criteria
identified a basic groove which intersects the predicted SAM binding site (Figure 3A). This
groove could be used to bind nucleic acids, and its dimensions of around ~11 A could
accommodate single stranded RNA. As an initial probe, RNA was extracted from cells
internally expressing cdid-CT%%!! under inducing or suppressing conditions (Figure 3B). No
drastic change in total RNA is observed during induction of the effector, although there may

be some change in abundance of 23S rRNA.

Discussion

The data provided here strongly suggest that S-adenosylmethionine is not a direct target
of CdiA-CTS!, Tt’s possible that at physiological levels of effector delivery, degradation of
SAM is not a viable mechanism for growth inhibition, as has been observed across the phage
SAMases'*" 140 These enzymes, which are the best characterized SAMases, only decrease

growth rates of host cells when overexpressed!'*’. Additionally, the growth inhibitory
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phenotype associated with overexpression of these proteins could simply come from the
detraction of transcriptional and translational machinery from necessary host processes, rather
than by a mechanism related to the enzyme and SAM levels themselves. In fact, expression of
phage SAMases has been used to rescue AilvA4 leucine auxotrophs by derepression of the met
operon'*. In combination with these observations, the experiments performed here monitoring
plasmid DNA methylation patterns in vitro and in vivo fail to establish a connection between
effector toxicity and SAM levels. This has raised the possibility that CdiA-CT!! instead acts
as a methyltransferase. Analysis of the predicted structure of the effector domain indicates that
it could interact with single stranded nucleic acids. This effector could, for example, methylate
specific conserved residues in rRNA or tRNA to block vital functions like aminoacylation.
This type of toxicity has not previously been described, and if present would demonstrate a
particularly remarkable mechanism for the perturbation of cellular function.

Many important experiments stand out which follow up on the data presented here.
Primarily, it is critical to demonstrate a binding interaction between SAM and CdiA-CTS6!!,
While structural predictions appear to have high confidence in the homology of the effector
domain, there is yet to be experimental evidence of an interaction. One approach to identify
interactions between the protein and its potential substrate could use radiolabeled SAM or
SAH, as has been described previously'*-'42, Alternatively, NMR could detect shifts in
resonance in the presence of SAM or SAH, indicating binding interactions. With experimental
evidence of binding, an interaction of CdiA-CTS®!! with nucleic acids appears have the most
potential for success. Incubation of purified CdiA-CTS®!! with RNA followed by co-

purification could identify bound RNAs, although determing the identity of the bound RNA
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may be challenging. These discoveries could uncover a completely novel mechanism of

toxicity among antibacterial effectors.

Rank PDB Z- rmsd Description
ID score
1 Bkiji 11.3 3.0 Fungal Polyketide C-Methyltransferase
2 3kkz 11.3 3.1 Uncharacterized Protein QLES9 from
Bacteroidesfragilis
3 Buak 11.0 2.5 Peptide C-terminal Methyltransferase
4 2glu 11.0 2.8 YcgJ protein from Bacillus subtilis
5 Sufm 10.8 2.4 1,6-Didesmethyltoxoflavin N-

Methyltransferase from Burkholderia
thailandensis

6 3sm3 10.8 2.8 Q8PUK2_METMA Methyltransferase from
Methanosarcina mazei

7 7nzi 10.8 26 TrmB M7G46 tRNA Methyltransferase
from Bacillus subtilis

8 3e05 10.5 26 Precorrin-8y C5,15-Methyltransferase

9 7dmb 104 2.7 Polyketide Methyltransferase

10 2057 104 3.0 Sarcosine Dimethylglycine
Methyltransferase

Table 1. Predicted Structural Homologs of cdia-cT™",

The AlphaFold2 model of the effector domain from CdiA-CT™ was submitted to the Dali server for
comparison to other structures in the PDB. The top 10 matches in the corresponding PDB-90 are shown above.

S611
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Figure 1. CdiA-CT>"" Bears Homology to SAM-Binding Domains and Causes Moderate Elongation of
Targeted Cells.

A. AlphaFold2 model of the effector domain of CdiA-CT™ with S-adenosylhomocysteine (SAH) placed into
the proposed binding pocket. The protein is colored from the N-terminus (blue) to the C-terminus (red)

S611

B. Multiple sequence alignment of the effector domain of CdiA-CT*" with various related CdiA effector
domains from indicated species.

C. Fluorescent microscopy of mKate-expressing target cells co-cultured GFP-expressing mock inhibitors (top
panel) or cDI**" inhibitors (bottom panel). Images were taken after 5 hours of co-culture, spotting on 1%
agarose and DAPI staining.

D. (Left) Growth curve of internal expression of cdid-CT""" in X90 E. coli cells, with expression either
induced using 0.2% arabinose or suppressed using 0.4% glucose after OD,, = 0.25. (Right) After 2 hours
post-induction, samples were taken for fluorescence microscopy and prepared used the same method as Figure
1C.
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Figure 2. CdiA-CT™" Does Not Bear Noticeable SAMase Activity in vivo or in vitro.

A. Internal expression of cdid-CT"" in wild-type MG1655 CH7286 (WT) cells or MG1655 Adam.::kan cells.
After reaching an ODy, around 0.25, the effector was induced or suppressed using 0.2% arabinose or 0.4%

glucose, respectively. 2 hours post-induction, plasmid DNA was purified from cultures and digested with the
indicated enzymes, followed by electrophoresis on a 1% agarose-TAE gel stained with ethidium bromide.
B. Restriction protection assay with Scal-linearized pBluescript DNA and the indicated reaction components.

Briefly, SAM and CAiA-CT*"" were incubated prior to addition of substrate DNA and BamHI-
methyltransferase (M.BamHI). After 1 hour of incubation with methyltransferase, plasmid DNA was digested
with BamHI and electrophoresed on a 1% agarose-TAE gel stained with ethidium bromide.

C. HPLC of 500 pmol of SAM (red) or SAH (blue) standards eluted isocratically on a C18 column. In SAM +

S611 (green), 500 pmol of SAM was incubated with 2 uM purified CdiA-CT>*"" for 1 hour in reaction buffer
prior to loading.
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Figure 3. CdiA-CT

A. Space filling AlphaFold2 model of CdiA-CT™ with the proposed SAM-binding pocked indicated. Red
regions indicate negative charges and blue regions indicate positive charges, with gradation by charge density.

B. Urea-PAGE of purified RNA samples taken from cells internally expressing cdid-CT" 2-hours post
induction (Figure 1C).

May Interact with RNA
S611
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Materials and Methods

Table 2. Bacterial Strains

Strain Genotype Source
F- faraD139]B/r A(argF-lac)169* &lambda- el4- flhD5301
A(fruK-yeiR)725 (frud25)f relAl rpsL150(strR) rbsR22 A(fimB-
MC4100 fimE)632(::1S1) deoC1 Rif -
CH2445 MC4100 galK::sYFP2opt-cat Rif Kan' Sanna Koskiniemi
CH2016 X90 (DE3) Arna AslyD::kan Rif Kan' 170
CH7157 X90 AclpX AclpA::kan Kan'" 169
CH3778 MG1655 Awzb AarfB bamA(A2014-2043) This Study
X90 F'laclq lac' pro'/ara A(lac-pro) nall argE(Am) rin thi-1. -
CH2567 MC4100 mKate2::cat Cm" This Study
CH10546 MG 1655 Adam.::kan Kan' This Study

Abbreviations: AmpR , ampicillin-resistant; CmR , chloramphenicol-resistant; KanR , kanamycin-resistance;
RifR , rifampicin-resistant; TetR , tetracycline-resistant; TpR , trimethoprim-resistant

