Mechanisms of Sensory Signal Transduction Across the Envelope in the

CpxRA System of Escherichia coli

by

Timothy Hyun Seok Cho

A thesis submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Department of Biological Sciences
University of Alberta

© Timothy Hyun Seok Cho, 2024



Abstract

The bacterial envelope is a critical barrier that not only shields bacteria from harsh
environments but also serves as a key organizing centre for processes such as metabolism,
virulence, and even DNA replication. In Gram-negative bacteria, the envelope is composed of
inner and outer membranes and a peptidoglycan cell wall and is especially resistant to
environmental threats. The envelope is carefully constructed through a number of
interconnected biogenesis pathways. Furthermore, bacteria monitor the envelope through
several envelope stress responses. The Cpx response of the model organism Escherichia coli is
a conserved system for maintaining the integrity of protein folding in the envelope. In this
system, the sensor kinase CpxA detects stresses and activates its response regulator, CpxR, by

phosphorylation. The Cpx response also utilizes accessory proteins such as the periplasmic

chaperone CpxP and the outer membrane lipoprotein protein NIpE to fine-tune signaling. NIpE is

an activator of the system, alerting the system to surface adhesion, lipoprotein biogenesis
defects, and changes in periplasmic redox state. While much is known about what genes the
Cpx response regulates and what signals induce CpxA, much less is known about how signals

are sensed and transduced in this system.

In this thesis, we explore the molecular mechanisms of CpxA activation. In a collaborative

study (Chapter 2), we investigate the structure of CpxA’s sensor domain as a unique and novel
dimer of Per-ARNT-Sim (PAS) domains. This novel dimer structure explains the phenotypes of
several historical cpxA* alleles and regulates CpxA’s activity by preventing activation in the
absence of inducing cues. Mutations in the dimer interface strongly activate CpxA and render it
blind to stimuli. This novel PAS dimer orientation may be present in other sensor kinases,
revealing a previously unknown diversity in the structure of these common sensory domains. In

Chapters 3 and 4, we investigate how the outer membrane lipoprotein NIpE activates CpxA in



the presence of diverse inducing signals. We report the molecular details of the interaction
between NIpE and CpxA when NIpE is mislocalized to the inner membrane and examine the
structural features of NIpE and their contribution to activating CpxA. We also find a role for the
Cpx-regulated proteolytic factors CpxP and DegP in stabilizing NIpE, a novel axis of regulating
NIpE signaling. At the outer membrane, NIpE interacts with the major outer membrane protein
OmpA via its N-terminal domain and signals to CpxA through its C-terminal domain. We also find
that the ability of OmpA to bind the cell wall is important for activating the Cpx response,
suggesting that NIpE signaling from the outer membrane is coordinated through the cell wall.
Finally, we report that NIpE can become surface-exposed, which may explain its ability to sense
adhesion to surfaces. Thus, NIpE’s versatility in signaling comes from its ability to localize to both
the inner and outer membranes, the proteins it interacts with in these locales (CpxA or OmpA),
and the different functions of each of its domains. Taken together, the work presented in this
thesis significantly expands our understanding of how Gram-negative bacteria sense and

transduce signals across the envelope.



Preface

Minor parts of Chapter 1 (Introduction) were adapted from two reviews | co-wrote.
“Bacterial envelope stress responses: Essential adaptors and attractive targets” in Biochimica et
Biophysica Acta (BBA) Molecular Cell Research (2022) volume 1870, issue 2, 119387 was co-
written by me, Kat Pick (fellow Raivio lab PhD student), and Dr. Tracy Raivio. Kat Pick and | were
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Regulation of Pathogenesis in Gram-Negative Bacteria” in Frontiers in Cellular and Infection
Microbiology (2019) volume 9, 313 was co-written by me and Claire Hews (University of East
Anglia), and Drs. Gary Rowley, and Tracy Raivio. Claire Hews and | were responsible for the

literature search and writing while Drs. Rowley and Raivio reviewed and edited the manuscript.

Chapter 2 of this thesis is published as “The sensor of the bacterial histidine kinase CpxA
is a novel dimer of extracytoplasmic Per-ARNT-Sim domains” in the Journal of Biological
Chemistry (2024) volume 300, issue 5, 107265 and is presented in this thesis with minimal
modifications. This publication was the result of a longstanding collaboration between the labs of
Dr. Tracy Raivio and Dr. J.N. Mark Glover (Department of Biochemistry, University of Alberta)
and is a co-first authored publication with Glover lab PhD student Cameron Murray. Cameron
Murray and | co-wrote the manuscript with both Drs. Tracy Raivio and Mark Glover providing
feedback on and reviewing the manuscript. Cameron Murray and | were responsible for the
majority of the experimental (me) and modelling (Cameron Murray) work presented in this
chapter with the following essential contributions to the manuscript: Gina L. Thede was
responsible for purifying the sensor domain of CpxA and crystallization; Ross A. Edwards
assisted with the refinement of the crystallographic data; Jun Lu contributed to biochemical work
on CpxA; Roxana Malpica generated the data shown in Figure 2-2; Rodrigo Margain-Quevedo

provided some of the supplementary data used in the article (Figures 2-4, 2-9, 2-12, 2-15).

Chapter 4 of this thesis is modified from the publication “NIpE is an OmpA-associated
outer membrane sensor of the Cpx envelope stress response” in the Journal of Bacteriology
volume 205, issue 4 (Epub). The publication was a co-first authored publication with previous
Raivio lab PhD student Dr Junshu Wang in recognition of her initial discovery of the NIpE-OmpA

complex. | was responsible for writing the manuscript and Dr Tracy Raivio provided feedback on
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and edited the manuscript. This chapter contains the work contained in the publication with

additions and minus the work directly taken from Dr. Junshu Wang'’s thesis.
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Chapter 1 — General Introduction



The Gram-negative envelope

Figure 1-1. The Gram-negative envelope is a complex and beautiful structure.

Watercolor rendering of the Escherichia coli envelope (shown mostly in shades of green) by
David S. Goodsell, RCSB Protein Data Bank. doi: 10.2210/rcsb_pdb/goodsell-gallery-028 (used
with permission under CC BY 4.0). Several structures can be seen, including lipopolysaccharide,

peptidoglycan complexed with OmpA/Lpp, and appendages such as pili and flagellum.

A dual-membrane envelope is the hallmark feature of Gram-negative bacteria. While the
divergence between diderm (Gram-negative) and monoderm (Gram-positive) bacteria is a
perennial question in evolutionary microbiology (Gupta, 2011; Léonard et al., 2022; Megrian et
al., 2020; Taib et al., 2020; Tocheva et al., 2016; Witwinowski et al., 2022), the physiological
advantage of a dual membrane structure is uncontroversial and intuitive: an additional
permeability barrier increases the resilience of bacteria against environmental threats, including

antimicrobials. Thus, four of six listed species/genera in the highly-antibiotic resistant ESKAPE
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(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter

baumanii, Pseudomonas aeruginosa, and Enterobacter spp.) group are Gram-negative (Rice,

2008). Accordingly, the updated 2024 edition of the World Health Organization’s Bacterial
Priority Pathogens List continues to stress the outsized influence of Gram-negative organisms to
antibiotic resistance and global disease burden (“WHO bacterial priority pathogens list, 2024,”
2024). But from a more basic perspective, the Gram-negative envelope is a unique and
complicated structure (Figure 1-1), full of diverse biomolecules and sensory systems that
function together to allow bacteria to exist and thrive in many contexts, not just clinical ones.
Thus, understanding how Gram-negative bacteria build, monitor, and protect their envelopes

remains a crucial question for microbiologists of every stripe.

Building the envelope

The Gram-negative envelope is a three-layered structure populated by proteins of
diverse topology, structure, and function (Silhavy et al., 2010). The outermost layer is the outer
membrane, an asymmetric bilayer of lipopolysaccharide (LPS) and phospholipids. Underneath
this layer is a peptidoglycan cell wall that provides mechanical rigidity to the envelope (Héltje,
1998). The final layer is the inner membrane, a simpler phospholipid bilayer. An ATP (adenosine
triphosphate)-devoid aqueous space known as the periplasm resides between the outer and
inner membranes (Thanassi et al., 2005), housing molecules involved in transport, detoxification,
and biogenesis (Miller and Salama, 2018). These layers, however, are not completely
independent of each other but rather function together to protect bacterial cells. While the
simplest phospholipid membranes form spontaneously and protein folding is usually
energetically favourable (Alberts et al., 2002; Anfinsen and Scheraga, 1975), making and
maintaining a bacterial cell envelope is far from a simple process and requires significant

resource investment (Silhavy et al., 2010).



The inner membrane

The inner membrane is a phospholipid (PL) bilayer composed mostly of
phosphatidylethanolamine (PE) with lower amounts of phosphatidylglycerol (PG),
phosphatidylserine (PS), and cardiolipin (CL) (Yasuhiro et al., 1967). PE in both the inner and
outer membranes feeds into the biosynthesis of other envelope constituents, for example,
providing the acyl groups used by the apolipoprotein N-acyltransferase Lnt in the final acylation
of lipoproteins (Gupta and Wu, 1991; Jackowski and Rock, 1986; Noland et al., 2017) and the
acyltransferase PagP in acylation of LPS’s lipid A (a notorious mechanism of defense against
antimicrobial peptides) (Bishop, 2005). Interestingly, while the inner membrane is often thought
of as a “symmetric” bilayer in contrast to the outer membrane, recent work suggests that the
inner membrane also possesses regulated asymmetry in its lipid composition (Bogdanov et al.,

2020).

Despite its seemingly simple lipid composition compared to the outer membrane, the
inner membrane houses many critical metabolic processes. Every envelope-localized or
secreted molecule must also pass through this layer. Much like their location at the inner
mitochondrial membrane of eukaryotic cells, the complexes of the electron transport chain and
ATP synthase reside at the inner membrane (Guo et al., 2018; Unden and Bongaerts, 1997).
Because the periplasm lacks ATP, the cytoplasmic leaflet of the inner membrane serves as the
interface for energized processes requiring ATP hydrolysis. Several inner membrane ATP-
binding cassette (ABC) transporter proteins facilitate the movement of substrates into and out of
the cytoplasm (Davidson et al., 2008). Secretion systems almost always possess an inner
membrane base where cargo and adaptor proteins are loaded and ATP is hydrolyzed to
energize transport (Costa et al., 2015; Green and Mecsas, 2016). Active transport can also be

energized in an ATP-independent fashion through an electrochemical gradient of protons across



the inner membrane (the proton motive force (Maloney et al., 1974); for example, the transport
of large molecules into the cell by TonB-dependent transporters is energized by proton motive
force dissipation through the TonB-ExbBD complex (Celia et al., 2019; Noinaj et al., 2010).
Finally, the inner membrane is also the site of almost all envelope biogenesis processes
including unfolded and folded protein translocation by the Sec and Tat translocons, respectively,
(Lycklama a Nijeholt and Driessen, 2012; Mori and Ito, 2001; Palmer and Berks, 2012),
lipoprotein modification (Narita and Tokuda, 2017), LPS synthesis (Bertani and Ruiz, 2018; Wang
and Quinn, 2010), peptidoglycan synthesis (Garde et al., 2021), and redox folding of proteins (lto
and Inaba, 2008). In these ways, the inner membrane serves as one of the cell’s most critical

organizing centres.

The cell wall

Gram-positive and -negative bacteria both possess a cell wall made up of peptidoglycan,
chains of alternating sugars crosslinked together with short peptides. Together, strands of
peptidoglycan form a polymeric unit surrounding the cell called the sacculus (Silhavy et al.,
2010). The overall function of the cell wall is to resist changes in osmotic pressure and maintain
cell shape (Cabeen and Jacobs-Wagner, 2005; Huang et al., 2008; Rojas and Huang, 2018;
Vollmer and Bertsche, 2008). The main carbohydrate component of the cell wall consists of
chains of alternating N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc)
(Vollmer and Bertsche, 2008). In Gram-negatives, the MurNAc residue possesses a 4-5 amino
acid peptide modification (Garde et al., 2021). Pentapeptidated GlcNAc-MurNAc linked to
undecaprenyl-phosphate (Und-P), which is referred to as lipid Il, is synthesized in the cytoplasm
and flipped across the inner membrane by the flippase MurJ (Sham et al., 2014). Lipid Il is
polymerized to form glycan strands by transglycosylation and peptide chains are crosslinked to

other peptide chains by transpeptidation. These processes are mediated by transglycosylases



and transpeptidases (also known as penicillin binding proteins), respectively (Sauvage et al.,
2008; Scheurwater et al., 2008). Crosslinks between glycan strands are hydrolyzed by
endopeptidases, which allows for the incorporation of new disaccharides into glycan strands
and, therefore, the growth of the sacculus (Vollmer et al., 2008). Two complexes, the
elongasome and divisome, coordinate the growth and division of the cell wall respectively
(Cameron and Margolin, 2024; Den Blaauwen et al., 2008; Du and Lutkenhaus, 2017; Szwedziak
and Léwe, 2013). Peptidoglycan is also covalently linked to the outer membrane lipoprotein Lpp
through L,D-transpeptidases LdtA, LdtB, and LdtC which bond a C-terminal lysine on Lpp with
the mDAP? residue of peptidoglycan (Bahadur et al., 2021; Magnet et al., 2007; Winkle et al.,
2021). Thus, peptidoglycan synthesis, incorporation, and turnover are highly choreographed

processes that link to almost every other aspect of envelope structure and biogenesis.
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Figure 1-2. The cell wall and its synthesis.

Cell wall synthesis involves the production of peptidoglycan precursors, namely lipid Il in the
cytoplasm and the addition of lipid Il to the existing sacculus. The main features of PGN
synthesis are shown above in broad strokes. Abbreviations: GIcNAc (N-acetylglucosamine),

MurNAc (N-acetyl muramic acid), Und-P (undecaprenyl phosphate).
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Figure 1-3. The outer membrane of Gram-negative bacteria.

The outer membrane is populated by a diverse set of proteins, lipids and carbohydrates.
Abbreviations: OM (outer membrane), OMPs (outer membrane proteins) LPS

(lipopolysaccharide), PL (phospholipid), PGN (peptidoglycan).

The outer membrane is the characteristic feature of Gram-negative bacteria (Figure 1-3).
This layer acts as a selective permeability barrier that prevents the direct entry of most large and
hydrophilic molecules and the efficient entry of many larger hydrophobic compounds (Maher
and Hassan, 2023; Nikaido, 2003; Vaara, 1993). LPS is the main contributor to the decreased
permeability of the Gram-negative envelope (Nikaido, 2003) and resides in the outer leaflet of
the outer membrane. The inner (or periplasmic) leaflet of the outer membrane consists of
phospholipids, predominantly PE (Bogdanov et al., 2020). The selectivity of the outer membrane
is directly related to its structure; tightly packed LPS itself functions as an effective permeability

barrier, and several porins form channels that allow for the facilitated diffusion of water and other



small molecules (Nikaido, 2003). Transport of larger molecules such as siderophores and

vitamins is accomplished through several energized transporter complexes (Noinaj et al., 2010).

Recent work has shown that the outer membrane separates into “islands” rich in OMPs
or LPS (Benn et al., 2021), highlighting its highly coordinated structure (Lithgow et al., 2023).
LPS-PL asymmetry is strictly maintained by Gram-negative bacteria (Giacometti et al., 2022;
Powers and Trent, 2019; Yeow and Chng, 2022), and its disruption occurs during envelope
stress and greatly increases the susceptibility of Gram-negatives to antibiotics (Mikheyeva et al.,
2023; Sutterlin et al., 2016; Vaara, 1993). While the outer membrane contains LPS in most
characterized Gram-negatives, “simple” diderms without LPS (Thompson et al., 1982) and
diderm-like organisms with distinct OM composition (such as the mycomembrane of
Mycobacteria spp.) exist (Chiaradia et al., 2017), pointing to the diverse ways bacteria take

advantage of a dual membrane envelope.

Furthermore, recent work challenges the paradigm that the cell wall is solely responsible
for cell shape and stiffness, reporting a key role for the outer membrane in maintaining cell
shape and resisting mechanical stress (Hummels et al., 2023; Mathelié-Guinlet et al., 2020; Rojas
et al., 2018; Sun et al., 2022). Increases in alternative peptidoglycan crosslinks by the L,D-
transpeptidase LdtD can compensate for defects in LPS biogenesis, pointing to an overlap in the
mechanical function of these two layers (Bernal-Cabas et al., 2015; Delhaye et al., 2016; Moré et
al., 2019). Outer membrane proteins also play a key role in stabilizing the envelope, particularly
by forming links with the cell wall. In most Gram-negative bacteria, there are three proteins
(OmpA, Lpp, and Pal) that form links between the cell wall and the outer membrane. Two of
these proteins, the B-barrel transmembrane protein OmpA and the outer membrane lipoprotein
Pal, form non-covalent interactions with peptidoglycan (Bouveret et al., 1999; Cascales et al.,

2002; Park et al., 2017; Samsudin et al., 2017). OmpA is one of the most abundant OMPs in the



outer membrane and plays key roles in virulence and the surface properties of several Gram-
negative species (Confer and Ayalew, 2013; Liao et al., 2022). Structurally, OmpA divides into an
N-terminal outer membrane integral 8-stranded (-barrel and a C-terminal globular
peptidoglycan binding domain (Marcoux et al., 2014). This cell wall binding fold is shared with
the lipoprotein Pal, which coordinates the outer membrane and cell wall during division
(Szczepaniak et al., 2020) and facilitates outer membrane lipid homeostasis (Shrivastava et al.,

2017; Tan and Chng, 2024).

Lpp, also known as Braun’s lipoprotein after its discoverer, forms the main covalent outer
membrane-cell wall linkage and is also the most abundant envelope protein in E. coli (Braun and
Rehn, 1969). Lpp controls two important aspects of envelope integrity: maintaining the outer
membrane-cell wall linkage and the width of the periplasm itself (Asmar et al., 2017; Mandela et
al., n.d.; Mathelié-Guinlet et al., 2020; Rojas et al., 2018). Strikingly, the need to maintain outer
membrane-cell wall links is evolutionarily conserved, even if the proteins involved are not.
Diderm Firmicutes possess no Pal or Lpp but instead express OmpM, a dual domain, trimeric
protein that, in a fashion combining characteristics of OmpA and Lpp, inserts into the outer
membrane and covalently links to peptidoglycan (Kalmokoff et al., 2009; Kojima et al., 2010;

Silale et al., 2023; von Kigelgen et al., 2022; Witwinowski et al., 2022).

Lipopolysaccharide and phospholipids

LPS is a molecule unique to Gram-negative bacteria. It is essential in most species,
although there are species that survive in its absence (Moffatt et al., 2010). Each LPS molecule
consists of a lipid A molecule covalently attached to two regions of oligosaccharides: the core
oligosaccharide and O-antigen (Bertani and Ruiz, 2018; Raetz and Whitfield, 2002). Gram-
negative bacteria, however, possess significant diversity in the sugar composition of LPS (Silipo

and Molinaro, 2010). The O-antigen is the outermost and most variable region of LPS (Bertani



and Ruiz, 2018; Samuel and Reeves, 2003; Whitfield et al., 2020). In just E. coli there are at least
170 O-antigen structures (Liu et al., 2019), this diversity being an important mechanism of

antigenic variation and host immune evasion (Duerr et al., 2009).

O-antigen
7 c
_ ol?grisaccharide Transport to OM

HPidA T O-antigen flipping
- and synthesis

Lipid A-core o~
fI|pp|ng
P s .*f\(\ @ o\
" N :
N— T Waal k_/
Lipid A-core /N Mature LPS WaxIWayWzz Und P
- MsbA .
synthesis ATP ADP =P assembly glycosylation

Figure 1-4. Summary of LPS biosynthesis.

The synthesis of LPS requires independent synthesis of two components (lipid A-core and O-
antigen) that are combined to form mature LPS. The Wzx/Wzy/Wzz is shown as an example
pathway of O-antigen synthesis. A simplified representation of the structure of LPS is shown in

the top left corner.

Biosynthesis of LPS begins in the cytoplasm with the synthesis of the lipid A-core
oligosaccharide molecule and the O-antigen separately (Figure 1-4). Briefly, acyl groups and
sugars are added to form lipid A-core through the Raetz pathway (Bertani and Ruiz, 2018;
Dowhan, 2011; Raetz and Whitfield, 2002), which is then flipped across the inner membrane by
MsbA (Mi et al., 2017; Voss and Trent, 2018; Zhou et al., 1998). O-antigen is synthesized through

the addition of sugars to Und-P through various pathways, such as the Wzz/Wzx/Wzy pathway,

10



which flips and synthesizes nascent O-antigen (Bertani and Ruiz, 2018; Islam and Lam, 2014;
Whitfield et al., 2020). The final synthesis of mature LPS occurs at the periplasmic leaflet of the
inner membrane through the transfer of O-antigen to lipid A-core by the ligase WaalL (Raetz and

Whitfield, 2002).
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Figure 1-5. Phospholipid and lipopolysaccharide transport and homeostasis.

The asymmetry of the outer membrane, where LPS constitutes the outer leaflet and PLs the
inner leaflet, is maintained through pathways that transport LPS to the outer membrane (the Lpt

machinery, leftmost part of figure) and PLs between the inner and outer membranes.

The transport of PLs and LPS through the aqueous periplasm is challenging because of
their hydrophobicity. Several transport pathways transport these molecules to and from the
inner and outer membranes (Figure 1-5). Mature LPS is transported to the outer membrane
through the Lpt pathway (Okuda et al., 2016). Periplasmic leaflet LPS is taken up by the LptB.FG
ABC transporter. (Dong et al., 2017; Okuda et al., 2012; Tang et al., 2019). LPS is then

transported through the hydrophobic cavity of the B-jellyroll fold found in LptC and LptA, which

11



shields it from the aqueous periplasm (Okuda et al., 2012; Schultz et al., 2017; Suits et al., 2008;
Tran et al., 2010). LptA forms an oligomeric, envelope-spanning bridge, facilitating the direct
movemnt of LPS from the inner to outer membrane (Chng et al., 2010; Freinkman et al., 2012;
Okuda et al., 2016). The LPS transport is completed by a complex of the large 3-barrel OMP
LptD and the outer membrane lipoprotein LptE (Chimalakonda et al., 2011; Dong et al., 2014;
Freinkman et al., 2011; Malojci¢ et al., 2014; Qiao et al., 2014). Recent work has also identified
LptM (formerly YifL), a small lipoprotein that binds LptD and LptE to stabilize its structure by

facilitating oxidative folding of LptD by mimicking the binding of LPS (Yang et al., 2023).

PLs undergo both anterograde (i.e. to the outer membrane) and retrograde (i.e. from the
outer membrane) transport depending on the LPS-PL balance in the outer membrane (Kumar
and Ruiz, 2023; Shrivastava and Chng, 2019; Yeow and Chng, 2022). Degradation of outer
leaflet PLs is accomplished by the outer membrane phospholipase PIdA (Bishop, 2008;
Malinverni and Silhavy, 2009; Snijder et al., 1999). The acyl chains produced from PL
degradation can then enter the cytoplasm to regulate the production of LPS through the
regulatory enzyme LpxC (May and Silhavy, 2018). Retrograde transport of phospholipids is
mostly accomplished by the Mla-OmpC system (Abellon-Ruiz et al., 2017; Chi et al., 2020;
Coudray et al., 2020; Hughes et al., 2019, 2019; Malinverni and Silhavy, 2009; Yeow et al.,
2023). Briefly, outer leaflet PLs are transported through a complex of the lipoprotein MlaA and
the porin OmpC. PLs are then transferred to a soluble periplasmic chaperone, MlaC, which
hands off PLs to an inner membrane complex of MlaFEDB (Isom et al., 2017). ATP hydrolysis
then drives the transfer of PLs to the inner membrane (Low et al., 2021; Powers et al., 2020;
Tang et al., 2021). Retrograde transport of PLs may also involve the Tol-Pal complex through a

yet to be characterized mechanism (Shrivastava et al., 2017; Tan and Chng, 2024).
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While evidence is still emerging, anterograde PL transport appears to be accomplished
by the functionally redundant proteins in the AsmA superfamily (Kumar and Ruiz, 2023). AsmA-
like proteins are predicted to possess a single transmembrane a-helix connected to a large
periplasmic domain big enough to span the periplasm that possess a hydrophobic groove,
forming a structure analogous to the transenvelope LPS bridge formed by Lpt proteins (Kumar
and Ruiz, 2023). So far, three AsmA-like proteins, YhdP, TamB, and YdbH have been implicated
in PL transport to the outer membrane (Douglass et al., 2022; Grimm et al., 2020; Ruiz et al.,
2021), although other AsmA-like proteins exist whose functions have yet to be characterized
(Kumar and Ruiz, 2023). Interestingly, many AsmA-like proteins were initially identified in relation
to other components of the outer membrane, highlighting how connected OMP, LPS, and PL
biogenesis are; AsmA was identified as a suppressor of OMP folding defects and decreases in
LPS (Deng and Misra, 1996; Misra and Miao, 1995), and TamB was implicated in OMP assembly

(Heinz et al., 2015; Stubenrauch et al., 2016).
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Figure 1-6. Protein secretion and assembly in the envelope.

Proteins are secreted folded or unfolded through the envelope through the Tat or Sec pathways,
respectively. OMPs are inserted in the outer membrane by the BAM complex BamABCDE). The
signal peptide of secreted proteins is highlighted in red (SP), and the C-terminal B-signal of

OMPs is shown with a different shade of green and labelled with an F (for phenylalanine).

Most outer membrane proteins fall into two classes: membrane-integral B-barrel proteins
and membrane-peripheral lipoproteins (Silhavy et al., 2010) (although membrane integral
lipoproteins do exist (Dong et al., 2006; Epstein et al., 2009; Janssens et al., 2024)). Outer
membrane B-barrel proteins (more generally referred to as OMPs) are characterized by a barrel-
like structure composed of antiparallel B-strands (Fairman et al., 2011; Hermansen et al., 2022).
OMPs often function as channels, including the abundant Enterobacterial porins OmpF and
OmpC, which allow for the diffusion of hydrophilic molecules into the cell (Vergalli et al., 2020).

In general, the barrel structure of OMPs allows them to accommodate a wide variety of
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molecules in their lumen. For example, relatively large TonB-dependent transporters facilitate
transport of larger molecules such as siderophores (e.g. the ferric enterobactin receptor FepA,;
(Buchanan et al., 1999)) or vitamins (e.g. the B12 receptor BtuB; (Chimento et al., 2003)). OMPs
such as autotransporter proteins facilitate the movement of cargo out of cells (Leyton et al.,
2012), and the central machinery for OMP and LPS insertion are both themselves 3-barrel
proteins (Dong et al., 2014; Leyton et al., 2015). OMPs also function as enzymes with various
functions (Bishop, 2008; Hwang et al., 2002; Snijder et al., 2001; Vandeputte-Rutten et al., 2001),
and facilitate virulence, for example, by promoting adhesion to host cells (Vogt and Schulz, 1999;

Yamashita et al., 2011).

Envelope proteins are secreted through the inner membrane and either remain there, are
released into the periplasm, or are transported to the outer membrane (Figure 1-6). Protein
secretion through the inner membrane can occur while proteins are folded or unfolded.
Secretion of folded proteins occurs with a relatively small subset of envelope proteins through
the twin arginine translocation (Tat) pathway, named as such because of a twin arginine motif in
their signal sequences (Frain et al., 2019; Palmer and Berks, 2012). In E. coli, the Tat pathway
consists of three proteins, TatA, TatB, and TatC. The mechanism of translocation is not yet clear,
with both membrane pore and membrane destabilization models proposed (Briser and
Sanders, 2003; Gohlke et al., 2005). The translocation of folded proteins across the inner
membrane presents several advantages, for example, allowing cofactors to be incorporated into
proteins in the cytoplasm rather than requiring additional mechanisms to transport and add

them to proteins in the periplasm (Palmer and Berks, 2012).

Most proteins are secreted through the universally conserved, general secretory (Sec)
pathway (Mori and Ito, 2001; Natale et al., 2008). Here, proteins are kept unfolded as they cross

the inner membrane, after which they can be integrated into the inner membrane, released into
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the periplasm, or be targeted to the outer membrane for final assembly. Protein export by the
Sec translocon occurs either co-translationally or post-translationally. All translocated proteins
possess an N-terminal signal peptide that is recognized by components of the Sec translocon
(von Heijne, 1990). Co-translational translocation, typically used by proteins that are inserted
into the inner membrane, is facilitated by the binding of the signal peptide of the nascent protein
by the signal recognition particle (SRP) protein and subsequent formation of a complex between
the Sec translocon and the ribosome, allowing for the secretion of the unfolded peptide as
translation occurs (Hwang Fu et al., 2017). Post-translational secretion is facilitated by the
chaperone SecB, which keeps proteins unfolded while targeting them to the ATPase SecA,
which drives the active translocation of proteins through the Sec translocon (Hartl et al., 1990).
In either case, translocation occurs through the SecYEG protein complex, forming the pore
through which unfolded proteins are exported (Oswald et al., 2021). Translocation is powered by
ATP hydrolysis but is also supported by harnessing the PMF through SecD and SecF (Tsukazaki
et al., 2011). Insertion into the inner membrane is facilitated by the protein YidC (Kumazaki et al.,
2014; Tsukazaki, 2019). For proteins that are targeted for the periplasm or outer membrane, the

signal peptide is cleaved by signal peptidase | (SPase ) (Auclair et al., 2012).

Several systems ensure proper protein folding in the envelope (Miot and Betton, 2004).
The proteins of the Dsb system promote the proper formation of disulfide bonds (Ito and Inaba,
2008); electrons are transferred to DsbA during the oxidation of cysteines on target proteins to
create disulfide bonds. Electrons are then transferred to DsbB and the membrane quinone pool.
Disulfide bonds can be isomerized through DsbC and DsbD, and unwanted disulfide bonds are
reduced by DsbG (Depuydt et al., 2009). Periplasmic peptidylprolyl-cis-trans-isomerases
(PPlases) such as FkpA further facilitate the isomerization of peptide bonds and assist in folding

(Saul et al., 2004; Unal and Steinert, 2014). Finally, several chaperones facilitate periplasmic
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protein folding and the transport of unfolded OMPs (UOMPs) to the B-barrel assembly machinery
(BAM) (De Geyter et al., 2016). Skp is a periplasmic chaperone that assists in the folding of
several periplasmic proteins but is mostly involved in transporting unfolded OMPs to the outer
membrane (Schiffrin et al., 2016). SurA appears to be the main chaperone involved in uOMP
transport (Marx et al., 2020). DegP may possess both uUOMP chaperone activity and protease
activity (to degrade misfolded proteins), but recent studies indicate that the main role of DegP is
as a protease under stress conditions (Chang, 2016). Several envelope stress responses also

maintain protein folding integrity under stress (Mitchell and Silhavy, 2019).

uOMPs are delivered to the BAM complex, which is composed of a large 3-barrel protein
BamA and four associated lipoproteins, BamB, BamC, BamD, and BamE (Knowles et al., 2009;
Konovalova et al., 2017). Of these, only BamA and BamD are essential, although the entire
complex is required for full activity. The central component of the BAM complex is BamA, which
comprises a large membrane-integral B-barrel protein attached to 5 polypeptide transport-
associated (POTRA) domains (Albrecht et al., 2014). BamA is a highly dynamic protein (Doerner
and Sousa, 2017; Doyle et al., 2022; Doyle and Bernstein, 2019). OMP folding appears to involve
a BamA “gate” that allows for lateral movement of proteins and local distortions of the
membrane (Konovalova et al., 2017). Several models have been proposed for BamA function.
The two most prominent are the budding and assisted models, the former involving the
formation of a temporary hybrid OMP-BamA that “buds” into the outer membrane, whereas the
BamA-assisted model posits that BamA functions more as a chaperone-like protein. The
essential lipoprotein BamD recognizes substrates for the BAM machinery (Hagan et al., 2015).
uOMPs are targeted to the Bam complex via a C-terminal 3-signal present on the uOMP itself.

The other lipoproteins, while not essential, play various roles in ensuring efficient assembly of
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OMPs and are often essential in combination with each other or other proteins involved in

envelope biogenesis (Konovalova et al., 2017).
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Figure 1-7. Lipoprotein maturation and transport in the envelope.

Lipoprotein biogenesis occurs through acylation of proteins through the inner membrane by Lgt,
LspA, and Lnt. Outer membrane lipoproteins are then transported via the Lol pathway. An inner

membrane lipoprotein with a Lol-avoidance signal is shown in red at the right side of the figure.

Lipoproteins possess a triacylated N-terminal cysteine residue that anchors them to
either the inner or outer membranes (Narita and Tokuda, 2017). Lipoproteins play important
roles in biogenesis, stress response, transport/metabolism, virulence, and structure (Braun and
Hantke, 2019). Lipoproteins are mostly secreted through the Sec translocon, although Tat-
secreted lipoproteins exist (Narita and Tokuda, 2017; Ziickert, 2014). Immature lipoproteins are

initially anchored to the inner membrane by their signal peptides. The C-terminus of the
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lipoprotein’s signal peptide contains a 4 amino acid lipobox which differentiates them from other
envelope proteins (Zickert, 2014). The key residue in the lipobox is a universally conserved
cysteine, which is the site of acylation. Lipoprotein maturation involves three enzymes (Figure 1-
7). First, the preprolipoprotein diacylglyceryl transferase (Lgt) catalyzes a thioester linkage
between (mostly) phosphotidylglycerol and the thiol group of the N-terminal cysteine (Sankaran
and Wu, 1994). The signal peptide is then cleaved between the cysteine and the residue
preceding it by the lipoprotein-specific signal peptidase LspA (or signal peptidase 1) (Tokunaga
et al., 1982). A third and final acyl chain is added by the N-acyl transferase Lnt at the amino

group created by signal peptide cleavage (Jackowski and Rock, 1986).