Table 3. Plasmids
Plasmid Genotype Source
pMCSG63::H6-TEV-cdiA-CT-cdil (ECL S611), IPTG
CHS8536 inducible expression with T7 promoter for purification, AmpR This Study
Constitutive expression of chimeric cdid™”-cr™" and
CH1286 cdil””"! Amp" This study
pCH450::¢cdiA-CT-cdil-DAS (E. cloacae S611), Arabinose
CHS8849 Inducible Degradation Construct, Tet" This study

Abbreviations: AmpR , ampicillin-resistant; CmR , chloramphenicol-resistant; KanR , kanamycin-resistance;
RifR , rifampicin-resistant; TetR , tetracycline-resistant; TpR , trimethoprim-resistant
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Table 4. Oligonucleotides

Oligo
Number Name Sequence Description Source

Reverse primer for generation of the
S611-cdil- 5-TTT ACT AGT TTC TTT TGC ATT CdiA-CT-Cdil-DAS S611 construct
CH5759 Spe-rev ATA AGG CTT AAT TGC -3' with pCH450 This Study

Forward primer for cloning S611
CdiA-CT into the CdiA(EC93) inhibitor
chimera and generation of the CdiA-
S611-CT- 5-TTT CCATGG GTT ATT TAT ATG CT-Cdil-DAS S611 construct with
CH5758 Nco-for CAG ATG AAG ATA AAG CG -3' pCH450 This Study

Reverse primer for cloning S611
CdiA-CT into the CdiA(EC93) inhibitor
S611-cdil- 5-TTT CTC GAG TTATTC TTT TGC chimera and for into an N-terminal H6
CH5707 Xho-rev ATT ATA AGG CTT AAT TGC -3' purification construct pMCSG63 This Study

5-TTT GGT ACC GAG AAC CTG forward primer to amplify E. cloacae
S611-CT- TAC TTC CAATAT TTATAT GCA  S611 cdiA-CT and cdil for N-terminal
CH5706 Kpn-for GAT GAA GAT AAA GCG -3' his6 purification in pMCSG63 This Study

Forward sequencing primer for
pCH405D- 5'-CGG CAC CTC GCT AAC GGA pCH405delta, upstream of the EcoR1
CH5637 seqg-for TTC ACC-3' site This Study

Prediction of Structural Homology

Submission of the CdiA-CTS®!! protein sequence to AlphaFold2 yielded a predicted
.pdb file, which was then submitted to the EMBL Dali Protein Structure Comparison Server
(http://ekhidna2.biocenter.helsinki.fi/dali/) . The top 10 matches of this search from the PDB-

90 output were selected for inclusion.

AlphaFold2 Modeling of the CdiA-CT%!! Effector Domain

The generated AlphaFold2 model for CdiA-CTS®!! was imported into PyMol for further
modeling. To overlay SAH into the proposed active pocket of the domain, the structure of the
top match from the Dali PDB-90, Fungal Polyketide C-Methyltransferase (PDB ID 6kji), was
imported into the same PyMol session file. Alignment of the two using the PyMol in-built

function placed SAH from the 6kji crystal structure into the CdiA-CTS®!! proposed binding
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pocket. SAH was then extracted form the 6kji structure, leaving the CdiA-CTS¢!'-SAH

modeled complex.

Multiple Sequence Alignments

Sequences selected for multiple sequence alignment were submitted together to
Uniport Align, followed by formatting and coloring with Jalview. Sequences included in the
alignment in Figure 1B were chosen by BlastP of the effector domain of CdiA-CT®®!! (bounds

of the domain were determined from the AlphaFold2 model).

Fluorescence Microscopy

Cells taken from either co-culture or monocultures were spotted on 1% agarose pads,
prepared as previously described!#?. 2-3 uL of cells were spotted on a ~1 cm? pad and left to
dry at room temperature. 1 drop of 4',6-diamidino-2-phenylindole (DAPI) was added and a
microscope slide was placed over the samples. Images were collected on an Echo Revolve
fluorescent microscope and adjusted using ImageJ. In competition co-cultures destined for
fluorescence microscopy, CH8906 and CH7092 inhibitors were competed against CH2567

targets.

Competition Co-Cultures

Overnight cultures of targets were grown in 50 pg/mL kanamycin and inhibitors were
grown in either grown in 150 pg/mL ampicillin (for pET-derivative inhibitors) or 60 pg/mL
chloramphenicol (for pDAL879-derivate inhibitors). Overnight cultures were diluted to ODsoo

= 0.1 in fresh LB without antibiotics and grown with shaking for 1.5 hours at 37°C. The optical
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density of each fresh culture was then measured using a spectrophotometer and target cells and
inhibitors were mixed by resuspending each to ODgoo = 0.1 in 10 mL of LB. Co-cultures were
incubated in baffled 125 mL flasks at 37°C for 3 hours (unless otherwise stated) with shaking.
Prior to incubation, a time = 0 point was taken by diluting cells 10-fold into M9, followed by
further 10-fold serial dilution for spot plating. Aliquots were again taken at the final time point
and serial diluted, followed by spotting 10 pL of dilution on LB-agar containing either
kanamycin (50 pg/mL) or ampicillin (150 pg/mL) to measure target and inhibitor CFU/mL.
Competitive indices were calculated as the ratio of inhibitors:target CFU/mL at the final time

point divided by the ratio of inhibitors:target CFU/mL at the initial time point.

Internal Expression and Growth Curves of cdiA-CT>%!!

Expression of cdid-CT%%!! and was performed by first generating a construct consisting
of the respective cognate cdid-CT%!-cdilP*!! pair in a pCH450-DAS backbone plasmid (Tet®).
This plasmid introduces a pBAD arabinose inducible promoter, and an ssrA(DAS) tag at the
3’ end of the immunity gene. Translation of this sequence generates a suboptimal degradation
tag at the C-terminus of Cdil. This construct, stored in CH8849 was transformed into wild type
CH7286 cells or CH10546 Adam: :kan cells. After ice-cold incubation of cells and plasmid and
heat shock at 42°C, cells were recovered in LB and 0.8% glucose for 1 hour at 37°C. After
recovery, cells were pelleted, resuspended in a small volume of LB, then plated on LB-agar
plates supplemented with 20 pg/mL tetracycline and either 0.4% glucose or 0.2% arabinose.
Plates were incubated overnight at 37°C.

The next day, transformants plated on 0.4% glucose were harvested with a sterile swab

and used to inoculate 60 mL of LB containing 15 pg/mL tetracycline to an optical density at
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600 nm around ~0.05. The ODgoo of the culture was measured every 30 minutes with a
spectrophotometer while shaking at 37°C. Once reaching an ODgoo near 0.25 (or after 2 hours),
cultures were split into two 20 mL fractions and were supplemented with either 0.2% arabinose
(for induction) or 0.4% glucose (for suppression). ODgoo was continually monitored over the
course of 4-5 hours post-induction. For microscopy of cells during internal expression, samples
were taken at 2 hours post-induction. For analysis of plasmid methylation, 5 mL of cells were

harvested at 2 hours post-induction for plasmid purification.

Assessment of In Vivo Levels of Plasmid Methylation

At 2-hours post induction or suppression of internal expression (described above)
plasmid DNA was harvested from cells. 1-2 pg of purified plasmids were incubated in 20 puL
reaction buffer with 2 pLL of 10X CutSmart and either no restriction enzyme or 1 pL of Dpnl
or Mbol. After incubation at 37°C for 1 hour, DNA was loaded on a 1% agarose-TAE gel, run

at 100 V for 30 minutes, then stained with ethidium bromide and imaged.