For inner membrane lipoproteins, this final acylation is the terminal step. Outer
membrane lipoproteins are trafficked to the outer membrane by the localization of lipoprotein
(Lol) pathway (Grabowicz, 2019). A “Lol-avoidance” signal, which in E. coli consists of an
aspartic acid at the +2 position (i.e. the residue immediately following the lipidated cysteine),
ensures that inner membrane lipoproteins are not trafficked to the outer membrane (Hara et al.,
2003). Recent work also suggests that outer membrane trafficking of lipoproteins depends on
the presence of an almost universal, intrinsically disordered linker region at the N-terminus of
the mature lipoprotein (El Rayes et al., 2021). Outer membrane lipoproteins are taken up by the
LolICDE ABC transporter, primarily by interacting with LolE (Mizutani et al., 2013). The
periplasmic chaperone LolA is recruited to and receives the lipoprotein from LolCDE (Kaplan et
al., 2018; Lehman et al., 2024). As is the case with the hydrophobic moieties of LPS and PLs, the
hydrophobic acyl modification of lipoproteins presents a challenge for transport. This acylated
moiety is hidden with the hydrophobic cavity of LolA in a manner analogous to LPS transport by
LptA (Takeda et al., 2003). However, unlike LptA, LolA does not form a continuous bridge from

the inner to outer membrane to transport lipoproteins, but rather transports them as a soluble
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chaperone through the periplasm. In this way, LolA functions more analogously to MlaC in PL
transport (although in the opposite direction) (Shrivastava and Chng, 2019). After transit through
the periplasm, lipoproteins are handed off to LolB, which is itself a lipoprotein and shares a
similar lipoprotein binding fold as LolA (Takeda et al., 2003). While the mechanisms remain to be
fully understood, LolB mediates the final insertion of lipoproteins to the outer membrane

(Tsukahara et al., 2009).

Recent work underscores the complexity of outer membrane lipoprotein biogenesis. In E.
coli, lipoproteins can get trafficked to the outer membrane in the absence of LolA or LolB,
suggesting that Lol-independent pathways for trafficking of lipoproteins may exist (Grabowicz
and Silhavy, 2017a). Several Gram-negative species lack homologues of LolB altogether (Okuda
and Tokuda, 2011). Furthermore, many lipoproteins are exposed on the surface of cells
(Konovalova and Silhavy, 2015). In some organisms, such as the spirochetes of Borrelia, most
lipoproteins are surface exposed (Schulze and Ziickert, 2006). Recent work has uncovered an
outer membrane machine known as Slam specific for surface lipoproteins (SLPs) in Neisseria
spp. (Hooda et al., 2017b, 2017a, 2016; Huynh et al., 2022). However, there is evidence for the
surface exposure of lipoproteins even in lab strains of E. coli which do not possess Slam. One
prominent example is RcsF, the stress sensor of the Rcs phosphorelay, which can become
surface exposed in through the lumen of OMPs (Konovalova et al., 2016). Very novel (and not
peer reviewed) evidence suggests the intriguing possibility that LptD or LptD-like proteins may
receive at least a subset of lipoproteins as substrates and facilitate their surface exposure,

although more work is required to verify this mechanism (He et al., 2022; Luo et al., 2022).

Envelope biogenesis as an interconnected system

No aspect of envelope biogenesis is truly independent of any other. This is well illustrated
by recent advances in our understanding of OMP biogenesis. The BAM complex itself contains
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four lipoproteins that mature at the inner membrane and are trafficked to the outer membrane by
the Lol pathway (Narita and Tokuda, 2017). Recent evidence suggests that the Sec translocon
and the BAM machinery come together to form a “super-complex” via interactions between
SecDF and YidC at the inner membrane and almost all components of the BAM complex (Alvira
et al., 2020). This finding suggests that uUOMP transport may be analogous to LPS transport
through the periplasm. Interestingly, Alvira, Watkins, and colleagues (2020) report that the lipid
cardiolipid is required for complex formation, pointing to a regulatory role for lipids in OMP
folding. Further evidence for the role of lipids in OMP folding comes from recent work reporting
that the distribution of charge across asymmetric membranes controls OMP folding (Machin et
al., 2023). Finally, recent work reports that BAM activity is synchronized to peptidoglycan
maturation, making it clear that OMP biogenesis is intrinsically linked to the cell wall (Mamou et

al., 2022).

Protecting the envelope

Several envelope stress responses (ESRs) monitor and maintain the integrity of the
envelope. While each system tends to respond to a subset of different stressors, overlaps in the
signals sensed and the regulons of these systems make it clear that protecting the envelope is
accomplished by a network of cooperating systems (Grabowicz and Silhavy, 2017b). There are
five stress responses that are traditionally considered to constitute the envelope stress response
of Gram-negative bacteria, mostly based on studies in E. coli (Mitchell and Silhavy, 2019): the oF,

Cpx, Rcs, Psp, and Bae systems (Figure 1-8).
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Figure 1-8. The classical envelope stress responses of Gram-negative bacteria.

From left to right: the of response, Rcs phosphorelay, Psp response, Bae response. The Cpx
response is not shown but will be elaborated on later. Processes shown in green (+) indicate

those generally upregulated by these systems and those in red (-) are generally repressed.

The of response

Sigma factor E (of or 0?*) is an extracytoplasmic function (ECF) sigma factor that
responds to unfolded OMPs in the periplasm (Ades et al., 1999; Hayden and Ades, 2008).
Unfolded OMPs can result from several different stressors including OMP overexpression, LPS
defects, heat, or mutations in proteins involved in folding OMPs (Brooks and Buchanan, 2008).
As an alternative sigma factor, of binds RNA polymerase to initiate the transcription of genes
involved in the envelope stress response. The activity of o is controlled by regulated
intramembrane proteolysis (RIP) (Ades, 2008; Heinrich and Wiegert, 2009). o, in the absence of

envelope stress, is inhibited by the anti-sigma factor RseA, a membrane spanning protein that
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binds of in the cytoplasm (Campbell et al., 2003). A peptide containing the C-terminal OMP -
signal binds and activates the inner membrane protease DegS, which cleaves the periplasmic,
C-terminal region of RseA, triggering further proteolysis by the inner membrane protease RseP
(Ades, 2008; Walsh et al., 2003). The periplasmic protein RseB appears to increase the stability
of RseA against Deg$S proteolysis (Cezairliyan and Sauer, 2007). Finally, the cytoplasmic region
of RseA, which ultimately binds and sequesters of, is degraded by the cytoplasmic protease

ClpXP, releasing of to bind RNAP and activate transcription of its regulon (Flynn et al., 2003).

When induced, the primary function of the of response is to downregulate the expression
of several OMPs and lipoproteins and promote the expression of envelope proteases and
chaperones (Alba and Gross, 2004; Grabowicz and Silhavy, 2017b; Rhodius et al., 2005).
Envelope protein folding factors and proteases include Skp, FkpA, and DegP, showing some
overlap with factors also regulated by the Cpx envelope stress response (Danese and Silhavy,
1997; Pogliano et al., 1997). Proteins of the BAM complex are also themselves regulated by of
(Onufryk et al., 2005; Wu et al., 2005). OMPs and lipoprotein expression appears to be regulated
by of through several small RNAs (sRNAs). sRNAs MicA and RybB repress OMP expression
(Gogol et al., 2011), and MicL represses expression of the abundant Lpp lipoprotein (Guo et al.,
2014). The combined result of these efforts is a coherent response to envelope protein
misfolding by downregulating expression of potential stress-causing proteins along with

increasing expression of protein quality control factors.

The Rcs phosphorelay

The Rcs phosphorelay is a complex signal cascade, identified originally as a regulator of
colanic acid capsule synthesis (Majdalani and Gottesman, 2005; Wall et al., 2018). Unlike a
typical two-component system, which consists of a sensor kinase and its cognate response
regulator, the Rcs system is a phosphorelay where a phosphate group is transferred through
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several proteins before reaching a cytoplasmic response regulator. Briefly, the membrane bound
sensor kinase RcsC autophosphorylates and transfers a phosphate group to a membrane bound
phosphotransferase protein RcsD before final phosphorylation of the response regulator RcsB
(Sato et al., 2017). Sensory signal transduction in the Rcs system is regulated by two envelope
proteins: IgaA and RcsF. The inner membrane protein IgaA represses the response by inhibiting
RcsD (Dominguez-Bernal et al., 2004; Wall et al., 2020). The outer membrane lipoprotein RcsF
relieves this repression by IgaA in the presence of inducing cues, thus serving as the primary
activator of the Rcs phosphorelay (Castanié-Cornet et al., 2006; Majdalani et al., 2005).
Importantly, RcsF appears to sense most known inducing signals of the system, including LPS
and peptidoglycan defects (Callewaert et al., 2009; Laubacher and Ades, 2008; Majdalani et al.,

2005), and exposure to antimicrobial peptides (Farris et al., 2010).

A unique feature of the Rcs system is that RcsB can form dimers with several
cytoplasmic proteins, each combination allowing for the regulation of a different set of genes
(Wall et al., 2018). An RcsB-RcsB homodimer appears to regulate links between the Rcs
response and o®, which is responsible for the general stress response (Majdalani et al., 2002). A
heterodimer of RcsB-GadE helps mediate acid resistance (Krin et al., 2010). The RcsB-
RcsA/RmpA heterodimer regulates the titular function of the Rcs response in capsule synthesis
and downregulates flagellar motility (Francez-Charlot et al., 2003; Wall et al., 2018). RcsB-RcsA
also helps regulate the expression of ugd, encoding the UDP-glucose dehydrogenase, important
for lipid A modification and resistance to antimicrobial peptides such as polymyxin B (Mouslim

and Groisman, 2003).

The Psp response

The phage shock protein (Psp) response was named after its initial characterization
during filamentous phage infection (Joly et al., 2010; Mukhopadhyay and Kumar, 2023). Multiple
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stressors at the inner membrane activate the Psp response (Flores-Kim and Darwin, 2016).
These signals include treatment with PMF-dissipating agents and overexpression of outer
membrane secretins (Flores-Kim and Darwin, 2016; Seo et al., 2007). Another possible inducing
signal is higher levels of stress due to the curvature of the membrane itself (so called stored
curvature elastic or SCE stress) (McDonald et al., 2015). While the precise molecular cue
sensed by the Psp system is unclear, all inducing signals appear to influence/destabilize the
inner membrane. Sensing and signal transduction in the Psp system is also unique from other
envelope stress responses. Transcriptional changes due to Psp induction occurs through the
action of PspF, a DNA-binding enhancer protein, which is normally inhibited by binding to PspA
(Jovanovic et al., 2010). PspB and PspC (at least in E. coli) form an inner membrane complex
that senses envelope stress and titrates PspA away from PspF (Flores-Kim and Darwin, 2016;
Weiner et al., 1995). PspA plays both signaling and stress combative roles in the system,
negatively regulating PspF and oligomerizing to protect the inner membrane, particularly by
maintaining the proton motive force (Kobayashi et al., 2007). Indeed, the main regulatory
consequence of Psp activation is induction of the psp operon itself, pointing to a highly self-
contained system that both senses and ameliorates specific stressors to the inner membrane

(Flores-Kim and Darwin, 2016).

The BaeRS system

The BaeRS two-component system was initially identified as the second regulatory
system controlling expression of the periplasmic chaperone Spy (the other system being the
CpxRA system) (Raffa and Raivio, 2002). The Bae response appears to sense various envelope-
disturbing compounds such as zinc, ethanol, and indole through its sensor kinase BaeS (Bury-
Moné et al., 2009; Lee et al., 2005; Raffa and Raivio, 2002). The main regulatory targets of the

response regulator BaeR appear to be efflux pumps such as MdtABC and AcrD (Hirakawa et al.,
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2004; Nagakubo et al., 2002). A recent study has also shown that the Bae system protects E. coli
against a peptidoglycan-degrading type VI secretion system effector TseH, with at least some of
the protection afforded by the periplasmic chaperone protein Spy (Hersch et al., 2020). However,
as a whole, the precise niche of the BaeRS system remains far less comprehensively
characterized compared to other regulatory systems given its overlap with other systems such

as CpxRA, PhoBR, and CreAB (Nishino et al., 2005; Raffa and Raivio, 2002).
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Figure 1-9. The Cpx envelope stress response.

The Cpx two-component system is a sensory system that consists of the sensor kinase CpxA
and response regulator CpxR as well as accessory signaling proteins NIpE and CpxP. The Cpx

response and its components are shown in their (A) basal and (B) induced state.

26



The Cpx envelope stress response is a two-component system comprising the sensor
kinase CpxA and the response regulator CpxR (Figure 1-9) (Vogt and Raivio, 2012).
Characterization of the Cpx response began with the isolation, mapping, and phenotypic analysis
of several mutations. The name, Cpx, comes from early studies investigating two mutants (cpxA
and cpxB) with defects in conjugative pilus expression (McEwen and Silverman, 1980a, 1980b).
Genetic analyses established that cpxA mutations mapped to a single gene and could be
complemented by expression of cpxA from a plasmid (Albin and Silverman, 1984a, 1984b). Early
studies pointed to possible defects in other envelope associated enzymes as well as alterations
in envelope protein content, indicating the involvement of cpxA in envelope homeostasis
(McEwen et al., 1983; McEwen and Silverman, 1980c, 1982; Sambucetti et al., 1982; Sutton et
al., 1982). Early biochemical characterization gave us our first clues into CpxA'’s classification as
a sensor kinase due to its similarity to the sensor kinase EnvZ and chemosensory transducers,
the presence of potential hydrophobic regions, and its inner membrane localization (Albin et al.,
1986; Weber and Silverman, 1988). CpxR was identified as an OmpR-like gene encoded 5’ to
cpxA and its cognate response regulator (Dong et al., 1993). Further analysis showed that three
other mutations, ecfB (energy coupling factor B), eup (energy-uncoupled phenotype), and ssd
(succinate non-utilizing, high serine deaminase activity) all mapped to cpxA and thus tied their
phenotypes together, which included resistance to aminoglycosides, tolerance to colicins,

defects in nutrient uptake, and impaired growth on succinate (Rainwater and Silverman, 1990).

How these disparate phenotypes are influenced by the cpxRA locus would become
clearer through later work characterizing CpxR and CpxA as a stress response that combats
envelope protein misfolding. Three papers published in 1995 from the Silhavy lab established

that:
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a) Gain of function alleles of cpxA (cpxA*) can suppress the toxicity of mutated envelope
proteins (LamBA23D) or fusion proteins that get stuck in the Sec translocon (LamB-
LacZ-PhoA) (Cosma et al., 1995a).

b) Induction of the Cpx response upregulates factors that combat envelope stress, such as
the protease DegP, and suppresses lethality through the degradation of toxic envelope
proteins (Cosma et al., 1995a; Danese et al., 1995).

c) Overexpression of the outer membrane lipoprotein NIpE activates CpxA and alleviates

fusion protein toxicity (Snyder et al., 1995).

Later studies in the 1990s would build on these findings to contribute to our current
understanding of the Cpx response. Many cpxA* mutations were characterized as constitutively
activated and signal blind and mapped to the putative periplasmic domain of CpxA, leading to
the identification of this region as the main sensory region of CpxA (Raivio and Silhavy, 1997).
cpxP was identified as a highly upregulated gene during Cpx induction, encoding for a
periplasmic protein that helps alleviate stress due to toxic envelope fusion proteins and
negatively regulates the activity of CpxA (Danese and Silhavy, 1998; Raivio et al., 1999),
establishing CpxP and NIpE as auxiliary regulators of the Cpx response with opposing functions.
The discovery of envelope biogenesis and stress genes that are regulated by both the of and
Cpx responses contributed to an emerging picture of envelope stress responses in Gram-
negative bacteria (Connolly et al., 1997; Danese and Silhavy, 1997; Pogliano et al., 1997). It has
also become clear that the Cpx response is important for pathogenesis and colonization of
hosts, suggesting that envelope stress responses do not only combat stress, but also ensure
adaptation to different environmental niches (T. H. S. Cho et al., 2023a; Hews et al., 2019; Lasaro

et al., 2014; Raivio, 2005; Thomassin et al., 2015).
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(A) Many inducing signals of the Cpx response are related to misfolded protein in the envelope,
particularly at the inner membrane. (B) However, the Cpx response also senses many signals not

directly related to protein folding.

The Cpx response senses diverse inducing cues (Figure 1-10). These include alkaline pH
(Danese and Silhavy, 1998), Pap pilus subunit overexpression (Jones, 1997), antimicrobial
peptides and antibiotics (Audrain et al., 2013), and metals such as copper (Yamamoto and
Ishihama, 2006). While the precise molecular cue sensed by CpxA is unknown, many Cpx
inducing cues are thought to lead to protein misfolding at the inner membrane (Figure 1-10A)
(Raivio, 2014). Heat shock and protein inclusion body formation can be resolved in a Cpx-
dependent fashion (Hunke and Betton, 2003). The toxic proteins used in early Silhavy lab
studies include LamB A23D, a processing deficient variant of the LamB OMP and the LamB-

LacZ-PhoA tripartite fusion protein known to jam the Sec translocon (Cosma et al., 1995a;
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Snyder and Silhavy, 1995). Induction of the Cpx response by Pap pilus subunit overexpression is
due to the exposure of a specific C-terminal moiety present on the subunit itself, rather than
general misfolding, suggesting that the Cpx response monitors the assembly of Pap pili (Hung,
2001; Jones, 1997; Lee et al., 2004). Part of the mechanism by which CpxA may become
activated is titration of CpxP away from CpxA as it binds pilus subunits (Zhou et al., 2011).
Accumulation of substrates of the inner membrane protease FtsH leads to activation of the Cpx
response, suggesting that defective proteolysis of misfolded proteins is sensed by CpxA
(Shimohata et al., 2002). Constitutively activated variants of CpxA are known to possess
resistance to aminoglycoside antibiotics (Rainwater and Silverman, 1990), which inhibit
translation and lead to the production of toxic, aberrant envelope proteins (Davis et al., 1986).
Aminoglycoside antibiotics such as gentamicin are sensed by the Cpx response (Kashyap et al.,
2011), and resistance to aminoglycosides may be mediated by Cpx-regulated protein YccA, a
regulator of the FtsH protease (Kihara et al., 1995; van Stelten et al., 2009). The Cpx response
also appears to use NIpE to sense periplasmic redox state, which is important for proper protein
folding in the periplasm (Andrieu et al., 2023; Delhaye et al., 2016). Taken together, these studies
establish envelope protein folding, particularly at the inner membrane, as a special area of

concern for the Cpx response.

However, several other cues induce the Cpx response without being as directly tied to
protein folding (Figure 1-10B). The outer membrane lipoprotein NIpE activates CpxA during
adhesion to hydrophobic surfaces (Otto and Silhavy, 2002; Shimizu et al., 2016). The Cpx
response is also induced in response to changes to the structure of phospholipid membranes
and peptidoglycan. The Cpx response is activated in strains mutated in the genes responsible
for PE synthesis, suggesting that the physical/chemical structure of membranes themselves is

monitored by CpxA (Mileykovskaya and Dowhan, 1997). Accumulation of lipid Il in the periplasm
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also activates CpxA (Danese et al., 1998). Eliminating certain peptidoglycan synthases or
transpeptidases induces the Cpx response, suggesting it also monitors the cell wall (Bernal-
Cabas et al., 2015; Evans et al., 2013). Accordingly, the Cpx response is induced in the presence
of antibiotics not known to cause protein folding stress, such as B-lactams (Masi et al., 2020).
The Cpx response also senses other antimicrobials, including a wide range of antimicrobial
peptides such as polymyxin B and melittin that cause a general disruption to the integrity of
membranes (Audrain et al., 2013). Finally, metals such as copper and zinc are known inducers of
the Cpx response (Yamamoto and Ishihama, 2005). Although the basis of activation remains
unclear, recent and older evidence suggests that NIpE may sense metals (Gupta et al., 1995;
May et al., 2019). Finally, the Cpx response is activated during growth in a CpxA-independent
manner, suggesting that broader metabolic cues influence the activity of the system (De Wulf et

al., 1999).

The Cpx regulon contains a set of genes that matches the diversity of its inducing cues
(Price and Raivio, 2009; Raivio et al., 2013). In line with its induction by misfolded proteins, some
of the most prominent members of the Cpx regulon are proteins involved in protein folding and
degradation. DegP is a periplasmic protease that forms a multimeric complex (Sulskis et al.,
2021). The inner membrane zinc-metalloprotease HtpX is also Cpx-regulated and appears to
compensate for a loss in proteolysis by the major protease FtsH (Shimohata et al., 2002). The
inner membrane protein YccA is a modulator of FtsH activity and appears to increase the
stability of SecY during protein folding stress (van Stelten et al., 2009). Other proteins involved in
protein folding are Cpx-regulated. The periplasmic chaperone Spy, which facilitates protein
folding and prevents aggregation, is part of the Cpx regulon (Mitra et al., 2021; Price and Raivio,
2009). Notably, the oxidoreductase DsbA is Cpx regulated (Danese and Silhavy, 1997; Pogliano

et al., 1997). A more novel mechanism of combating protein folding stress was recently
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proposed; the sSRNA CpxQ, encoded in the 3’ untranslated region of the cpxP transcript,
downregulates the expression of the periplasmic chaperone Skp to prevent it from folding OMPs

aberrantly into the inner membrane (Grabowicz et al., 2016).

The Cpx response also directly regulates the expression of envelope protein complexes
themselves, which is a mechanism for reducing potential sources of stress. For example, the
Cpx response regulates the expression of proteins that form the electron transport chain. A
microarray of transcripts enriched during Cpx induction found that genes encoding the proteins
of the NADH dehydrogenase, succinate dehydrogenase, and cytochrome bo oxidase are
downregulated by the Cpx response (Raivio et al., 2013). The Cpx response monitors and
maintains the function of aerobic respiration, controlling the expression of the proteins in these
complexes both transcriptionally and post-translationally (Guest et al., 2017; Tsviklist et al.,
2022). The Cpx response also controls the synthesis of siderophores to ensure that iron is not
aberrantly chelated from these respiratory proteins (Guest et al., 2019; Kunkle et al., 2017).
Other large protein complexes are monitored and negatively regulated by the Cpx response,
including Pap pili (Hung, 2001), type IV pili (Nevesinjac and Raivio, 2005; Vogt et al., 2010),

flagella (De Wulf et al., 1999), and type Il secretion systems (MacRitchie et al., 2012, 2008).

Several genes involved in cell wall modifications are upregulated by Cpx activation
(Bernal-Cabas et al., 2015; Raivio et al., 2013). These include D-alanyl-D-alanine
carboxypeptidase DacC (penicillin binding protein 6), L,D-transpeptidase LdtD, lytic
transglycosylase Slt, and YgaU, a hypothetical protein with a LysM domain predicted to be
involved in cell wall degradation (Buist et al., 2008). Activating the Cpx response increases
diaminopimelic acid (DAP)-DAP crosslinks formed by LdtD, suggesting that Cpx activation
directly modifies the structure of PGN (Bernal-Cabas et al., 2015). Deleting cpxR increases

susceptibility to the B-lactam antibiotic mecillinam, but constitutive activation of the system leads
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to defects in cell shape, growth, and division (Delhaye et al., 2016). Moreover, these defects
were dependent on the expression of LdtD (Delhaye et al., 2016). Thus, the Cpx response not
only monitors protein quality control in the envelope, but also helps maintain cell wall integrity.
Other studies report that the Cpx response regulates amidases in P aeruginosa and S.
Typhimurium, suggesting that Cpx regulation of cell wall homeostasis is a conserved function

across Gram-negative organisms (Weatherspoon-Giriffin et al., 2011; Yakhnina et al., 2015).

Finally, the Cpx response regulates the activity of other stress responses through several
regulatory proteins and sRNAs (Grabowicz and Silhavy, 2017b). Induction of the Cpx response
represses expression of the components of the of signal cascade (De Wulf et al., 1999; Pogliano
et al., 1997; Raivio et al., 2013), suggesting that bacteria carefully coordinate these two
overlapping but distinct stress responses. The Cpx-regulated periplasmic protein MzrA interacts
with the osmotic stress sensor EnvZ and influences EnvZ signaling to OmpR, thus connecting
CpxRA to the EnvZ-OmpR two-component system (Gerken et al., 2009; Gerken and Misra,
2010). In Yersinia pseudotuberculosis, Cpx activation strongly represses the Rcs phosphorelay
to control expression of the Ysc-Yop type lll secretion system (Fei et al., 2021). Finally, the Cpx
regulated protein YdeH is a diguanylate cyclase, which are enzymes that produce cyclic di-GMP
and influences biofilm production (Spangler et al., 2011). Taken together, these studies

demonstrate that the Cpx response maintains key hierarchies in envelope stress signaling.
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Figure 1-11. Other systems sense and respond to envelope stress.

A wide range of systems across Gram-negative bacteria sense many stimuli and mount
protective responses. Abbreviations: CAMPs (cationic antimicrobial peptide), AMG

(aminoglycoside).

While the systems outlined above constitute what can be considered the “classical”

envelope stress responses, several other systems are activated by envelope stress and protect

cells against it (Figure 1-11). Some of these systems have overlapping roles to systems in E. coli.

For example, the MisRS system of Neisseria spp. and the AmgRS system of P aeruginosa
resemble the CpxRA system of E. coli based on the resistance to aminoglycoside antibiotics
afforded by all three systems (Kandler et al., 2016; Lau et al., 2013; Poole et al., 2019). While
expression of the Dsb system is controlled by the Cpx response in E. coli, expression of an
analogous system in P aeruginosa is controlled by a dedicated, copper-responsive two-

component system DsbRS (Yu et al., 2022).
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PmrAB and PhoPQ together form an intertwined network of stress sensitive systems that
provide resistance to threats such as cationic antimicrobial peptides (CAMPs) via modifications
of LPS (Chen and Groisman, 2013; Huang et al., 2020). The PhoQ sensor kinase is activated by
the presence of CAMPs, acidic pH, or low Mg?* concentration (Johnson et al., 2013; Perez et al.,
2009; Prost et al., 2007; Zwir et al., 2005). The PmrB sensor kinase is induced by a distinct set of
signals including the presence of metals such as Al** or Fe**, although both systems are induced
by low pH (Chen and Groisman, 2013). The PhoP and PmrA regulons both include LPS
modification genes, although somewhat distinct sets. The PhoPQ regulon is extensive, but one
of its most important functions is the modification of lipid A of LPS by PagP and PagL (Guo et al.,
1997; Murata et al., 2007). PmrA regulates the expression of a separate set of LPS modifying
enzymes PmrC or Ugd and PbgP, which add PE or L-4-aminoarabinose to lipid A (Chen and
Groisman, 2013; Gunn, 2008). Both the Pho and Pmr systems are also linked by a PhoPQ
regulated protein PmrD, which allows for stimuli of the Pho system to indirectly induce PmrAB
(Rubin et al., 2015), although this connection is not conserved across species (Chen and
Groisman, 2013). Together, these two systems serve to fortify the outer membrane against
insults such as polymyxins or other antimicrobial peptides; thus, both systems are important for

the virulence of pathogens such as Salmonella spp. (Groisman et al., 2021; Gunn, 2008).

The ZraSRP two-component system is induced by zinc (Leonhartsberger et al., 2001;
Petit-Hartlein et al., 2015); ZraP appears to act as a zinc-binding chaperone, and in a similar
manner to CpxP for the Cpx response, represses the ZraRS system (Appia-Ayme et al., 2012;
Petit-Hartlein et al., 2015). However, the relationship of the Zra system to zinc tolerance is
unclear as deletions of zraR zraR, or zraS do not increase sensitivity to zinc (Petit-Hartlein et al.,
2015). A recent study has reported that the Zra system is required for full resistance to several

classes of antimicrobials and regulates a wide regulon of genes involved in stress
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response (Rome et al., 2018), raising the possibility that, besides responding to stresses caused
by metals themselves, envelope stress responses may use metals as a signal for membrane
damage to regulate adaptive responses such as antibiotic resistance. In line with this, ZraP, along
with other ESR-regulated chaperones such as Spy and CpxP, contributes to polymyxin B

resistance in S. Typhimurium (Appia-Ayme et al., 2012).

Signaling across the envelope

The envelope is a critical area for bacterial sensory signal transduction because it is the
interface between the cell and the world around it. As discussed above, the envelope itself must
be monitored in order to maintain its integrity. Bacteria possess a diverse array of envelope
sensors (Galperin, 2004; Hoch, 2000). Envelope-localized chemoreceptors, which often possess
periplasmic sensor domains that interact with substrate binding proteins, detect nutrients and
direct bacteria to them (Bi and Lai, 2015). Two-component systems and phosphorelays form

related signaling mechanisms that are explored in further detail below.

Two-component systems and phosphorelays

Two-component systems are the predominant mode of extracellular signal transduction
in bacteria. Their distribution differs from organism to organism; P aeruginosa possesses one of
the most extensive arrays with over 60 systems (Gooderham and Hancock, 2009) while E. coli
possesses around 30 (Yamamoto et al., 2005). As their name implies, two-component systems
typically consist of two parts: a sensor histidine kinase (or just sensor kinase) and a cytoplasmic
response regulator (Figure 1-12A) (Casino et al., 2010). However, more complex phosphorelay
systems, which are based on two-component systems, often contain multiple proteins involved
in phosphotransfer (Hoch, 2000). Regardless, signal transduction in these systems can be

divided into a cascade of three events (Casino et al., 2010). First, a signal is sensed by the
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sensor kinase. Second, this signal is transduced by phosphotransfer from the sensor kinase to

the response regulator. Finally, the phosphorylated response regulator will use its effector

domain to cause an adaptive response in the cell (Figure 1-12B).
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negative regulation by sensor kinases in the absence of inducing cues.

Most sensor kinases are homodimeric and membrane bound and contain periplasmic

(or extracellular in the case of Gram-positives), transmembrane, and cytoplasmic regions.

Precisely how these regions are arranged is variable across systems (Krell et al., 2010).

However, exceptions in the natural world always exist, and histidine kinases are not always

bound to membranes or dimeric, as is the case with the soluble and monomeric sensor kinase

EL346 from Erythrobacter litoralis (Dikiy et al., 2019). Regardless, the fundamental workings of
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sensor kinases are broadly conserved. The domains directly responsible for sensing signals are
often extracytoplasmic (Cheung and Hendrickson, 2010). Extracytoplasmic sensor domains may
comprise several different folds, although the most common are Per-ARNT-Sim (PAS) domains,
which are universally distributed ligand-binding domains consisting of a conserved [3-sheet
surrounded by a-helical elements (Chang et al., 2010; Henry and Crosson, 2011). Other sensor
kinases contain other folds, such as an all a-helical structure possessed by the nitrate sensor
NarX (Cheung and Hendrickson, 2009). Regardless of the fold, each sensor kinase recognizes a
specific set of signals, including ligands by direct binding. For example, the prototypical sensor
domains of CitA and DcusS directly bind citrate and fumarate, respectively (Cheung and

Hendrickson, 2008; Janausch et al., 2002; Reinelt et al., 2003; Sevvana et al., 2008).

A periplasmic signal must be transmitted through the inner membrane and to the
cytoplasm. Transduction of this signal occurs through a four-helix transmembrane domain (two
helices from each monomer) (Moukhametzianov et al., 2006). This transmembrane domain is
attached to a cytoplasmic signal transduction domain that can adopt different folds (Bhate et al.,
2015). In many histidine kinases, this signal transduction domain is a HAMP (histidine kinase,
adenylate cyclases, methyl-accepting proteins, and phosphatases) fold, comprising a four-helix
bundle. Other signal transduction domains include PAS and GAF (cGMP-specific
phosphodiesterases, adenylyl cyclases, and formate hydrogenases fold) domains (Ho et al.,

2000).

Altogether, sensor domains, transmembrane domains, and signal transduction domains
translate periplasmic stimuli into conformational changes that activate the kinase activity of
catalytic (CA) domains. These domains transfer a phosphate group from ATP onto a conserved
histidine residue on a dimerization and histidine phosphotransfer (DHp) domain (Bhate et al.,

2015). For typical sensor kinases, the phosphate group is transferred from this residue to the
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response regulator. However, in more complicated phosphorelay systems, the phosphate is
transferred to an aspartate residue on a receiver domain that can be present on the sensor
kinase itself (Appleby et al., 1996; Mitrophanov and Groisman, 2008). This phosphate is again
transferred to a histidine residue, this time on a histidine phosphotransfer (HPt) domain
containing protein (Kato et al., 1997; Mitrophanov and Groisman, 2008). These additional
phosphorylation points allow for a less linear sequence of signaling and additional regulatory

inputs (Appleby et al., 1996).

Response regulators consist of receiver and output/effector domains (Galperin, 2006;
Gao et al., 2019, 2007). The receiver domain (as named) receives a phosphate group from its
cognate sensor kinase on a conserved aspartate residue. The diversity in response regulator
function is due to the variability of output domains (Galperin, 2006). The most well-known output
domains are those that bind DNA, often winged-helix domains such as that of the prototypical
OmpR (Itou and Tanaka, 2001) or helix-turn-helix motifs such as the one found in NarL (Baikalov
et al., 1996). DNA-binding response regulators influence cell physiology by mediating
transcriptional changes (Galperin, 2006). However, response regulators can also possess output
domains with non-DNA binding functions. For example, the CheY response regulator, once
phosphorylated, will directly bind to the flagella rotor complex to change its direction of rotation
(Sarkar et al., 2010). Another chemotaxis related response regulator, CheB, is a methylesterase
that modifies the methylation of methyl-accepting chemotaxis proteins (MCPs) to directly

influence signal transduction (Kehry and Dahlquist, 1982).