Protein Purification

An expression vector of cdid-CT%%!! was generated by cloning the cdid-CT-cdil
immunity pair into pMCSG63, containing a N-terminal polyhistidine tag fusion under a T7
promoter. This plasmid was transformed into CH2016, an expression strain of X90 carrying
the DE3 lysogen with T7 polymerase and knockouts of 7na and slyD. An overnight culture of
this strain (CH8536) was grown in LB + 150 pg/mL ampicillin and used to inoculate 200 mL
LB supplemented with 150 pg/mL ampicillin at ODsoo = 0.1. After the optical density reached

~0.6, expression of CdiA-CT was induced by addition of 1.5 mM isopropyl B-D-1-
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thiogalactopyranoside (IPTG). After 2 hours of induction, cells were harvested by
centrifugation at 6,000 rpm for 10 minutes and resuspended in 10 mL 6M Guanidine HCI + 30
mM Imidazole. After a freeze-thaw cycle at -80°C and centrifugation at 10,000 rpm for 10
minutes, clarified lysates were added to 60 uLL Ni-NTA and incubated at 4°C for 1 hour with
rotating. Bound Ni-NTA protein-complexes were then collected by centrifugation and removal
of supernatant, followed by two 10 mL washes in 6M Guanidine HCI + 30 mM Imidazole.
After two washes, the Ni-NTA was added to an elution column and washed with urea lysis
buffer (ULB) supplemented with 30 mM Imidazole. Finally, proteins were eluted in successive
200 pL volumes of (ULB) containing 250 mM Imidazole. Elutions were assayed with Bradford
reagent and combined for dialysis against 1L 20 mM Tris-HCI pH 7.5, 150 mM NaCl, and 10
mM B-mercaptoethanol (BME) overnight. Dialyzed protein was quantified by measurement
of Azgo and purity was confirmed via SDS-PAGE and staining with Coomassie before

performing experiments.

Plasmid Protection Assay

S-adenosylmethionine and BamHI methyltransferase (M.BamHI) were acquired from
NEB. First, 500 pmol SAM was incubated with 2 uM purified CdiA-CT¢!! in 10 uL reaction
buffer containing 1 pL 10X CutSmart. This mixture was incubated at 37°C for 1 hour. Control
samples lacking either of these components were instead incubated at 37°C for 1 hour in
reaction buffer. After incubation, 500 ng of Scal-linearized pBluescript was added to the
reaction, along with 2 units of M.BamHI, and the reaction volume was brought up to 20 pL
with water and 1 pL CutSmart buffer. This reaction mixture was incubated at 37°C for 1 hour,

followed by heat inactivation at 75°C for 5 minutes and purification of plasmid DNA. 35 pL
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of purified plasmid DNA was then supplemented with 4 pL of CutSmart and 1 pL of BamHI
restriction endonuclease and incubated at 37°C for 1 hour. After digestion, 6X NEB DNA
loading dye was added, and the mixture was loaded onto a 1% agarose-TAE gel. The gel was

run at 100V for 30 minutes, followed by staining with ethidium bromide and imaging.

HPLC

HPLC as performed on a Waters Breeze HPLC Machine, using a reverse phase C18
column. A buffer was prepared containing 10 mM 1-heptanesulfonic acid, 40 mM K;HPO4
and 20% methanol, adjusted to pH 4 with H;PO4. SAM and SAH were acquired from NEB,
and standards were run on HPLC by injection of 500 pmol of metabolite diluted into 100 pL
of buffer. The small molecules were eluted isocratically with the described buffer and
absorbance was measured at 257 nm. In the case of SAM+CdiA-CT¢!!, 500 pmol of SAM

was incubated at 37°C with 2 uM purified CdiA-CTS%!! for 1 hour prior to injection.

RNA Extraction

Cell samples were taken 2 hours post-induction of internally expressed cdid-CT5%!,
described above. First, the ODsoo of internal expression cultures was measured, and the volume
of cells removed was calculated by 2/ODgoo. Samples were immediately mixed with ice-cold
methanol and pelleted at 10,000 rpm for 10 minutes. Pellets were briefly dried and placed on
ice, followed by lysis with ThermoFisher TRIzol reagent, followed by purification with
chloroform extraction. Purified RNA was ethanol precipitated and washed in ethanol prior to
dissolution in 10 mM sodium acetate + 1 mM EDTA. RNA then underwent a freeze-thaw cycle

at -80°C and was quantified with a nanodrop. 10 pg of purified RNA was loaded in a pre-
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warmed Urea-PAGE gel and run at 300V for 15 minutes, followed by staining with ethidium

bromide and imaging.
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IV. Characterization of a CDI Effector with Homology to Glutaminases

Abstract

Contact dependent growth inhibition (CDI) is a phenomenon in which a Type V
Secretion System (T5SS) delivers toxic effector cargoes into neighboring cells to gain a growth
advantage!®!. Currently, toxic cargoes have been characterized which exhibit nuclease and
pore forming activity, although the full genetic diversity CDI effectors has been only
minimally explored.!®-84%3 Here, I investigate a CDI effector from Enterobacter cloacae UCI49
predicted to have homology to protein glutaminases and cysteine proteases and find that it uses
a Cys-Asp-His catalytic triad to perform its activity. Additionally, I search for the identity of
the effector’s substrate by affinity purification and find that unique bands co-purify with the
inactive effector domain. Western blotting and mass spectrometry reveal two essential
proteins, protein release factor 2 (RF2) and the riboflavin biosynthetic enzyme (RibD), that

specifically co-purify, although their involvement in toxicity remains unknown.

Introduction

While in the previous chapter I explored the potential inhibitory mechanisms of a CDI
effector from Enterobacter cloacae bearing homology to SAM-binding methyltransferases, in
this chapter I explore another uncharacterized CdiA-CT from E. cloacae UCI49. Work in
Chapter 2 demonstrated that the cytoplasm entry domain of CdiA-CTV requires FtsH for
translocation into the cell (see Chapter 2 Figure 6). Structural prediction of the extreme C-
terminal effector domain by AlphaFold2!%%1°! predicts significant homology to bacterial and
human protein glutaminases, specifically to their processive domains (Table 1). These enzymes

catalyze a deamidation reaction that turns glutamine into glutamate, releasing ammonia'#,
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While similar in structure to transglutaminase enzymes, they do not perform
transpeptidation'#. During normal cellular function, glutaminases are important for glutamine
metabolism!'#, protein stability via the N-degron pathway'¥’, and post-translational
modification'*®. CdiA-CTY™* was also predicted to have homology to cysteine proteases,
including Ssel from Salmonella enterica and Pasteurella multocida toxin (PMT). It was
therefore hypothesized that CdiA-CTUC could exhibit glutaminase or protease activity

towards essential proteins found in the E. coli cytosol to mediate growth inhibition.

CdiA-CTVC™ Contains a Conserved Cys-Asp-His Active Site

While glutaminases and proteases perform different functions, they share a highly
conserved Cys-Asp-His active site, where the nucleophilic cysteine performs catalysis!'®.
Analysis of the predicted structural model of CdiA-CTU* confirmed the presence of this
catalytic triad within the effector domain between residues Cys205-His248-Asp259 (Figure
1A). Additionally, a second cysteine, Cys202 was located nearby the presumed active site
nucleophile. This is a common occurrence in enzymes bearing this catalytic triad, as the
activity of the nucleophilic cysteine may be regulated by pH via formation of a disulfide in
oxidizing conditions!#. In CDI, this could function to inactivate the effector domain during

0 and maintain

secretion arrest in the reducing environment of the inhibitor periplasm!
inactivity after delivery, prior to inner membrane translocation. After entry into the oxidizing
cytoplasm, the disulfide may then be broken to liberate the nucleophilic cysteine and enable
activity.