Signaling across the envelope

While some signals (such as small molecules) readily diffuse across aqueous spaces,
other signals (such as defects in LPS or OMPs) do not. The lack of ATP in the envelope poses
another challenge, as it rules out phosphorylation or other ATP-dependent processes as a direct
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mechanism of signaling. Finally, if the cell wall is a single, continuous mesh-like structure that
surrounds the inner membrane, a signal from the outer membrane must reach the inner
membrane through this layer, suggesting some level of coordination between signal transduction
systems and the cell wall. Thus, a key question of signaling in the envelope is how signals cross
the envelope to reach sensory systems located in the inner membrane or cytoplasm. One
recently reported mechanism is the use of anti-sigma factors that possess domains that
integrate into the outer membrane, span across the periplasm, cross the inner membrane, and
bind cytoplasmic sigma factors, recently described in Bacteroides thetaiotamicron (Pardue et al.,
2024). In the presence of an extracellular signal, presumptive proteolysis of this membrane
spanning anti-sigma factor leads to the release of the cytoplasmic sigma factor, modulating
expression of genes involved in outer membrane vesiculation. However interesting, such a
mechanism is only one of the creative ways that Gram-negative bacteria sense and transduce

signals across multiple membranes.

Sensing surfaces across the envelope

Signal transduction across the envelope is especially critical in sensing adhesion to
surfaces, an essential step in biofilm formation (O’Toole et al., 2000). A signal at the cell surface
necessarily crosses both the outer and inner membranes to reach cytoplasmic effectors. There
are several mechanisms for surface sensing in Gram-negative bacteria that allow for this,
responding to chemical, mechanical, and stress-based cues (Kimkes and Heinemann, 2019;
Laventie and Jenal, 2020; O’Toole and Wong, 2016). Flagella and pili, structures that span the
inner and outer membranes, physically attach to surfaces, a mechanical signal which can be
transferred through these structures themselves to communicate to the cell that they are
attached to a surface. While primarily thought to promote planktonic motility, initial flagellar

attachment to surfaces is critical for surface sensing, and this signal is dependent on the stator
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proteins MotAB mediating a subsequent increase in cyclic di-GMP signaling (Belas, 2014;
Laventie et al., 2019). Similarly, increased tensile force experienced by type IV pili during
adhesion serves as a mechanical signal of surface adhesion (Persat, 2017). In P aeruginosa, this
mechanical signal results in an increase in intracellular cAMP and c-di-GMP through the Chp
two-component system (the Pil-Chp axis), ultimately regulating the expression of several

virulence factors (Persat et al., 2015).

Envelope stress appears to be an integral part of how bacteria sense surface adhesion.
The Rcs phosphorelay is activated in surface adhered cells (Kimkes and Heinemann, 2018) and
regulates genes related to biofilm formation and motility (Majdalani and Gottesman, 2005;
Morgenstein and Rather, 2012). The Cpx response has been implicated in sensing adhesion
through the outer membrane lipoprotein NIpE (Otto and Silhavy, 2002; Shimizu et al., 2016), and
many authors have noted the overlap between the genes of the Cpx regulon and genes induced
in biofilms (Dorel et al., 2006; Prigent-Combaret et al., 2001). Recent work has also shown that
envelope stress is a key inducer of the WspRS system of P aeruginosa, which leads to the
production of c-di-GMP and biofilm components (O’Neal et al., 2022). Indeed, this study and
others have shown that surface adhesion itself can lead to envelope stress that is sensed by

envelope stress responses (Harper et al., 2023; Laventie and Jenal, 2020).

Lipoproteins as trans-envelope communication molecules

Cross-envelope communication, however, is critical in many other contexts, not just
surface sensing. As a class of proteins, lipoproteins often function as signaling molecules in both
Gram-negative and -positive species. In particular, lipoproteins are commonly connected to two-
component signaling. For example, in Mycobacterium spp., the lipoproteins Lprd and LprF are
thought to sense extracytoplasmic potassium levels that are communicated to the KdpD sensor
kinase (Brille et al., 2010; Steyn et al., 2003; Sutcliffe and Harrington, 2004). The sporulation
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kinase KinB of the Gram-positive Bacillus subtilis requires a lipoprotein KapB for activation

(Dartois et al., 1997).

Envelope stress OM-PGN coordination

signaling
?
0
oM TBDT ! ;
=
Nipl
OmpA L LpoA
TonB mp. § Ppl ;}RcsF Pal B LpoB ’NIPD
PGN 3 9 Y @
i MepS .
(] laaA AmiC
9ga | \ gMepM
IM
ExbBD ToIQbRA PBP1a PBP1b

Figure 1-13. Trans-envelope communication by outer membrane lipoproteins.

The structure of outer membrane lipoproteins makes them useful molecules for linking the outer

membrane to the inner membrane in various processes.

In Gram-negative bacteria, outer membrane lipoproteins serve as a physical link between
the inner and outer membranes, with roles in cell wall synthesis, division, and envelope stress
signaling (Figure 1-13). Several structural features of lipoproteins make them suitable for this
role. The acylated cysteine of lipoproteins allows for membrane anchoring via a relatively modest
moiety, letting lipoproteins localize relatively freely across the envelope. Furthermore, many
outer membrane lipoproteins possess an intrinsically disordered “tether” region between their
N-terminal lipidated cysteine and the first globular domain (El Rayes et al., 2021; Ziickert, 2014).
This region varies in length but is essential for outer membrane trafficking (El Rayes et al., 2021)
and may afford lipoproteins a degree of flexibility in reaching across the periplasm to interact

with partner proteins. Interestingly, this linker resembles regions in other envelope spanning
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proteins. The inner membrane-anchored TonB protein possesses a long, flexible, proline-rich
linker that connects an N-terminal transmembrane domain to a C-terminal globular domain that
interacts with the TonB box of TonB-dependent transporters (Brewer et al., 1990; Sean Peacock
et al., 2005). This region, corresponding to about 70 amino acids, is intrinsically disordered and
thought to span the periplasm to connect the inner membrane PMF-harnessing complex of
TonB-ExbBD with outer membrane transporters. The outer membrane protein OmpA also
possesses a shorter proline-rich region that connects its membrane integral B-barrel with its C-
terminal peptidoglycan binding domain (Marcoux et al., 2014), providing another example of a

disordered linker connecting layers in the envelope.

Several outer membrane lipoproteins connect the outer membrane to inner membrane
complexes involved in cell wall synthesis or remodeling. The peptidoglycan associated outer
membrane lipoprotein Pal associated with the periplasmic TolB protein and the inner membrane
complex of TOIQRA forms a trans-envelope complex that coordinates the outer membrane and
cell wall during division (Szczepaniak et al., 2020; Tsang et al., 2017; Webby et al., 2022;
Yakhnina and Bernhardt, 2020). Recent work suggests that Pal possesses different levels of
mobility through the envelope depending on its association with peptidoglycan or the
periplasmic protein TolB; Pal-PGN is more limited in its mobility, while Pal-TolB diffuses more
freely (Szczepaniak et al., 2020). In this model, Pal-ToIB is captured by TolQRA at the divisome
and Pal is “offloaded” to the cell wall at the midcell, highlighting the ability of lipoproteins to both
coordinate inner and outer membrane structures and move around the envelope freely when

need be.

Other lipoproteins are crucial regulators of cell wall synthesis and remodelling. The outer
membrane lipoproteins LpoA and LpoB activate peptidoglycan synthesis by spanning the

periplasm and interacting with the inner membrane enzymes PBP1a and PBP1b, respectively
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(Egan et al., 2014; Sardis et al., 2021). Endopeptidase activity is similarly controlled by the
dimeric outer membrane lipoprotein Nlpl, which interacts directly with endopeptidases such as
MepS and MepM (Banzhaf et al., 2020; Wang et al., 2024). Peptidoglycan amidases such as
AmiC, enzymes essential for the breakdown of the cell wall during cell division, are controlled by
the outer membrane lipoprotein NIpD (Chan et al., 2022; Tsang et al., 2017). These lipoproteins
possess different lengths of N-terminal linkers that allow them to span the periplasm; some, such
as LpoB and NIpD possess long, unstructured linkers (Egan et al., 2014; El Rayes et al., 2021),
whereas LpoA and NIpl possess linkers of more modest length. Regardless, these findings make

it clear that lipoproteins are an effective tool for inter-membrane coordination.

The stress sensor RcsF plays a direct role in signal transduction. RcsF is the primary
sensor of the Rcs phosphorelay and is required for sensing many if not most Rcs inducing cues
(Majdalani et al., 2005). Like many other lipoproteins discussed here, RcsF possesses a long
unstructured linker at its N-terminus, which is attached to a small, globular C-terminal domain (El
Rayes et al., 2021; Leverrier et al., 2011). However, the precise signal sensed by RcsF is
controversial (S.-H. Cho et al., 2023). One model is that RcsF is primarily a sensor of BAM
complex function (Figure 1-14) (Cho et al., 2014; S.-H. Cho et al., 2023; Dekoninck et al., 2020;
Rodriguez-Alonso et al., 2020). Here, RcsF is anchored to the periplasmic leaflet of the outer
membrane and complexes with OMPs with its linker facing the periplasm (Cho et al., 2014;
Rodriguez-Alonso et al., 2020). In this model, OMPs play a passive role, sequestering RcsF away
from inner membrane signaling factors, namely the repressor IgaA. When BamA function is
compromised, RcsF-OMP complexes do not form, releasing the globular domain of RcsF into the
periplasm where it can interact with the IgaA (Cho et al., 2014). Similarly, RcsF is proposed to
interact with the periplasmic C-terminal domain of OmpA, which may act as a sort of “buffer”

that sequesters RcsF from IgaA in the absence of envelope stress (Dekoninck et al., 2020).
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Strong structural support for this model comes from the structure of the RcsF-BamA complex,

which places RcsF in a conformation more in line with a periplasmic-leaflet anchored RcsF

(Rodriguez-Alonso et al., 2020).
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Figure 1-15. The RcsF-OMP stress sensing model.
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An alternative model posits that RcsF-OMP complex is required for sensing defects in
lipopolysaccharide not BAM complex function (Figure 1-15) (Konovalova et al., 2016; Lach et al.,
2023; Tata et al., 2021). RcsF is one of the few known E. coli lipoproteins that can become
surface exposed, which it does by threading through the lumen of OMPs such as OmpC and
OmpF (Konovalova et al., 2014). Here, the acylated cysteine and N-terminal linker of RcsF are
surface exposed and directly involved in sensing LPS defects (Konovalova et al., 2016, 2014). In
this model, OMPs are an active participant in RcsF surface signaling, rather than simply
sequestering RcsF away from inner membrane signaling components (Konovalova et al., 2016;
Lach et al., 2023). How exactly RcsF becomes surface exposed on the outer leaflet is unknown
and would require additional (unknown) mechanisms for the flipping of RcsF’s acylated cysteine.
Nonetheless, recent studies from the Konovalova lab dispute that RcsF monitors BamA function
(Tata et al., 2021). Tata and colleagues report that mutations in RcsF that prevent the formation
of an RcsF-BamA complex do not by itself lead to Rcs activation. Furthermore, RcsF associates
equally with mutant alleles of BamA with varying functionality, suggesting it does not

discriminate between functional and non-functional BamaA.

More work will be required to tease out the precise molecular cue sensed by Rcsk
Regardless, aspects of cross-periplasm signaling by RcsF are firmly established. Both models
agree in that RcsF interacts with OMPs and the RcsF-OMP complex is formed during OMP
assembly, facilitated by the BAM lipoprotein BamE (Cho et al., 2014; Konovalova et al., 2014;
Rodriguez-Alonso et al., 2020; Tata and Konovalova, 2019). It’s uncontroversial that RcsF signals
across the periplasm and activates the Rcs phosphorelay by relieving inhibition by the inner
membrane protein IgaA (Hussein et al., 2018). The globular C-terminal domain of RcsF interacts
with the periplasmic C-terminal domain of IgaA; the structure of this complex was recently

solved (Watanabe and Savchenko, 2024). Unsurprisingly, mislocalization of RcsF to the inner
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membrane is able to overcome IgaA inhibition and activates the system, and although
mislocalized RcsF is able to sense some Rcs inducing cues, it is unable to sense LPS defects
(Shiba et al., 2012). Further evidence that RcsF spans the periplasm to communicate with IgaA
comes from a creative study manipulating the length of the periplasm by introducing variants of
longer-than-WT Lpp; increasing the length of Lpp (and therefore the width of the periplasm)
abolishes RcsF signaling, which can be restored by commensurately lengthening the linker
region of RcsF (Asmar et al., 2017). In sum, RcsF provides us with a model for understanding
how lipoproteins transduce signals across the envelope, which may be applied to other stress

sensitive lipoproteins such as NIpE of the Cpx envelope stress response.

Signaling in the Cpx response

CpxA and CpxR form the core signaling unit

While CpxP and NIpE allow for negative and positive regulatory inputs to the Cpx system,
neither is required for sensing many if not most Cpx inducing cues (DiGiuseppe and Silhavy,
2003). Thus, the core of signaling in the Cpx response is mediated by interactions between the
sensor kinase CpxA and response regulator CpxR. CpxA is a homodimer comprising a fairly
standard sensor kinase. Structures of the cytoplasmic regions of CpxA provide a clear picture of
phosphotransfer from CpxA to CpxR (Mechaly et al., 2017, 2014). A symmetric four helix HAMP
domain immediately follows the transmembrane region of CpxA, which is linked to the dimer
DHp and catalytic domains and transfers a signal from the membrane as a disruption of dimer
symmetry, which is communicated to the DHp+CA domains (Mechaly et al., 2014). Crystal
structures of the cytoplasmic domains of kinase active CpxA reveal a highly asymmetric
structure where only one CA subunit is active, leading to phosphorylation on only one monomer
of CpxA (despite homodimerization) (Mechaly et al., 2014). This active CA subunit binds ATP
and catalyzes phosphorylation of His248. A hemiphosphorylated structure of CpxA’s cytoplasmic
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domains suggests that one histidine residue on CpxA is phosphorylated, while the other is
“primed” for phosphorylation (Mechaly et al., 2017). CpxR binding to CpxA promotes
phosphotransfer from the phosphorylated histidine to CpxR, but simultaneously stimulates
autophosphorylation on the other protomer, creating a dynamic cycle of phosphorylation and
phosphotransferase reactions that ultimately maximizes the efficiency of signal transduction from

CpxA to CpxR (Mechaly et al., 2017).

The upstream reactions leading to autophosphorylation and phosphotransfer remain
significantly more mysterious. Early studies of CpxA isolated several mutations to CpxA’s
periplasmic region with hyper-activated and signal blind phenotypes (Cosma et al., 1995a; Raivio
and Silhavy, 1997). Almost all mutations to CpxA in this region are hyperactivating, suggesting
that this region might normally control CpxA activation by preventing activation. In line with this,
CpxA variants without a periplasmic domain are constitutively kinase active (Mechaly et al.,
2014). The periplasmic sensor domain (at least in Vibrio parahaemolyticus) was solved as a PAS
fold, similar to those possessed by other sensor kinases (Kwon et al., 2012a). This PAS domain
possessed several charged regions, but unlike other histidine kinases, did not have a ligand
bound to it. The solved dimer structure was also deemed to be a crystallographic artifact
because the locations of the N- and C-termini of the structure cannot form the canonical
transmembrane helix bundle found in other sensor kinases, thus leaving many questions about

the precise mode of signal detection by CpxA.

CpxR is an OmpR/PhoB-like response regulator with both a receiver domain that gets
phosphorylated and a DNA binding effector domain; these regions are connected by a flexible
linker region (Gao and Stock, 2009; Mechaly et al., 2018). Structural studies of CpxR show that it
functions as a highly dynamic protein that adopts different dimer structures corresponding to its

phosphorylation state. When unphosphorylated, CpxR, exists in an equilibrium of non-DNA
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binding monomers and dimers; upon phosphorylation, CpxR shifts exclusively into a DNA
binding dimer conformation (Mechaly et al., 2018), interacting with a consensus sequence of 5’-
GTAANs,GTAA-3’ (De Wulf et al., 1999; Pogliano et al., 1997) and mediating the changes in

transcription outlined above.