To confirm that Cys205 is necessary for growth inhibition, a construct containing cdiA-

CTV_cdilV“*-DAS encoding the C205A mutation was internally expressed in cells under
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an arabinose-inducible promoter. Cells expressing wild-type cdid-CTV"# exhibited slow
growth even during suppression of the effector with glucose, while induction with arabinose
completely blocked the growth of cells over 2 hours (Figure 1B). However, cells expressing
the C205A mutation with or without induction experienced similar, robust growth rates, which
were higher than both conditions bearing wild-type cdid-CTV“#’. This demonstrates the
necessity of Cys205 for effector activity and reinforces the prediction that it participates in a
conserved Cys-Asp-His catalytic triad. As a search for clues regarding the targeted proteins
whose disturbance could lead to gross cell defects, cells expressing wild-type cdid-CTV at
2 hours post-induction were observed under the microscope (Figure 1C). Although no obvious
morphological defects were present, this knowledge could prove useful when narrowing down

candidate protein targets.

Co-Purification of Potential CdiA-CTV¢**-Related Protein Factors

Given that the C205A mutation renders CdiA-CTV inactive, it was hypothesized
that the mutant protein would bind stably to its substrate. A polyhistidine tag was appended to
the N-terminus of the inactive effector domain for expression and non-denaturing purification
with Ni-NTA resin. When compared to the native purification of a similarly prepared cysteine
protease effector from C. rodentium DBS100 (Unpublished data), two unique co-purifying
bands appear near 40 kDa and 60 kDa (Figure 2A). These bands could be co-purified
reproducibly and appeared despite high salt and imidazole stringency during washes. To probe
for potential binding between the CdiA-CTUCH C205A bajt and the co-purified proteins, a
denaturing wash with 6 M Guanidine-HC] was performed prior to elution from the resin

(Figure 2B). Notably, the band near 40 kDa could be completely eluted via denaturation. This
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TUCI49 C205A an(d released

could occur if the co-purifying protein is bound by folded CdiA-C
upon denaturation of the interaction interface. Alternatively, it’s possible that this protein does
not interact with CdiA-CTVY“™® and instead binds to Ni-NTA in its folded state, where

denaturation reduces its affinity for the resin. Tentatively, this co-purifying protein was named

UIP40 (UCI49-Interacting Protein at 40 kDa).

Investigation of Interactions Between CdiA-CTUC!* and Protein Release Factors
Interrogation of the proteome of E. coli revealed only a handful of essential cytosolic
proteins with 6 kDa of the estimated size. Notable among this list are the protein release factors
RF1 and RF2, as they contain a highly conserved GGQ motif residing in an easily accessible
loop region'!. In this motif, the backbone of the glutamine residue performs hydrolysis of
tRNA-bound polypeptides during translation termination and ribosome rescue!>2. Glutaminase
activity could inactivate class 1 release factors, resulting in ribosome stalling and growth
inhibition. To determine whether release factors co-purify with inactive CdiA-CTYC4,
constructs containing either full length CdiA-CT or only the toxin domain, with or without
cognate immunity, were purified in non-denaturing conditions in a background expressing
FLAG-tagged RF2 (Figure 3A). This purification background lacks knockouts of 7na and slyD,
which have intrinsic Ni-NTA affinity and are commonly co-purified with this method!*3.
Western blotting against FLAG-tagged RF2 revealed its elution alongside full length CdiA-
CTV™ constructs with or without immunity, but not with the effector domain alone.
Additional blotting against RF1 indicate show that it does not co-purify. Interestingly, although
RF2 cannot be UIP40 based on its lack of elution with the effector domain construct used

previously, it’s possible that it could interact with the full-length protein in an immunity
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independent manner. Immunity independent interactions with CdiA-CTs have previously been
reported as co-factors necessary for proper folding and toxic activity3®!18:125,

While blotting indicated that class 1 release factors are not substrates, a ribosome-
stalling phenotype was still investigated. To do this, CDIV“*-susceptible cells were either
treated with streptomycin to induce stalling!>* or incubated with inhibitor cells. These target
cells harbor a modified ssr4 allele, ssrA(DD), which encodes a non-degradable ssrA tag that
is appended to polypeptides during ribosome rescue!>. Additionally, target cells carry a
reporter construct encoding mutant bsK, where rare arginine codons near the 3’ end of the
open reading frame have been repaired to codons corresponding to more common arginine
tRNAs for higher fidelity translation. This modified sequence undergoes negligible ssrA-
tagging during normal conditions, allowing for direct monitoring of induced ribosome stalling
by accumulation of RbsK-SsrA(DD)!*¢. Total protein staining by Coomassie R-250 and
western blot against SstA(DD) shows an accumulation of tagged proteins during treatment
with streptomycin (Figure 3B). Co-culture with a mock inhibitor similarly shows accumulation
of tagged proteins, but co-culture with inhibitors expressing the previously described
CdiAE3-CTVUC (CDIY™) chimera shows no increase in tagging. Loss of target cell viability
during both streptomycin treatment and co-culture with CDIV“ inhibitors confirmed that
target cells were successfully intoxicated (Figure 3C). These data may indicate that CdiA-
CTV™ does not directly interfere with translation, instead stopping some other essential
cellular process which leads to a decrease in translation initiation and therefore less ssrA
tagging. As a final measure for activity, target cells carrying a FLAG tag on prfB (RF2) were
co-cultured with CDIV“™ inhibitors and lysates were subjected to western blot (Figure 3D-E).

Consistent migration of RF2-FLAG across all time points confirms no cysteine protease
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activity directed towards the release factor. Although potential glutaminase activity could not
be monitored by migration via SDS-PAGE, the experiments performed previously here

indicate that toxic activity towards RF2 is unlikely.

Mass Spectrometry of CdiA-CTUC €205 Native Purification Reveals Potential
Interactors

To precisely determine the identity of the protein bands that previously co-purified with
CdiA-CTUCH C205A (Figure 2A-B), an elution was subjected to trypsinization and LC-MS.
Analysis of the co-purified proteins with a percent coverage above 65% revealed a handful of
proteins known to be essential, as well as a few expected contaminants (Table 2). For example,
human keratin was quickly excluded. Additionally, E. coli proteins which are known to bind
Ni-NTA, including Fur, Crp, and GImS, appeared with high coverage and are less likely to be
candidate targets'>3. The protein with highest coverage identified as essential to cell growth is

157 At amass

RibD, a two-domain reductase and deaminase involved in riboflavin biosynthesis
of ~40.3 kDa, this protein is a promising candidate for UIP40. Other proteins identified with
high coverage within ~6 kDa of 40 kDa include AdhP, HisB, GutQ, XerD, GIdA, AstC, and
KdsD, all of which are nonessential and therefore unlikely to be targets of toxin activity.
Additionally, many of these proteins have intrinsic Zn?*-binding activity or histidine-rich
sequences, making it likely that they bound directly to the Ni-NTA rather than to CdiA-CTY™#
C205A during purification.

If RibD is targeted by the effector domain of CdiA-CTUC¥, a defect in riboflavin
biosynthesis would be expected to lead to cell inhibition. E. coli and many Gram-negative

bacteria rely on biosynthetic enzymes to generate riboflavin for a variety of cellular processes
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and are unable to import the nutrient from the extracellular environment!>’

. However, some
bacteria, including Gram-negative bacteria such as Agrobacterium tumefaciens and Gram-
positive bacteria such as Bacillus subtilis encode membrane transporters for riboflavin and
analogs!®®13, To test whether decreased intracellular riboflavin levels in target cells leads
causes growth inhibition, co-culture media was supplemented with high concentrations of
riboflavin. Although E. coli are unable to actively import the nutrient, high concentrations (>1
mM) are thought to diffuse into cells by mass action and this has been found to be sufficient
to rescue riboflavin auxotrophs!'®®. However, co-culture of wild-type CDI-susceptible cells
with cells expressing chimeric CDIV“* in the presence of 1.5 mM riboflavin led to no
noticeable rescue of growth inhibition (Figure 4). As an alternative approach, the riboflavin
ABC transporter ribU from B. subtilis 168 was expressed in E. coli target cells during co-
culture. This similarly provided no rescue of growth inhibition. To more closely investigate a
disruption of RibD, it was hypothesized that overexpression of the protein could rescue growth
inhibition. However, this similarly had no effect on co-culture inhibition. While not necessarily

conclusive, these findings suggest that RibD is not a target of CdiA-CTY activity and could

instead be a cytosolic cofactor.

Discussion

Despite experimental attempts to uncover the toxic activity of CdiA-CTY™, its targets
and specific effect on cells remains largely mysterious. It is clear that the effector contains a
Cys-Asp-His triad, conserved among glutaminases and cysteine proteases, making it likely that
it exhibits one of these activities. Attempts to co-purify associated proteins were inconclusive

as two candidates, protein release factor 2 (RF2) and the dual-functional riboflavin biosynthetic
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enzyme, RibD, appear unrelated to activity of the toxin. However, their appearance in
purifications of the inactive mutant, verified by western blotting or mass spectrometry, could
indicate a role in toxicity. Perhaps one of these proteins act as a co-factor, providing
thermodynamic stability to the effector domain in a similar manner to previously identified co-
factors for CDI effectors®®!1%. RF2 is an enticing candidate co-factor, given its abundance in
cells and high conservation among bacterial species!®!. To confirm any interactions indicative
of a co-factor, demonstration of in vitro binding interactions between the protein and CdiA-
CTY is necessary.

To further investigate potential targets of the CdiA-CT, mass spectrometry of co-
purified samples could still pose a viable route. Perhaps comparison of nondenaturing
purifications of inactive CdiA-CT with or without cognate Cdil could narrow the list of
candidates. Additionally, specific confirmation of activity of the effector domain would prove
useful. In some cases, glutaminases have been reported to undergo self-deamidation'¢?,
Evidence of this process in CdiA-CTU* would confirm glutaminase activity. An alternative
and promising route to characterization of this effector domain could use BioID processes to

163 For example, CdiA-CT could be fused to a peroxidase like

identify interacting proteins
APEX2, which in the presence of biotin-phenol and hydrogen peroxide generates biotin-
phenoxy radicals that react rapidly with nearby proteins and can be selectively purified!®*. This

is likely a promising approach to the characterization of many diverse and mysterious CDI

effectors, especially those suspected to interact with proteins.
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Rank PDBID Z-score rmsd Description

1 4w79 7.3 3.0 Human N-terminal Glutamine Amidohydrolase

2 27k9 7.3 33 Protein Glutaminase from Chryseobacterium
proteolyticum

3 3c9q 6.9 2.8 Human C8orf32

4 6kgj 6.7 2.9 Human Glutamine Hydrolase

5 2ksv 6.5 32 Protein glutaminase from Chryseobacterium
proteolyticum

6 4g2b 6.3 2.9 Virulence Factor Ssel from Salmonella enterica

7 2ebh 6.2 3.5 Thiol Protease from Pasteurella multocida Toxin

8 levu 4.6 3.2 Human Factor XIII Transglutaminase

9 4fgp 4.6 2.6 Periplasmic Protease from Legionella pneumophila

10 51q7 4.5 33 Cysteine Protease from Salmonella enterica

UCI49

Table 1. Predicted Structural Homologs of CdiA-CT .

The AlphaFold2 model of the effector domain from CdiA-CT

UCHY was submitted to the Dali server for

comparison to other structures in the PDB. The top 10 matches in the corresponding PDB-90 are shown

above.
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Mass Percent
Protein ID Gene Length (kDa) Coverage Protein Description Essential
POASA9  fur 148 16.7 100 Ferric uptake regulation protein No
Ribosomal small subunit pseudouridine synthase
POAA43  rsuA 231 25.8 97.8A No
P25539  ribD 367 40.3 87.5Riboflavin biosynthesis protein RibD Yes
cAMP-activated global transcriptional regulator
POACJ8  crp 210 23.6 84.8 CRP No
P21599  pykA 480 51.3 84.4 Pyruvate kinase II No
POASE1  ycfP 180 17.8 83.9UPF0227 protein YcfP No
POAF63  nsrR 141 15.6 83.7HTH-type transcriptional repressor NsrR No
P39451 adhP 336 35.3 81 Alcohol dehydrogenase, propanol-preferring No
P64588  yqjl 207 23.4 80.7 Transcriptional regulator YgqjI No
Glutamine--fructose-6-phosphate
P17169  glmS 609 66.8 80.5 aminotransferase Yes
POA6TS  folE 222 24.8 79.7 GTP cyclohydrolase 1 Yes
[None UCI49 165 18.5 78.8 Bait No
P06987  hisB 355 40.2 78 Histidine biosynthesis bifunctional protein HisB No
P17115  gutQ 321 34 76 Arabinose 5-phosphate isomerase GutQ No
P60906  hisS 424 47 75.9 Histidine--tRNA ligase Yes
POACR4  yeiE 293 32.7 75.8 HTH-type transcriptional regulator YeiE No
POASR7  ftsE 222 24.4 75.2 Cell division ATP-binding protein FtsE Yes
POA7J0  ribB 217 23.3 74.2 3 ,4-dihydroxy-2-butanone 4-phosphate synthase Yes
POASP8  xerD 298 34.2 73.2 Tyrosine recombinase XerD No
POASSS  gldA 367 38.7 71.7 Glycerol dehydrogenase No
P77581 astC 406 43.6 70.4 Succinylornithine transaminase No
P45395  kdsD 328 35.2 70.1 Arabinose 5-phosphate isomerase KdsD No
POAGI8  trkA 458 50.3 69.7 Trk system potassium uptake protein TrkA No
POAED9 dcm 472 53.4 69.5 DNA-cytosine methyltransferase No
D-tagatose-1,6-bisphosphate aldolase subunit
POC8J6  gatY 284 30.8 69.4 GatY No
POADZ4  1psO 89 10.3 68.530S ribosomal protein S15 No
P13035  glpD 501 56.7 67.7 Aerobic glycerol-3-phosphate dehydrogenase No
POA6Z6  nikR 133 15 67.7 Nickel-responsive regulator No
P32664  nudC 257 29.6 67.3NAD-capped RNA hydrolase NudC No
P27306  sthA 466 51.5 66.7 Soluble pyridine nucleotide transhydrogenase No
P31658  hchA 283 31.1 65.4 Protein/nucleic acid deglycase | No
POAIN4  pflA 246 28.2 65 Pyruvate formate-lyase 1-activating enzyme No

Table 2. Mass Spectrometry of CdiA-CT

UCI49 C205A . .
Co-Purification.

All hits determined by mass spectrometry with a percent coverage above 65 are shown, including the protein
identifier, gene name for E. coli K-12, corresponding protein length and mass from the Uniprot database (ID
UP000271721) . Each gene was determined to be essential by query of the Shigen Profling of E. coli database

for strain MG1655. The CdiA-CT

keratins are highlighted in yellow.