CpxP is a negative regulator of signaling

The periplasmic chaperone protein CpxP is thought to act as a negative regulator of the
system while also being one of the most highly expressed members of the Cpx regulon (Danese
and Silhavy, 1998; Raivio et al., 2000, 1999). CpxP is a member of a family of periplasmic
chaperones including Spy and ZraP that form higher order multimeric structures possessing a
conserved LTxxQ motif (Appia-Ayme et al., 2012; Kwon et al., 2010; Thede et al., 2011; Zhou et
al., 2011). CpxP is thought to bind certain misfolded protein substrates, such as overexpressed
P-pilus subunits, in the envelope, which titrates it away from CpxA, relieving inhibition (Buelow
and Raivio, 2005; Isaac et al., 2005; Zhou et al., 2011). CpxP is also the target of proteolysis by
the Cpx-regulated protease DegP (Isaac et al., 2005). Thus, the Cpx response appears to be
regulated by a negative feedback mechanism where CpxA activation leads to the production of a
factor that is both stress combative and dampens CpxA activation, perhaps to prevent
overactivation (Raivio et al., 1999). While the structure of CpxP has been solved (Thede et al.,
2011; Zhou et al., 2011), the precise molecular basis for how it interacts with the Cpx response
is not fully understood, although current hypotheses posit a direct CpxP-CpxA interaction that
inhibits activation of CpxA (Tschauner et al., 2014). The precise role of CpxP in sensing Cpx
inducing cues is also unclear. A recent study proposed that muropeptides formed upon
treatment with a B-lactam antibiotic may interact with CpxP to titrate it away from CpxA (Masi et

al., 2020). However, CpxP is not required for sensing almost all Cpx inducing cues, suggesting
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that it is not integral to detecting most activating signals of the Cpx response (DiGiuseppe and

Silhavy, 2003).

NIpE is an activator that senses diverse signals
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Figure 1-16. NIpE is an activator that senses diverse signals.

(A) Structure of NIpE according to AlphaFold2 (from the AlphaFold database

https://alphafold.ebi.ac.uk/), which matches well with the hypothetical monomer model of (Hirano

et al., 2007). (B) Signaling functions of NIpE for the Cpx response.

NIpE was identified by two independent studies in 1995 with Snyder and colleagues
finding that overexpression of NIpE activates the Cpx response and Gupta and colleagues
identifying it as a factor required for resistance to copper (Gupta et al., 1995; Snyder et al.,
1995). The structure of NIpE was later solved as a unique domain-swapped dimer (Hirano et al.,
2007, 2006). Each monomer consists of independently folding N- and C-terminal domains
(Figure 1-16A). The N-terminal domain is a B-barrel that resembles the bacterial lipocalin while

the C-terminal domain was found to possess an oligosaccharide/oligonucleotide binding (OB)
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fold. However, none of these potential functions have been experimentally investigated. NIpE was
also found to possess two pairs of conserved disulfide bonds; the disulfide on the N-terminal
domain is found in a CXXC motif and was proposed to bind metals, whereas the C-terminal
domain disulfide bond forms between Cys145 and Cys211. Hirano and colleagues also highlight
a putative protease inhibitor signal in the N-terminal domain (Hirano et al., 2007, 2006), which
was also noted in earlier studies (Snyder et al., 1995). Taken together, the structural study of
NIpE proposed a mechanism of signaling where partial unfolding of NIpE would allow its C-
terminal domain to extend from the N-terminal domain (anchored to the outer membrane by its

acylated cysteine) to interact with inner membrane CpxA (Hirano et al., 2007).

NIpE appears to have many signaling roles (Figure1-16B). Gupta and colleagues (1995)
found that the mutants of the cutF gene (confirmed to be the same as nipE) displayed increased
sensitivity to copper. Snyder and colleagues (1995) found that multicopy expression of NIpE
could suppress envelope fusion protein toxicity through activation of CpxA. A later study found
that mislocalization of NIpE to the inner membrane activates the Cpx response, analogously to
RcsF in the Rcs phosphorelay (Miyadai et al., 2004). How all these findings tie to a physiological
stressor would not become clear until Grabowicz and Silhavy found that the Cpx response is
activated through NIpE in strains where lo/B and/or lolA are knocked out, suggesting that
mislocalized NIpE activates the Cpx response in the presence of a stressor that causes
lipoproteins to not be properly trafficked to the outer membrane, (Grabowicz and Silhavy,
2017a). Since then, other studies have reported the details of NIpE’s function as a monitor of
lipoprotein health (Delhaye et al., 2019; Marotta et al., 2023a; May et al., 2019). These studies
report that the N-terminal domain of NIpE physically interacts with CpxA at the inner membrane
(Delhaye et al., 2019; Marotta et al., 2023b). NIpE is required to sense compounds that disrupt

lipoprotein maturation or trafficking and NIpE must continuously be synthesized for this induction
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to occur (May et al., 2019). Interestingly, these recent findings provide insight into the
involvement of NIpE in copper resistance (Gupta et al., 1995). May and colleagues report that
nipE deletion mutants are sensitive to copper, similar to (Gupta et al., 1995) and that copper
leads to the accumulation of aberrantly processed Lpp, suggesting that copper might induce the

Cpx response through NIpE by interfering with its maturation.

However, NIpE also acts as a sensor of surface adhesion. Otto and Silhavy (2002) report
that the Cpx response is induced in cells adhered to hydrophobic glass beads through NIpE.
This induction does not occur in on hydrophilic glass beads, and attachment to hydrophobic
surfaces is impaired in cpxR::spc and nipE::spc mutants. Thus, NIpE and the Cpx response
appear to play a critical role in the transition from planktonic to surface-adhered lifestyles. A later
study reported that NIpE plays a similar role in enterohemorrhagic E. coli (EHEC) (Shimizu et al.,
2016). Shimizu and colleagues confirm that NIpE senses hydrophobic surfaces but also report
that NIpE may sense adhesion to living cells (namely, Caco-2 cells). NIpE sensing led to an
upregulation of locus of enterocyte effacement genes, thus promoting the virulence of EHEC.
Somewhat surprisingly, a recent study described almost exactly the same finding except that
NIpE sensing of surfaces led to activation of the BaeRS system and induction of virulence

through a separate regulatory pathway (Feng et al., 2022).

NIpE’s signaling roles are not limited to sensing lipoprotein trafficking and surface
adhesion. Recent studies propose that the C-terminal disulfide bonds on NIpE are involved in
sensing periplasmic redox state (Andrieu et al., 2023; Delhaye et al., 2019). Delhaye and
colleagues report that NIpE is a substrate of the oxidoreductase DsbA. Deletion of dsbA leads to
Cpx induction through NIpE in a manner dependent on its C-terminal disulfide bonds. Similarly,
Andrieu and colleagues report that the reactive chlorine species N-chlorotaurine activates the

Cpx response through NIpE. Taken together, these studies make clear that NIpE is a versatile
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sensor that is linked to the Cpx response in several roles, even while not being required for basal
CpxA activity (DiGiuseppe and Silhavy, 2003). Thus, NIpE’s role in the Cpx response is best
thought of as an accessory activator that greatly expands the repertoire of stimuli that activate

CpxA.

Thesis objectives & overview

While the Cpx regulon and its implications for envelope stress response are well-
understood, the molecular basis for signal detection and transduction in this system is not as
completely characterized. We study this system in E. coli because of its widespread use as a
model Gram-negative organism for genetics and envelope biogenesis (Blount, 2015) and
because of how important this organism has been for the study of the CpxRA system (Cosma et

al., 1995a; Danese et al., 1995; McEwen and Silverman, 1980a, 1980c).

Early studies have isolated several gain of function mutations of coxA (for example
(Cosma et al., 19953a; Keller et al., 2011; Raivio and Silhavy, 1997)); however, the molecular basis
for the phenotypes of these mutations remains unclear. A structure of Vibrio parahaemolyticus
CpxA has been published (Kwon et al., 2012a), but applying this structure to the genetic data
from previous studies is difficult because most of the work characterizing CpxA is not in this
organism. Thus, exactly how CpxA becomes activated in the response to envelope cues is
unclear. In Chapter 2, we (in collaboration with the Glover lab, University of Alberta, Department
of Biochemistry) determine how CpxA’s sensor domains regulate its activation. Our collaborators
purified and solved the structure of CpxA by X-ray crystallography as a Per-ARNT-Sim (PAS)
domain. However, because this structure did not provide a strong model for the dimer of CpxA,
we used AlphaFold2 to predict the dimer structure of CpxA’s sensor domains as a dimer. We

then used mutagenesis to test the AlphaFold2 model to determine how the dimer of CpxA’s
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sensor domain regulates its signaling. Comparative studies of CpxA and other PAS domain

containing proteins were used to examine the diversity of PAS domains in sensor kinases.

Studies implicate the outer membrane lipoprotein NIpE, seemingly, in two roles, one as a
sensor for surface adhesion at the outer membrane (Otto and Silhavy, 2002; Shimizu et al.,
2016) and the other as an indicator of lipoprotein health at the inner membrane (Delhaye et al.,
2019; Grabowicz and Silhavy, 2017a; May et al., 2019). How these two functions are integrated

into a single protein remains to be fully answered.

In Chapters 3 and 4, we investigate this question by examining NIpE in two distinct
signaling roles: NIpE overexpression and mislocalization (Chapter 3) and NIpE signaling from the
outer membrane (Chapter 4). We constructed expression vectors of NIpE to determine the
domains necessary for activating CpxA during NIpE overexpression and mislocalization to the
inner membrane. Bacterial two-hybrid assays were used to test for interactions between CpxA
and NIpE. Mutagenesis based on the structure of NIpE and CpxA was then used to determine
the molecular details of the NIpE-CpxA interaction at the inner membrane. Finally, we explored

the proteolysis of NIpE, especially as influenced by the Cpx-regulated proteins CpxP and DegP.

In Chapter 4, we explore how NIpE functions as an outer membrane sensor that
cooperates with OmpA to signal from the outer membrane. We confirm previous results from the
Raivio lab that NIpE interacts with the major OMP OmpA and use mutagenesis and crosslinking
to determine the details of this interaction. We then studied NIpE-OmpA signaling by using a
phenotype reported by Junshu Wang in the Raivio lab that NIpE senses OmpA overexpression.
We used mutagenesis of both NIpE and OmpA in this context to determine how NIpE signals
from the outer membrane. Dot blot assays and surface crosslinking were used to test for NIpE

surface exposure.

54



Finally, the Appendix to this thesis explores emerging findings regarding NIpE homologs
across bacterial species and the implications of NIpE evolution for our understanding of its
signaling role in Gram-negative bacteria. Taken together, this thesis aims to greatly expand our

understanding of how bacteria sense signals within and through their envelopes.
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Chapter 2 — The sensor of the bacterial histidine kinase CpxA is a novel dimer of

extracytoplasmic Per-ARNT-Sim domains?

T Published as Cho, T.H.S., Murray, C., Malpica, R., Margain-Quevedo, R., Thede, G.L., Lu, J., Edwards,
R.A., Glover, J.N.M,, Raivio, T.L., 2024. The sensor of the bacterial histidine kinase CpxA is a novel dimer
of extracytoplasmic Per-ARNT-Sim domains. Journal of Biological Chemistry 300.
https://doi.org/10.1016/j.jbc.2024.107265
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and reviewed the manuscript.

56



Abstract

Histidine kinases are key bacterial sensors that recognize diverse environmental stimuli. While
mechanisms of phosphorylation and phosphotransfer by cytoplasmic kinase domains are
relatively well-characterized, the ways in which extracytoplasmic sensor domains regulate
activation remain mysterious. The Cpx envelope stress response is a conserved Gram-negative
two-component system which is controlled by the sensor kinase CpxA. We report the structure
of the Escherichia coli CpxA sensor domain (CpxA-SD) as a globular Per-ARNT-Sim (PAS)-like
fold highly similar to that of Vibrio parahaemolyticus CpxA as determined by X-ray
crystallography. Because sensor kinase dimerization is important for signaling, we used
AlphaFold2 to model CpxA-SD in the context of its connected transmembrane domains, which
yielded a novel dimer of PAS domains possessing a distinct dimer organization compared to
previously characterized sensor domains. Gain of function cpxA* alleles map to the dimer
interface, and mutation of other residues in this region also leads to constitutive activation. CpxA
activation can be suppressed by mutations that restore inter-monomer interactions, suggesting
that inhibitory interactions between CpxA-SD monomers are the major point of control for CpxA
activation and signaling. Searching through hundreds of structural homologues revealed the
sensor domain of Pseudomonas aeruginosa sensor kinase PfeS as the only PAS structure in the
same novel dimer orientation as CpxA, suggesting that our dimer orientation may be utilized by
other extracytoplasmic PAS domains. Overall, our findings provide insight into the diversity of

the organization of PAS sensory domains and how they regulate sensor kinase activation.
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Introduction

Two-component systems (TCS) are ubiquitous bacterial sensory systems that recognize
diverse environmental and cellular signals. Here, sensor histidine kinases sense stimuli and
phosphorylate a cytoplasmic response regulator, which are usually transcription factors
modulating the expression of target genes. Sensor kinases possess diverse and modular
organizations (Bhate et al., 2015; Krell et al., 2010; Raivio, 2019). Upon receiving a signal by
sensory domains, conformational changes in these domains trigger downstream signaling
events through common signal transduction domains, ultimately leading to autophosphorylation
and phosphotransfer mediated by conserved kinase domains. While the structure and activity of
cytoplasmic kinase domains are conserved and well-characterized, extracellular/periplasmic
sensor domains and the mechanisms by which they sense and transduce signals are relatively
more diverse (Gao and Stock, 2009; Mascher et al., 2006). Thus, the molecular basis for sensing

and signal transduction by these domains remains more difficult to precisely characterize.

While extracytoplasmic sensor domains adopt a variety of folds, many sensor kinases
(and other sensory proteins such as chemotaxis proteins) possess Per-ARNT-Sim (PAS)-like
domains in this region (Cheung and Hendrickson, 2010). Like other PAS domains, these
extracytoplasmic PAS domains are characterized by a 5-stranded B-sheet with a 2-5-1-4-3
topology (Hefti et al., 2004; Henry and Crosson, 2011; Mdglich et al., 2009). While often adopting
highly similar folds, these domains tend to share low sequence homology (Vreede et al., 2003).
Largely unique to extracytoplasmic PAS domains is the presence of a long N-terminal helix,
sometimes termed the periplasmic helix (or p helix) (Bhate et al., 2015), which is continuous with
the first transmembrane domain. These helices are thought to play a key role in transducing
signals to downstream elements of sensor kinases (reviewed in (Bhate et al., 2015; Jacob-

Dubuisson et al., 2018)), which largely exist and function as homodimers. Importantly, this helix
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forms the dimer interface in the prototypical periplasmic sensor domains of PhoQ (Cheung et al.,
2008), DcuS (Cheung and Hendrickson, 2008), and CitA (Sevvana et al., 2008). Some authors
have proposed that extracytoplasmic PAS-like domains be classed into a separate family based
on these representative members called PhoQ-DcuS-CitA (PDC) domains due to common
differences between intracellular and extracellular/periplasmic PAS domains (Cheung et al.,
2008). However, the exact classification of these domains remains somewhat controversial.
Recently, Upadhyay and colleagues proposed that extracytoplasmic PAS domains belong to a
homologous but distinct family of domains known as Cache domains according to computational
modelling (Upadhyay et al., 2016). Others have disputed whether extracytoplasmic PAS
domains belong to a separate class of PAS domains because of the high level of sequence
diversity between PAS domains and the high degree of structural similarity of the central -
sheets of intra- and extracellular PAS domains (Chang et al., 2010; Méglich et al., 2009). This
diversity in nomenclature not only reflects a need for consensus in classification but also

underscores the need for further study of these ubiquitous sensor domains.

CpxA is the sensor kinase of the CpxRA system, a conserved Gram-negative envelope
stress response that responds to perturbations to envelope protein homeostasis (Raivio, 2014;
Vogt and Raivio, 2012). Early studies of the Cpx response identified several alleles of cpxA
(cpxA*) which possess constitutively activated phenotypes (Cosma et al., 1995b; Danese et al.,
1995; Rainwater and Silverman, 1990). These cpxA* mutations were later sequenced and found
to map to all regions of the protein (Raivio and Silhavy, 1997). Mutations from these studies
mapping to the periplasmic portion of CpxA resulted in both hyper-activated and signal blind
phenotypes, which led to the identification of this region as the main sensory domain. The
periplasmic domain of CpxA in Vibrio parahaemolyticus was solved by X-ray crystallography as a

globular PAS fold (Kwon et al., 2012b). Like other extracytoplasmic PAS domains, the
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periplasmic domain of V. parahaemolyticus’ CpxA contains a long a-helix at its N-terminus and a
five-stranded B-sheet with the canonical 2-5-1-4-3 strand order. However, unlike most other
sensor kinases, no known small molecule ligands have been found to bind CpxA. Instead, CpxA
senses a wide variety of cues that result from envelope stress, especially those arising from
misfolded proteins that affect inner membrane integrity (Danese and Silhavy, 1997; Pogliano et
al., 1997; Raivio, 2014; Vogt and Raivio, 2012). CpxA also integrates signals from other envelope
proteins such as the periplasmic chaperone-like protein CpxP (Danese and Silhavy, 1998; Raivio
et al., 1999; Tschauner et al., 2014) and the outer membrane lipoprotein NIpE (Otto and Silhavy,
2002; Snyder et al., 1995). These factors help CpxA sense cues such as copper exposure and
surface adhesion in the case of NIpE (T. H. S. Cho et al., 2023b; May et al., 2019; Otto and
Silhavy, 2002; Shimizu et al., 2016) or the presence of misfolded pilus subunits in the case of
CpxP (Buelow and Raivio, 2005; Isaac et al., 2005; Zhou et al., 2011). However, NIpE and CpxP
are not required for sensing many, if not most, Cpx inducing cues (DiGiuseppe and Silhavy,
2003), suggesting that they are not integral to CpxA’s inherent mechanism of sensing and

activation.