UCI49 C205A
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Figure 1. CdiA-CT Bears a Cys-Asp-His Catalytic Triad Necessary for Growth Inhibition.
A. Carton of the Cys-Asp-His active site in the AlphaFold2 model of the effector domain of CdiA-CT

B. Growth curve of internal expression of either cdid-CT" or cdid-CT""’ “** in X90 E. coli cells, with

expression either induced using 0.2% arabinose or suppressed using 0.4% glucose after ODy,, = 0.25.

UCI49

C. After 2 hours post-induction of cdid-CT""” from Figure 1B, samples were taken for fluorescence
microscopy by spotting on a 1% agarose pad and staining with DAPI.
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Figure 2. Native Purification of CdiA-CT" <" “*"** Reveals Unique Co-Purifying Bands.
t4

UCI49 C205A DBS100 C183A

A. Native Ni-NTA affinity purificiation of polyhistidine-tagged CdiA-CT and CdiA-CT
Each construct includes only the effector domains (lacking the N-terminal entry domain). Lysates were
sampled after binding to NiNTA.

B. Native Ni-NTA affinity purification of polyhistidine-tagged CdiA-CT . A sample of clarified cell
lysate was taken after Ni-NTA binding (1). Following washes of Ni-bound proteins with non-denaturing
buffer, a single denaturing wash in 6M Guanidine H-Cl. was performed (2). This elution was followed by
washes in non-denaturing buffer and native elution in 300 mM Imidazole (3).

UCI49 C205A
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A. Post-Bound Lysate Elution
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Figure 3. Investigation of Interactions Between CAiA-CT"™ and Class 1 Protein Release Factors.

A. Native purification of various CAiA-CTY™ %A constructs in cells bearing a FLAG tag on prfB, containing

either the full length CdiA-CT (”FL”) or only the effector domain (“Tox”), with or without co-expression of
cognate immunity. Samples of lysate were collected after binding to Ni-NTA and normalized using Bradford
reagent. After SDS-PAGE, gels were either stained with Coomassie G-250 or used for western blotting against
indicated primary antibodies. Rna and SlyD are commonly co-purified protteins with Ni2+—binding affinity.
B. Co-culture of CDI-sensitive CH8868 cells with chimeric CdiA™"” -CT "’ inhibitors, mock inhibitors, or
mono-culture of targets with 100 pg/mL streptomycin. Lysates from co-cultures were generated at the
indicated times and normalized with Bradford reagent for SDS-PAGE. Gels were stained with either
Coomassie G-250 or subjected to western blotting against SsrA(DD) primary antibody.

C. CFU/mL of target cells determined by serial dilution and spot plating from each of the lanes in Figure 3B.
D. Co-culture time course of chimeric CiA"” -CT""*’ inhibitors with prfB-FLAG CH4119 target cells.

E. Coomassie stain and anti-FLAG western blot of the co-cultures in Figure 3D at the indicated time points.
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Figure 4. Investigation of Involvement of RibD and Riboflavin Biosynthesis in cpr’? Toxicity

Target colony forming units/mL for competition co-cultures of CH2005 CDIY™ chimeric inhibitors with
wild-type CH7286 cells bearing the indicated plasmids. The gene ribD comes from E. coli K-12 strains, while
ribU comes from Bacillus subtilis 168. In one co-culture condition, 1.5 mM riboflavin was added to the media.
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Materials and Methods

Table 3. Bacterial Strains

Strain Genotype Source
CH2016 X90 (DE3) Arna AslyD::kan Rif Kan' 170
CH3778 MG 1655 Awzb AarfB bamA(42014-2043) 8
CH7157 X90 AclpX AclpA::kan Rif Kan' 169
CH4119 X90 (DE3) prfB(flag) Rif" 172
CH2183 X90 ssrA(DD)-kan Rif Kan" 173
X90 F' laclq lac' pro’/ara D(lac-pro) nall argE(Am) rifr thi-1. Rif -
CH7286 MG1655 Awzb. kan Kan" 17

Abbreviations: AmpR , ampicillin-resistant; CmR , chloramphenicol-resistant; KanR , kanamycin-resistance;
RifR , rifampicin-resistant; TetR , tetracycline-resistant; TpR , trimethoprim-resistant

Table 4. Plasmids

Plasmid Genotype Source
pMCSG63::H6-TEV-cdiA-CT-cdil (C. rodentium DBS100),

IPTG inducible expression with T7 promoter for purification,
R

CH1764 Amp This Study
Constitutive expression of chimeric cdid””-c1"" and

CH2005 cdil’"”’, Amp" This Study
pCHA450::¢cdid-CT-cdil-DAS (E. cloacae UCI49), Arabinose

CH2848 Inducible Degradation Construct, Tet' This Study
pCHA450::¢cdid-CT-cdil-DAS (E. cloacae UCI49) (C205A),

CHS8829 Arabinose Inducible Degradation Construct, Tet' This Study

pMCSG63::H6-TEV-ToxinDomain-cdil (C205A4) (E. cloacae
UCI49), IPTG inducible expression with T7 promoter for

CHS8831 purification, includes UCI49 toxin domain, AmpR This Study
pMCSG63::H6-TEV-CdiA-CT-cdil (E. cloacae UCI49), IPTG
CHS8538 inducible expression with T7 promoter for purification, AmpR This Study

pMCSG63::H6-TEV-ToxinDomain-(C2054) (E. cloacae
UCI49), IPTG inducible expression with T7 promoter for
CHS8839 purification, AmpR This Study
pMCSG63::H6-TEV-ToxinDomain-cdil (E. cloacae UCI49),
IPTG inducible expression with T7 promoter for purification,

CHS8851 includes UCI49 toxin domain, AmpR This Study
pTrc::rbsK1-6, IPTG-inducible expression of rbsK1-6

CHI138 (V72G), Amp" 173

CH8907 pTrc::ribD, IPTG-inducible expression of ribD, AmpR This Study
pCH405D::ribU (B. subtilis 168) constitutive expression of

CH8908 ribU, Tet" This Study

Abbreviations: AmpR , ampicillin-resistant; CmR , chloramphenicol-resistant; KanR , kanamycin-resistance;
RifR , rifampicin-resistant; TetR , tetracycline-resistant; TpR , trimethoprim-resistant
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Table 5. Oligonucleotides

Oligo
Number Name Sequence Description Source
Forward oligo to introduce the
5'-TTG TAC GGA TGC CTC C205A mutation into cdiA- This
CH5760 UCI49-C205A-for AGA TAT CG -3' CT(UCI49) Study

5'-TTT GGT ACC GAG AAC
CTG TAC TTC CAA GGT TCT  Forward oligo to clone the toxin
UCI49-TEV-S156- CCT TCA ATG GAT GAT CTT  domain of UCI49 into an NT-H6 This
(CH5795 Kpn-for TTC -3' pMCSG63 construct Study
5'-TTT CTC GAG TTA TTT TAA Reverse primer to clone the toxin
UCI49-Tox-Xho- CCC CTG TAA TTT ATC AGA G domain of UCI49 into an NT-H6 This
CH5796 rev -3' pMCSG63 construct Study
Reverse primer to clone UCI49
UCI49-cdil-Xho- 5'- TTT CTC GAG TTA TGC ATCcdiA-CT-cdil into an NT-H6 This
CH5838 rev ATA TCC AGCATT TTT G -3' pMCSG63 construct Study
Forward primer to clone the
5'-TTT GAA TTC ATG TTT CCG immunity gene of UCI49 intoa  This
CH5910 UCI49-cdil-Eco-for ATA GGT AAG AAA G -3' pCH400 series plasmid Study
Forward primer for cloning S611
UCI49-CT into the CdiA(EC93)
inhibitor chimera and generation
MGH20/UCI49C- 5'- TTT GGT ACC ATG GTT of the CdiA-CT-Cdil-DAS This
(CH4734 Kpn/Nco-for GAG AAT AAC TCG CTG AG -3' UCI49 construct with pCH450  Study
Reverse primer for generation of
5'-TTT ACT AGT TGC ATC ATAthe CdiA-CT-Cdil-DAS UCI49 This