While the structure of the V. parahaemolyticus CpxA periplasmic domain has been
solved (Kwon et al., 2012b), the structural and molecular basis for CpxA sensing and activation
remains elusive. In addition, the Cpx response of Vibrio spp. remains relatively poorly
characterized compared to studies of the system in Escherichia coli and related
Enterobacteriaceae, and significant differences exist between signals sensed by CpxA in Vibrio
cholerae and E. coli (Acosta et al., 2015; Slamti and Waldor, 2009). We report the structure of
the E. coli CpxA periplasmic sensor domain (CpxA-SDgc) as determined by X-ray
crystallography. CpxA-SDec adopts a globular PAS fold like the previously reported structure. To

better understand CpxA-SD in its dimeric context, we used AlphaFold2 to model CpxA-SD. The
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resulting model predicted a novel organization of PAS domains in sensor kinases. Previously
identified hyper-activated coxA* alleles map to the modelled dimer interface, and mutation of
conserved residues in this region also possess constitutively active and signal-blind phenotypes.
The hyperactivation of these mutations can be completely or largely suppressed by introducing
mutations predicted to restore interactions between CpxA-SD monomers, suggesting that CpxA
kinase activity is controlled by inhibitory interactions between sensor domain monomers in the
absence of inducing cues. Finally, the previously solved structure of PfeS (PDB 3KYZ), an
enterobactin sensor from Pseudomonas aeruginosa, adopts highly similar characteristics to
CpxA-SD. Taken together, we suggest that CpxA-SD represents a novel class of PAS domains

that evolved to sense signals using a distinct dimer orientation from other PAS domains.
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Results

CpxA-SD adopts a PAS fold

Figure 2-1. The sensor domain of CpxA adopts a PAS fold.

(A) The resolved structure of CpxA-SD (aa 31-163) is shown as ribbon diagrams with secondary
structure elements labelled a for helices and B for strands of B-sheets. Two views at a 90°
rotation are shown. Shown is Chain B of the asymmetric unit. (B) Overlay of E. coli CpxA-SD
(this study; blue) and CpxAvi, (PDB 3V67; green).

We purified and crystallized the E. coli CpxA sensor domain corresponding to residues
31-163 (CpxA-SD) and determined its structure to a final resolution of 1.8 A (see supplemental
methods and Table 2-1 for a full list of refinement statistics). Like CpxA in Vibrio
parahaemolyticus (CpxA-SDvi), E. coli CpxA-SD (CpxA-SDec) adopts a PAS-like fold with each
globular domain consisting of three a-helices surrounding a five-stranded antiparallel B-sheet in
the canonical 2-5-1-4-3 topology (Figure 2-1A). Like other extracytoplasmic PAS domains,

CpxA-SD, contains a long N-terminal helix (a1). However, this helix does not form the extreme
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N-terminus of the structure, instead containing an N-cap motif at its N-terminus and an extended
tail region that folds against the B3 strand of the main PAS B-sheet (see later in Results for
further discussion of this region). Overall, the monomer structure of CpxA-SDgc is similar to that
of the CpxA-SDwi, With a root-mean-square deviation (RMSD) of 2.9 A over 108 atoms (Figure 2-
1B). As seen with other PAS domains (Vreede et al., 2003), CpxA-SDec and CpxA-SDvi
secondary structure bears significant similarity despite a low sequence identity of 20% between
residues 35-150. The regions around the a2 helix and the N-terminus of the a3 helix appear to
be slightly different between these two structures, however, the physiological relevance of this
difference is uncertain. Between the a2 and a3 helices (E. coli region: M33-A79, V.
parahaemolyticus region: D71-1123) close crystal contacts bury 48.5% and 57.1% of the total
solvent accessible area of CpxA-SDec and CpxA-SDvis, respectively. Taken together with the
placement of the flexible C-terminal tail of CpxA-SDvi, along the a1 helix, crystal packing
artifacts may explain the differences between the two structures, but a definite conclusion

cannot be reached without further experiments.
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Conserved residues regulate basal CpxA activity and signal sensing

A cpxA24 deletion region (A92-123)
82 r 1 131
X. nematophila GOSLLLVTSAGNTIDINTP ~TRQKOVVRNEIGQSDNADH PKKKKYGRSET LGP
Erwinia sp. GQORLLLVTSEGRVIGAQ ---HSEMQVIRNFIGQADNADQ POKKKYGRVELVGP
C. condimenti GQRLVIVTSEGRVIGAE ---RNEMQIIRNFIGQADNADH POKKRYGRLEMVGP
K. pneumoniae GORLLLVTSEGRVIGAE ---RNEMQIIRNFIGQADNADH POKKRYGRLEMVGP
Enterobacter sp. GORLLLVTSEGRVIGAD ---RNEMQIIRNFIGQADNADH POKKKYGRVEMVGP
E. cloacae GORLLLVTSEGRVIGAD ---RNEMQIIRNFIGQADNADH POKKKYGRVEMVGP
S. enterica GQORLLLVTSEGRVISAE ---RSEMQITRNFIGQADNADH POKKKYGRVEMVGP
S. sonnei GORLLLVTTEGRVIGAE ---RSEMQITRNFIGQADNADH POKKKYGRVELVGP
E. coli GQRLLLVTTEGRVIGAE ---RSEMQIIRNFIGQADNADH PQKKKYGRVELVGP
S. flexneri GORLLLVTTEGRVIGAE ---RSEMQIIRNFIGQADNADH POKKKYGRVELVGP
P. heterorhabditis GORLILVTSEGRVIGAQ ---RSEMQVVRNFIGQSDNADH PKKKKYGRSEMLGP
Serratia sp. GORLLLVTSEGRVIGAQ ---RNEMQIVRNFIGQSDNSDQ POKKKYGRVELVGP
S. marcescens GORLLLVTSEGRVIGAQ ---RNEMQIVRNFIGQSDNSDH PKKKKYGRVELVGP
P. leiognathi DDQIYFTTIDGDIIAPQKH —---TKALRNFITVSDNPAS PKQRLYGRWMMAGP
A. fischeri NLDLFFTTPTGEILDKPKELRGRKKALL NFLTLSDNPDL POOKLYGKTMMAGP
Vibrio sp. RPRIFFSDHEGNVLTTSSHKDFKLRALQ NEVTSIEDQSQ PKOKLYGRYMIAGP
V. parahaemolyticus RPRVFFSDYNGNVLTTDKRSNFQLRAMO NEVTSIEDYNK PKORLYGRYMIAGP
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Figure 2-2. Conserved residues in CpxA-SD impact activation.

(A) Multiple sequence alignment of CpxA-SD sequences from multiple organisms shows the
conservation of several key residues in the cpxA24 deletion region (A92-123), which is shown on
the crystal structure of CpxA-SD in (B). The hydrogen bond network formed by conserved
residues N107, K121, and Y123 are shown in (C) in two views. Strains expressing chromosomal
cpxA mutants (N107A, K121A, and Y123A) were tested for their ability to sense alkaline pH (D)
and NIpE overexpression (E), as measured by the activity of a chromosomal cpxP-lacZ reporter.
Reporter activity was quantified by measuring 3-galactosidase assay. Shown are mean and

standard deviation from the pooled data from three independent experiments with three
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replicates in each experiment. Significance indicates the results of a two-way ANOVA with post
hoc Tukey HSD test that were conducted between induced treatments (pH 8.0 and pBR322-
nipEwr) compared to either pH 5.8 or empty vector treatments of the same genetic background

(** p<0.01, **** p<0.0001, ns = non-significant).

Several residues in the CpxA-SD appear to be conserved across hundreds of organisms.
While most of these are hydrophobes buried within the PAS domain, asparagine 107 (N107),
lysine 121 (K121), and tyrosine 123 (Y123) are notable exceptions (Figure 2-2A). These residues
are also located within the deleted region of the constitutively activated and signal blind cpxA24
allele (A92-123) (Raivio and Silhavy, 1997) (Figure 2-2B) and form a hydrogen bond network
connecting the a3 helix and 33 strand in our crystal structure (Figure 2-2C). We hypothesized
that this coordination may be important for CpxA activation. To investigate this, we introduced
alanine swaps of these residues in the chromosomal copy of cpxA and tested the ability of these
mutants to sense known Cpx activating signals, alkaline pH and NIpE overexpression (Figure 2-
2D,E). Mutating these residues led to higher levels of basal activation of the Cpx response. The
K121A and Y123A mutations also reduced sensitivity to alkaline pH and NIpE overexpression,
reminiscent of previously identified cpxA* alleles (Raivio and Silhavy, 1997). CpxA N107A was
still activated by these cues, albeit relatively more weakly compared to WT CpxA. Overall,
protein levels of CpxA N107A, K121A, and Y123A were comparable to WT CpxA (Figure 2-3).
We thus think it is unlikely that the phenotype conferred by these mutations is due to misfolding.
Together, these results indicate that these residues are important for regulating CpxA activation,

and by extension that interactions affecting a3 positioning play a key role here.
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Figure 2-3. Expression levels of CpxA variants.

Expression levels of (A) cpxA chromosomal mutants and (B) plasmid-based mutations of CpxA
were determined via Western blots using an anti-CpxA-MBP antibody probing for CpxA from

whole-cell lysate.

We wondered if the dimer structure of CpxA-SD would provide further insight into CpxA
signaling as dimerization is important for sensor kinase structure and function (Affandi et al.,
2016; Bhate et al., 2015; Cheung et al., 2008). The asymmetric unit of the crystal provided a
dimer structure of CpxA-SD where the main dimer interface centres around its a1 helices, which
cross each other roughly perpendicularly (Figure 2-4A). This structure is somewhat reminiscent
of an early structure of the Salmonella enterica PhoQ sensor domain dimer possessing similar
crossed a1 helices (PDB 1YAX) (Cho et al., 2006), which appears to not be physiologically
relevant (Cheung et al., 2008; Goldberg et al., 2008). In line with this, mutation of the M48
residue (M48K), which lies at the main dimer interface of this structure, did not lead to significant
changes in activation of CpxA or its ability to sense alkaline pH (Figure 2-4B) or NIpE
overexpression (Figure 2-4C), and CpxA M48K was expressed to similar levels as WT CpxA
(Figure 2-4D). This was surprising given the importance of sensor kinase dimerization and led us

to conclude that this dimer orientation was likely a crystallographic artifact.
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Figure 2-4. Crystal dimer structure of CpxA.

(A) Ribbon cartoon diagram of the dimer with each monomer shown in a different color. The
main dimer interface residue M48 is highlighted. The ability of the M48K mutation to sense (B)
alkaline pH and (C) NIpE overexpression, as seen in the activity of a coxP-lacZ transcriptional
reporter. Shown are mean with standard deviation of three replicates from three independent
experiments. (D) shows the expression levels of CpxA in relevant strains as determined by
Western blotting with anti-CpxA-MBP antibody. An unrelated protein (OmpA) was used as a

loading control.



AlphaFold2 predicts a novel PAS domain dimer organization for CpxA-SD

While sensor kinases are extensively dimerized proteins, the presence of distinct
domains in extracytoplasmic, membrane-integral, and cytoplasmic regions of the cell presents
significant challenges to studying sensor kinases holistically. To investigate the dimeric structure
of CpxA, we used the ColabFold implementation of AlphaFold2 (Jumper et al., 2021; Mirdita et
al., 2022) using custom multiple sequence alignments (MSA; see Methods) to model CpxA
homodimers. Full length CpxA dimer models were initially generated (data not shown); however,
monomers were rotationally symmetric and identical due to limitations in AlphaFold2. This
artifactual symmetry resulted in poor alignments between the model and previously crystallized
CpxA kinase domains, which possess significant asymmetry (Mechaly et al., 2014) (data not
shown). Additionally, any single model AlphaFold2 generates is an average of multiple potential
states of CpxA (e.g. active and inactive) (Jumper et al., 2021). This averaging is exacerbated
when the difference between the states is greatest, as is seen in the active and inactive states of
cytoplasmic kinase domains (Mechaly et al., 2014). To mitigate these issues, we excluded the
histidine phosphotransfer (DHp) and catalytic (CA) domains from our modeled complexes,
limiting our models to the region encompassing transmembrane helix 1 (TM1), the PAS domain,
transmembrane helix 2 (TM2), and the HAMP domain (Figure 2-5A). These smaller models had
higher local (pLDDT) and global (pTm) confidence than the full length models, which indicated
that these models better represent a single state of CpxA (Figure 2-6) (Jumper et al., 2021). Both
E. coli and V. parahaemolyticus CpxA models were created either terminating at the end of TM2
or the HAMP domain. The top dimer structures were similar for both the E. coli and V.
parahaemolyticus structures, and the inclusion of the HAMP domain did not significantly

influence the overall dimer arrangement (Figure 2-5B,C). Notably, the sensor PAS domain
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modelled by AlphaFold2 was virtually identical to the structure we solved by X-ray

crystallography (Figure 2-7).

A
TM1 | Sensor domain TM2 HAMP pHp [ ea
1 233 E. coli CpxA TM + sensor + HAMP
8 184 CpxA-SDgc
14 195 CpxA-SDy,,
B C

Figure 2-5. AlphaFold2 models of CpxA sensor and transmembrane domain dimers.

(A) Domain architecture of CpxA with the AlphaFold2-modeled portions of each CpxA sequence
from E. coli (E. coli CpxA TM + sensor + HAMP, CpxA-SDec) and V. parahaemolyticus (CpxA-
SDvib). Modelled amino acids numbers are shown alongside each schematic of the modeled
region of CpxA. AlphaFold2 models of the sensor and transmembrane (TM1 and TM2) domains
of (B) E. coli and (C) V. parahaemolyticus CpxA. The a3-a3 dimer interface of both proteins

(from a top-down view) is shown in the insets above each of the structures.
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Figure 2-6. AlphaFold2 confidence metrics for E. coli and V. parahaemolyticus models.

Predicted local distance difference test (pLDDT) scores per residue for CpxA-EC TM1-HAMP
(A), CpxA-SDec (B), CpxA-SDvi, (C). Dashed lines indicate cut offs for very high confidence
(pLDDT > 90) and high confidence (pLDDT > 70). D-F Predicted alignment error (pAE) within
monomers (Top Left and Bottom Right sub-panels) and between monomers (Top Right and
Bottom Left sub-panels) for CoxA-EC TM1-HAMP (D), CpxA-SDec (E), CpxA-SDvis (F).

Crystal Structure

Figure 2-7. Alignment of the crystal structure and AlphaFold2 model monomer of E. coli

CpxA-SD.

Structures of the experimentally determined CpxA sensor domain structure and the AlphaFold2
predicted structure were aligned using PyMOL's alignment function.
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Both CpxA-SDec and CpxA-SDvi, were modeled as homodimers with their TM domains in
a tight four helix bundle, similar to other histidine kinases (Figure 2-5B,C) (Gordeliy et al., 2002;
Moukhametzianov et al., 2006). However, their PAS domains were oriented opposite to those
found in most histidine kinases, which are oriented such that the a1 helices form the dimer
interface, while the a3 helices are exposed and (usually) involved in ligand binding(Henry and
Crosson, 2011). In contrast, the CpxA-SD PAS domains were modelled with the a3 helices
forming the dimer interface, placing N107, K121, and Y123 at the interacting surface. The
aforementioned cpxA24 mutation encompasses nearly the entirety of the a3 helix and 3 strand,
which comprises the majority of the CpxA-SD dimer interface in the AlphaFold2 model.
Importantly, the previously identified N107 residue lies at the dimer interface in the AlphaFold2
models. N107, K121, and Y123 are structurally conserved in both E. coli and V.
parahaemolyticus. K121 and Y123 form a hydrogen bond network with N107 (Figure 2-2C),
which has the effect of precisely positioning N107 such that its amine group protrudes towards
the other monomer (top inset of Figure 2-5B). In both E. coli and V. parahaemolyticus models,
this central asparagine (N107 and N112, respectively) forms hydrogen bonds with a main chain
carbonyl group of the other monomer (top insets of Figure 2-5B,C). While the exact positioning
of these hydrogen bonds is modeled differently between CpxA-SD in E. coli and V.
parahaemolyticus, these bounds could limit the inter-monomer flexibility of this dimer orientation
in both models. Thus, we reasoned that disrupting these interactions would destabilize the

CpxA-SD dimer and impact CpxA activation.
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Figure 2-8. Mutations in the dimer interface of CpxA-SD lead to activation.