CH4738 UCI49-cdil-Spe-revTCC AGC ATT T -3' construct with pCH450 Study
5'-TTT GGT ACC GAG AAC Forward oligo to clone the UCI49
CTG TACTTC CAATCG CTG  cdiA-CT into an NT-H6 This
CH5741 UCI49-CT-Kpn-for AGT GTC GGT ATA CAG G -3' pMCSG63 construct Study
forward to amplify ribD from K-
5'- TTT GGT ACC ATG CAG 12, with native GTG start This
CH5915 ribD-Kpn-for GAC GAG TAT TAC -3' changed to ATG Study
5'-TTT CTC GAG TCA TGC reverse to amplify ribD from K- This
(CH5917 ribD-Xho-rev ACC CAC TAA ATG CAG -3 12. Contains stop codon. Study

5'-TTT GGT ACC ATG AAA forward to amplify fmnP(ribU)
GTA AAA AAA TTA GTT GTG from B. subtilis 168. Native GTG This
CH5918 fmnP-Kpn-for GTC -3' start changed to ATG Study
reverse to amplify fmnP(ribU)
5'-TTT CTC GAG TTA ATG from B. subtilis 168 for cloning This
CH5919 fmnP-Xho-rev GAT ATG TGC ACT TGC -3' into pCH405D. Study

Prediction of Structural Homology and Modeling of the CdiA-CTV“'* Proposed Active Site
Submission of the CdiA-CTV™ protein sequence to AlphaFold2 yielded a predicted
.pdb file, which was then submitted to the EMBL Dali Protein Structure Comparison Server

(http://ekhidna2.biocenter.helsinki.fi/dali/) . The top 10 matches of this search from the PDB-
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90 output were selected for inclusion. Additionally, the AlphaFold2-predicted model of CdiA-
CTV™ was imported into PyMol and illustrated as a secondary structure cartoon. Selected

residues were illustrated as “sticks”, colored by element.

Internal Expression and Growth Curves of cdiA-CTV™° Derivatives

Expression of cdid-CTV™ or cdiAd-CTV!® €294 was performed by first generating a
construct consisting of the respective cognate cdid-CTV-cdilV“ pair in a pCH450-DAS
backbone plasmid (Tet®). This plasmid introduces a pBAD arabinose inducible promoter, and
an sstA(DAS) tag at the 3’ end of the immunity gene. Translation of this sequence generates a
suboptimal degradation tag at the C-terminus of Cdil. These constructs, stored in strains
CH2848 and CH8829 were transformed into wild type CH7286 cells. After ice-cold incubation
of cells and plasmid and heat shock at 42°C, cells were recovered in LB and 0.8% glucose for
1 hour at 37°C. After recovery, cells were pelleted, resuspended in a small volume of LB, then
plated on LB-agar plates supplemented with 20 pg/mL tetracycline and either 0.4% glucose or
0.2% arabinose. Plates were incubated overnight at 37°C.

The next day, transformants plated on 0.4% glucose were harvested with a sterile swab
and used to inoculate 60 mL of LB containing 15 pg/mL tetracycline to an optical density at
600 nm around ~0.05. The ODgoo of the culture was measured every 30 minutes with a
spectrophotometer while shaking at 37°C. Once reaching an ODgoo near 0.25 (or after 2 hours),
cultures were split into two 20 mL fractions and were supplemented with either 0.2% arabinose
(for induction) or 0.4% glucose (for suppression). ODgoo was continually monitored over the
course of 4-5 hours post-induction. For microscopy of cells during internal expression, samples

were taken at 2 hours post-induction.
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Native Purification of CdiA-CTs

Expression vectors were generated by cloning cdi4-CT-cdil immunity pairs bearing the
C205A mutation into pMCSG63, containing a N-terminal polyhistidine tag fusion under a T7
promoter. In some cases, only the effector domain of cdid-CTY"*® was included and the cdil
gene was omitted, as indicated. These plasmids were transformed into CH2016, an expression
strain of X90 carrying the DE3 lysogen with T7 polymerase and knockouts of rna and slyD.
Native purification constructs used here include CH1764, CH8538, CH8831, CH8842,
CHS8844, and CH8851. As an alternative to CH2016, constructs purified for purposes of
western blotting against RF2 were purified in an X90 (DE3) prf/B-FLAG background
(CH8836-8840). Overnight cultures of the strains was grown in LB + 150 pg/mL ampicillin
and used to inoculate 200 mL LB supplemented with 150 pg/mL ampicillin at ODgoo = 0.1.
After the optical density reached ~0.6, expression of CdiA-CT was induced by addition of 1.5
mM isopropyl B-D-1-thiogalactopyranoside (IPTG). After 2 hours of induction, cells were
harvested by centrifugation at 6,000 rpm for 10 minutes and resuspended in 10 mL of 20 mM
Tris-HCI pH 7.5, 500 mM NaCl, 30 mM imidazole (wash buffer). After centrifugation at
10,000 rpm for 10 minutes, clarified lysates were added to 30 pL. Ni-NTA and incubated at
4°C for 1 hour with rotating. Bound Ni-NTA protein-complexes were then collected by
centrifugation and removal of supernatant, followed by two 10 mL washes in wash buffer.
Then, Ni-NTA was added to an elution column and further washed with wash buffer. Finally,
proteins were eluted in successive 200 pL volumes of wash buffer supplemented with 250 mM
Imidazole. Elutions were assayed with Bradford reagent and combined, followed by loading
of 12 uL of elution in SDS-PAGE and electrophoresis at 110 V for 1 hour. Gels were either

stained with Coomassie R-250, or subjected to western blotting (see below).
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Western Blotting

SDS-PAGE gels destined for western blots were first incubated in transfer buffer (Tris-
Glycine + 20% methanol) and sandwiched between filter paper, stacked upon a PVDF
membrane in the transfer apparatus. Transferring occurred at 17 V for 1 hour, followed by
blocking of the PVDF membrane in 30 mL PBS + 6 g of milk powder for 30 minutes. The
desired antibody (anti-FLAG or anti-RF1 in Figure 3A and anti-SsrA(DD) in Figure 3B) at a
1:20,000 dilution was then incubated with the membrane at 4°C overnight. The next day, three
washes were performed using 30 mL PBS, followed by 1 hour of incubation with HRP-
conjugated secondary antibody (anti-mouse for anti-FLAg and anti-rabbit for anti-RF1 and
anti-SsrA(DD)). Three more washes were then performed with 30 mL PBS, and the blotted
membrane was imaged by addition of chemiluminescent substrate luminol and H>O.. Blots

were exposed for 1 minute during imaging and adjusted using Image].

Competition Co-Cultures

Overnight cultures of targets were grown in 50 pg/mL kanamycin and inhibitors were
grown in either grown in 150 pg/mL ampicillin (for pET-derivative inhibitors) or 60 pg/mL
chloramphenicol (for pPDAL879-derivate inhibitors). Overnight cultures were diluted to ODsoo
= 0.1 in fresh LB without antibiotics and grown with shaking for 1.5 hours at 37°C. The optical
density of each fresh culture was then measured using a spectrophotometer and target cells and
inhibitors were mixed by resuspending each to ODgoo = 0.1 in 10 mL of LB. Co-cultures were
incubated in baffled 125 mL flasks at 37°C for 3 hours (unless otherwise stated) with shaking.
Prior to incubation, a time = 0 point was taken by diluting cells 10-fold into M9, followed by

further 10-fold serial dilution for spot plating. Aliquots were again taken at the final time point
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and serial diluted, followed by spotting 10 uL of dilution on LB-agar containing either
kanamycin (50 pg/mL) or ampicillin (150 pg/mL) to measure target and inhibitor CFU/mL.
Competitive indices were calculated as the ratio of inhibitor:target CFU/mL at the final time

point divided by the ratio of inhibitor:target CFU/mL at the initial time point.

SsrA(DD) Accumulation Assay

Co-culture competitions were set up as described above, except inhibitors and targets
were instead resuspended at ODesoo = 0.3. Inhibitors were either CH2005 cells or CH7092
(mock inhibitor) cells. In the case of addition of 100 pg/mL streptomycin, no inhibitor cells
were added. At the indicated time points, 2 mL of cells were pelleted and lysed in urea lysis
buffer, followed by a freeze-thaw cycle at -80°C and centrifugation to harvest clarified lysate.
Lysates were normalized with Bradford reagent by measurement of ODsos and dilution
calculation (loaded volume = 1.5/As9s5). Samples were loaded in SDS-PAGE and subjected
either to Coomassie staining or western blot as described above. Additionally, at each time

point aliquots were taken and serially diluted to calculate CFU/mL of target CH8868 cells.
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V. Conclusion

Contact dependent inhibition (CDI) type Vb secretion systems play important roles in
interbacterial competition and likely help shape multicellular bacterial communities in diverse
ecological niches!'>!%. Given their linkage to pathogenesis factors in the genome!®, the study
of CDI systems may also yield insight into the physiology of human pathogens. Beyond effects
in physiology, CdiA, in complex with CdiB, functions as a controlled molecular machine,
using intrinsic and extrinsic mechanisms to adopt a variety of defined conformations which
mediate delivery of the effector cargo. In the past 15 years, some aspects of CDI have become
well understood, including the domain boundaries of CdiA and the general functions of each
domain. However, certain mechanistic details have yet to be worked out and pose barriers to
the complete engineering and repurposing of CDI systems. For example, while the receptor

12,1481 and is modular with

binding domain is known to interact with outer membrane epitopes
other CDI receptor binding domains®, the mechanism by which it causes resumption of
secretion is not fully understood. Additionally, the ability of CdiA to utilize receptor binding
domains from other proteins has not been explored. It’s likely that further understanding of the
mechanisms of native CDI systems is necessary before performing this kind of engineering.
Once understood, expression of chimeric CDI proteins with receptor binding domains grafted
from completely heterologous systems could function as valuable tools.

Another important and mysterious step in CDI that was touched upon in Chapter 2 is
receptor recognition and the translocation mechanism of the cytoplasm entry domains of CdiA-
CTs across the inner membrane of target cells. Given the broad genetic diversity of the
currently characterized entry domains and the observation that CdiA-CT entry domains are

2996

limited in “host range™, it’s possible that CDI provides selective pressures towards the
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evolution of periplasmic regions in the inner membrane. While components exposed to the
extracellular surface are constantly under selective pressures to avoid recognition by host
immune systems and phages, proteins in the periplasm do not appear subject to the same
pressures. CDI, in combination with other bacteriocin systems, could thus in part be
responsible for divergence of these regions.

Some work has shown that inner membrane translocation appears to universally depend
upon the proton motive force®?, suggesting a universal or similar mechanism of translocation
between genetically and structurally distinct domains. It’s possible that interaction with the
periplasmic epitopes of one of the identified inner membrane proteins simply localizes CdiA-
CT to the surface of the membrane, whereby the protein interacts with either the lipid bilayer
and possibly with the transmembrane helices of the recognized proteins to pass through the
membrane. This mechanism would imply a relatively hydrophobic surface of the entry domain,
which may be facilitated through a molten-globule-like conformation as has been observed for
a cytoplasm entry domain targeting MetI''S. However, the mechanism could also imply that
the C-terminal effector domain would need to share these properties to avoid the immense
energetic cost of crossing an aliphatic barrier in a channel-independent manner. The

requirement of co-factors for some CDI effectors to increase thermodynamic stability3:!18

may
represent a driving force for net flow of CdiA-CT across the membrane. Additionally, an
affinity of the entry domain for membranes could result in anchoring of CdiA-CT to the inner
leaflet of the cytoplasmic membrane, limiting the ability of the effector domain to freely diffuse
and find its substrates. Uncovering of the precise mechanistic details regarding this step in CDI

could have powerful implications for the delivery of other effectors such as colicins, as well as

the rational design of new proteins which deliver cargoes across membranes.
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Perhaps the most challenging domain of all to characterize is the toxic effector domain
at the extreme C-terminus of CdiA. The high degree of sequence polymorphism, combined
with the highly specific and distinct activities of each of the currently characterized effectors
makes characterizing these domains especially difficult. However, they are some of the most
fascinating proteins, having evolved to specifically perturb distinct cellular functions and

91993 and pore formers®*, in silico

inhibit growth. Beyond the currently characterized nucleases
work predicts homology of some families of uncharacterized cdid-CTs to deaminases!®,
methyltransferases, and proteases. In fact, the actual diversity of effector activities likely
stretches substantially beyond that available in current sequence space.

This thesis covers functions of CdiA-CTs spanning across both the cytoplasm entry
domains and effector domains of unique CDI systems. In chapter 2, novel inner membrane
proteins were identified to be associated with previously uncharacterized CdiA-CT entry
domains. Transposon mutagenesis and selection of mutagenized pools with chimeric CDI
systems bearing various cytopolasm entry domains revealed that AroP, MtIA, AmpG, and
YajC are associated with the import of distinct CdiA-CTs. Based upon previous findings, the
native cellular functions of these proteins are unlikely to contribute to the mechanisms of
translocation'®, and they may instead act as permissive receptors for target cell recognition and
localization of CdiA-CT to the inner membrane. Additionally, the previously identified inner
membrane proteins GItJK and FtsH!® were identified to be associated with novel CdiA-CT
entry domain sequences and structures. It appears likely that these entry domains recognize

distinct epitopes on the periplasmic surfaces of these inner membrane proteins compared to the

previously identified effectors.
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In Chapters 3 and 4, I performed experiments attempting to characterize CdiA-CTs
from Enterobacter cloacae S611 and UCI49 respectively. CdiA-CTS®!! is predicted to have a
S-adenosylmethionine (SAM) binding domain and could perform methyltransfer to cellular
substrates in order to exhibit toxicity. Notably, this domain was not found to function in a
similar manner to phage encoded SAM-binding domains, which act as SAMases. While the
mechanism underlying this toxic effector remains elusive, an involvement with SAM and
therefore methyltransferase activity, seems likely. The effector domain of CdiA-CTY™¥ is
predicted resemble protein glutaminases and cysteine proteases. Consistent with this
prediction, the domain contains a Cys-Asp-His catalytic triad, and mutation of the presumed
active cysteine completely abrogates inhibitory activity. Co-purification of the inactive mutant
of this CdiA-CT revealed multiple promising substrates, including protein release factor 2
(RF2) and the riboflavin biosynthetic enzyme RibD. However, it is not yet clear that either of
these proteins are associated with CdiA-CTY¢%°, and attempts to rescue growth or probe for
specific phenotypes associated with disruption of these proteins have failed. It remains possible
that one of these proteins may act as a co-factor for toxicity. Further characterization of both
CdiA-CTS®!! and CdiA-CTY™ is necessary before any insight is to be gained into their

mechanisms of growth inhibition, but both remain promising effectors for study.
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