(A) Other residues on the a3 helix. Residues Q103 and R106 are shown on the AlphaFold2
model of E. coli CpxA-SD. The ability of mutants of CpxA Q103, R106, and N107 in E. coli to
sense alkaline pH and NIpE overexpression are shown in (B) and (C), respectively. TR50 refers
to the WT strain of E. coli MC4100 encoding a chromosomal cpxP-lacZ reporter. Variants of
CpxA were expressed from plasmids in a TR50 AcpxA background and tested for activation of a
cpxP-lacZ reporter. (D) The position of Q103 and D113 on opposing monomers are shown. The
ability of the rescued CpxA Q103E+D113K mutant to sense these signals are shown in (E) and
(F). Shown are a mean of three independent replicates. Significance indicates the results of a
two-way ANOVA with post hoc Tukey HSD test that were conducted between the bars shown in
brackets or, in the case that no brackets are shown, compared to either pH 7.0 or empty vector

treatments of the same genetic background (* p<0.05, **** p<0.0001, ns = non-significant).

We further tested the roles of the conserved N107, K121 and Y123 residues and their
predicted interactions in E. coli CpxA. To facilitate further testing of coxA mutants, we cloned
cpxA into plasmid pK184 and introduced it into a strain lacking chromosomal cpxA and
possessing a chromosomal CpxA-regulated cpxP-lacZ reporter (TR50). We confirmed that this

plasmid-based system complements the phenotype of the AcpxA mutant as it restored the ability
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of the mutant to sense alkaline pH and NIpE overexpression (compare the WT reporter strain
TR50 vs the AcpxA strain expressing CpxA [WT] in Figure 2-8). This was despite the fact that
expression from the plasmid was significantly higher than native levels of CpxA (Figure 2-

3B). Using this system, we again looked at the function of N107. The higher activation of CpxA
N107A suggests the AlphaFold2-predicted dimer interface was physiologically relevant.
However, its phenotype could be explained by the alanine substitution disrupting the intra-
monomer hydrogen bonding network (Figure 2-2C). Based on the model (Figure 2-5B), we
predicted that replacing N107 with an aspartate (N107D) would yield a phenotype specific to
interactions between CpxA-SD by introducing repulsion at the interface between monomers
while maintaining the hydrogen bonding network between a3 and 32 within the monomer
(Figure 2-2C). We also introduced mutations into neighbouring residues GIn103 and Arg106
which reside on the a3 helix and face towards the other CpxA-SD monomer in the AlphaFold2
model (Figure 2-8A). We found that CpxA N107D was hyper-activated in the absence of inducing
cues and no longer sensed alkaline pH and NIpE overexpression, resulting in a signal blind
phenotype (Figure 2-8B,C). Similarly, CpxA Q103E and R106E showed high levels of activation
in the absence of inducing signal compared to WT CpxA and were insensitive to inducing cues

(Figure 2-8B,C).

Charge swap mutations at the predicted dimer interface restore signaling

AlphaFold2 modelling predicted that Q103 could hydrogen bond to D113 on the
opposing CpxA-SD monomer (Figure 2-8D), leading us to hypothesize that the Q103E mutation
results in a charge repulsion between monomers that leads to aberrant CpxA activation. We
tested if the hyper-activation of this mutant could be suppressed by re-introducing a hydrogen
bond at this position via an asparagine substitution at D113. Strikingly, we observed that Q103E
and D113N mutations together suppress the hyper-activation of CpxA Q103E in the absence of
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inducing cues (pH 7.0 or empty vector in Figure 2-8E,F). Further, CpxA Q103E+D113N was
activated to a similar extent as WT CpxA in the presence of alkaline pH (pH 8.0). As expected,
introducing a D113K mutation into CpxA also confers a hyper-activated and signal blind
phenotype (Figure 2-9), supporting our hypothesis that disrupting interactions between CpxA-

SD monomers leads to inappropriate CpxA activation.
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Figure 2-9. CpxA D113K is hyper-activated.
Ability of plasmid-borne CpxA D113K variant to sense (A) alkaline pH and (B) NIpE

overexpression. Shown are mean with standard deviation of three replicates from three
independent experiments. (C) shows the expression level of D113K compared to WT CpxA by
Western blotting. Expression levels of an unrelated protein (OmpA) was used as a loading

control.

We observed that strains expressing CpxA Q103E+D113N were induced during NIpE

expression but not to the same extent as WT CpxA. However, NIpE expression levels were



greatly reduced in CpxA Q103E+D113N compared to strains expressing WT CpxA (Figure 2-
10A). Furthermore, and surprisingly, NIpE expression was abolished in strains expressing CpxA
Q103E, explaining the lack of induction seen in this strain and suggesting that post-
transcriptional regulation of NIpE may occur and be influenced by certain activated states of
CpxA. We note, however, that hyper-activation of CpxA by itself does not appear to lead to this
phenotype as NIpE levels were unaffected in the hyper-activated CpxA N107D strain (Figure 2-
10B). Together, these results suggest a previously undocumented level of Cpx envelope stress
response regulation in which specific states of CpxA may influence the levels of its signaling

partner NIpE. This will be an exciting area of further study.
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Figure 2-10. Expression levels of NIpE in hyper-activated CpxA strains.

Western blots showing expression levels of His-tagged NIpE in strains expressing CpxA mutants.
Strains cultured in identical conditions to reporter assay experiments were harvested, lysed and
prepared for SDS-PAGE. After transfer, membranes were probed with antibody raised against

RNAP a subunit (loading control) and Hisx6 (NIpE).
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To further test the role of the predicted dimer interface in signaling, we used the
AlphaFold2 model to investigate previously identified cpxA* alleles which map to the sensor
domain. cpxA102 is a single amino acid substitution of a lysine at E91(Raivio and Silhavy, 1997),
which maps to the B2 strand that is located towards the top of the dimer interface in the
AlphaFold2 model. Further examination of the residues surrounding this allele revealed several
nearby positively charged arginines (R93 and R99) at the dimerization interface (Figure 2-11A).
While none of these residues are predicted to form hydrogen bonds with E91, we hypothesized
that the introduction of a positive charge in this region may introduce repulsion between CpxA-
SD monomers, leading to the observed constitutive activation. Based on this hypothesis, we
attempted to rescue the hyper-activation of CpxA E91K by introducing negatively charged

residues at R93 and/or R99.
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Figure 2-11. Other mutations of CpxA-SD lead to hyper-activation.
(A) shows the location of E91, the residue mutated in the cpxA 102 allele (CpxA E91K). Two

views are shown, with surrounding basic residues R93 and R99 shown in the right panel. The
ability of E91K-containing mutations expressed from plasmid in a AcpxA strain to sense (B)
alkaline pH and (C) NIpE overexpression was tested in by assaying the activity of a cpxP-lacZ
reporter. Shown are a mean of three independent replicates (Tukey HSD post hoc test with two-
way ANOVA **** p<0.0001, ns = non-significant).

We introduced the E91K mutation singly as well as in combination with mutations
predicted to restore wild-type charge to the dimer interface (R93E and RO9E) into our CpxA
expression vector and measured both the basal activity of these variants and their ability to
respond to alkaline pH and NIpE overexpression (Figure 2-11B,C). Consistent with previous
studies (Raivio and Silhavy, 1997), we found that CpxA E91K was hyper-activated basally at pH 7

(Figure 2-11B) and in the absence of NIpE overexpression (Figure 2-11C). CpxA E91K was also
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insensitive to alkaline pH and NIpE overexpression (Figure 2-11B,C). In line with our hypothesis,
the introduction of either RO3E or R99E in combination with EQ1K into CpxA was significantly
reduced basal activation, although not completely to wildtype levels. Interestingly both mutations
reduced activation to similar extents and there was no additive effect of introducing these
mutations in tandem, as the triple mutant (CpxA E9Q1K+R93E+R99E) possessed similar levels of
basal activation to the double mutations. These rescued mutations slightly restored the ability of
CpxA to sense alkaline pH, as shown by slightly higher activity at pH 8; however, they were
significantly less sensitive to pH than WT CpxA. CpxA E9Q1K+R93E and E9Q1K+R99E were
sensitive to NIpE overexpression. In contrast, the triple mutant was largely insensitive despite
similar levels of NIpE expression to strains with WT CpxA (Figure 2-10A), suggesting this mutant

is genuinely blind to NIpE.

Unlike Q103 and D113, these residues are near the previously reported NIpE binding
interface (Marotta et al., 2023a) so they could interfere with the binding of NIpE to CpxA;
however, this requires further investigation. CpxA expression levels are unlikely to account for
any of the observed phenotypes since all of these mutants are expressed at similar levels to WT
CpxA from our plasmid (Figure 2-3B). Further, introducing an E91A mutation into CpxA, while
leading to higher activation, did not lead to the same level of hyper-activation and signal-
blindness as the CpxA E91K charge swap (Figure 2-12). Thus, constitutive activation of cpxA102
(CpxA E91K) is likely caused by the repulsion introduced by the lysine residue with neighbouring

positive residues between CpxA-SD monomers.
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Figure 2-12. Hyperactivation of CpxA E91K depends on its charge swap.
Ability of plasmid-borne CpxA E91K and E91A variants to sense (A) alkaline pH and (B) NIpE

overexpression. (C) shows the expression level of D113K compared to WT CpxA by Western
blotting. Shown are mean with standard deviation of three replicates from three independent

experiments. A blot for an unrelated protein (OmpA) was used as a loading control.

CpxA-SD is a novel dimer of extracytoplasmic PAS domains

These findings suggest that, like the AlphaFold2 model, the a3 helix of the CpxA-SD PAS
domain is proximal to the dimer interface while CpxA’s a1 helix is distal to the dimer interface. As
mentioned previously, this dimer orientation is unusual and, to our knowledge, has not been
reported. We verified this by performing a structural homology search using the web server Dali
(Holm and Sander, 1995) and the crystal structure of CpxA-SD as a query. This search yielded
700 non-unique molecules with a Z-score greater than two. Among the top hits were the
prototypical extracytoplasmic PAS domains of the sensor kinases PhoQ, CitA, and Dcu$S (Figure

2-13A-C), and other PAS domain sensors (Figure 2-14). While these structures also feature long
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a1 helices, their a1 helices are at the dimer interface and are likely continuous with their
respective transmembrane domains (Cheung and Hendrickson, 2010). A custom python script
was used to search the homologous structures to find any that exhibit a similar dimer orientation
to that found in the CpxA AlphaFold2 model. For each PDB entry, each pair of nearby chains in

that entry were evaluated to find parallel dimers where the a3 helices are facing each other.
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Figure 2-13. The PAS domains of CpxA adopt a novel orientation.

The structures of the representative PAS domains of histidine kinases: (A) E. coli PhoQ (PDB
3BQ8), (B) Klebsiella pneumoniae CitA (PDB 2J80), (C) E. coli DcuS (PDB 3BY8). The crystal
structure of the periplasmic domain of enterobactin sensor PfeS (PDB 3KYZ) from
Pseudomonas aeruginosa is shown in (D) with key areas shown as insets above (dimer interface)
and below (“bridge”) the structure. A parallel comparison to the AlphaFold2 model of E. coli

CpxA-SD is shown in (E), with corresponding regions also shown in insets.
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Figure 2-14. More PAS domain dimer hits of CpxA-SD.

Each monomer is represented as a different colored chain (grey vs green). Protein Database
(PDB) codes for each structure are listed below.

One hit from our search had striking similarity to CpxA-SDec: the crystal structure of the

periplasmic sensor domain of PfeS (PDB 3KYZ), a sensor of enterobactin from Pseudomonas
aeruginosa (Figure 2-13D) (Dean et al., 1996; Dean and Poole, 1993). The PfeS dimer interface

also centres on its a3 helix while its a1 helix is oriented towards the outside of the protein. At the

81



dimer interface, symmetrical hydrogen bonds between the a3 helices (T105-M107 in the case of
PfeS, N107 in CpxA,; top insets of Figure 2-13D and E) are present near the axis of rotation, and
the N-terminus of the PfeS a1 helix possesses a proline containing N-cap preceded by a leucine
in the same orientation as CpxA-SDvi, and CpxA-SDec (compare bottom insets of Figure 2-13D
and E). Since an N-cap at the a1 helix appeared to be characteristic of this dimer form, a second
search of the Dali hits was performed to find monomers that possessed such an N-cap. This
search revealed many a1 N-cap containing PAS structures, including soluble and membrane-
bound histidine kinases. While most of the histidine kinases were crystallized as a1-helix dimers,
one structure of the complex carbohydrate sensor AbfS from Cellvibrio japonicus (PDB 2VAO)
(Emami et al., 2009) was not and represents another potential a3-helix-dimer candidate,

suggesting novel CpxA-like PAS dimers may be more prevalent across histidine kinases.

We propose that the extracytoplasmic PAS domains of CpxA, while adopting essentially
the same overall fold as other PAS domains, has evolved to adopt a distinct dimer conformation
which may be present in other PAS domain-containing histidine kinases. Interestingly, CpxA, like
PfeS, has been implicated in sensing enterobactin or enterobactin-related signals; periplasmic
accumulation of enterobactin or vibriobactin is thought to strip iron from membrane-integral
iron-sulfur cluster-containing proteins, disrupting protein folding and activating CpxA (Guest et
al., 2019; Kunkle et al., 2017). While PfeS appears to sense enterobactin to combat iron
starvation (Dean et al., 1996; Dean and Poole, 1993), the structural and sensory parallels
between these proteins may point to a signaling mechanism unique to this dimeric arrangement

of PAS domains.
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Discussion

The extracytoplasmic PAS domains of histidine kinases play a key role in signal sensing
and controlling kinase activity. In this study, we report the crystal structure of CpxA’s PAS
domain and use AlphaFold2 to investigate how this domain regulates CpxA activation. Our
results suggest that interactions between residues at the novel CpxA-SD PAS dimer interface
regulate CpxA’s kinase activity. Because disturbance of this interface almost invariably results in
aberrant CpxA activation, the basal state of the CpxA kinase domains is likely kept OFF by
inhibitory interactions between CpxA-SD monomers. This is reminiscent of findings in other
sensor kinases and sensory proteins. Lee and colleagues propose that the N-terminal PAS
(PAS-A) domain of the sporulation regulator KinA of Bacillus subtilis regulates kinase activation
by its dimerization state (Lee et al., 2008). In a model with many parallels to our own, dimeric
PAS-A represents a basal or kinase off state of KinA, while monomeric PAS-A corresponds to
activation of KinA. This model was based on studies of bacterial phytochromes which found that
in activated proteins, N-terminal sensor domains are distal, while being dimeric in inactive
conformations (Evans et al., 2006). Despite the fact that both of these proteins are cytoplasmic,
soluble histidine kinases, their extensive dimerization is shared with membrane-bound histidine
kinases. While there appears to be some controversy about the exact contribution of the PAS-A
domain to KinA function (Kiehler et al., 2017), this model nonetheless provides an interesting
parallel to our own model of how PAS sensor domain dimerization regulates activation in the

context of a highly dimerized protein.
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Figure 2-15. The ability of hyperactivated CpxA variants to sense CpxP overexpression.

CpxP was induced from plasmid pTrc-cpxP with 0.1 mM IPTG for 2 hours after cells reached
mid-log phase. The activity of a coxP-lacZ reporter was used to measure activation of CpxA.
Indicated CpxA variants were expressed from plasmid pK184. Shown are mean with standard

deviation of three replicates from three independent experiments.

Previous studies have suggested that CpxA is biased towards an OFF state by interaction
with the periplasmic chaperone-like protein CpxP. Evidence supports a model where CpxA is
shifted towards the active state by sequestration of CpxP through its interaction with misfolded
protein substrates (Tschauner et al., 2014). However, deletion of cpoxP does not lead to full
activation of the Cpx response, and inhibition of CpxA by CpxP overexpression does not occur in
cpxA* strains (Raivio et al., 1999). In line with these results, we found that hyper activating
mutations in the sensor domain, such as CpxA E91K and D113K, are insensitive to CpxP
overexpression (Figure 2-15). Further, ratio of CpxA to CpxP present in the periplasm is unlikely
to be one to one. While CpxP and CpxA appear to be translated at similar levels (Li et al., 2014),
the protein levels of CpxP are heavily regulated by proteolysis such that CpxP is only detectable
by Western blot when DegP, the protease responsible for CpxP degradation, is deleted or if the
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Cpx response is strongly activated (Isaac et al., 2005). Because it is unlikely that there is a CpxP
molecule for every CpxA molecule present in the envelope, it is unlikely that CpxP is fully
responsible for maintaining CpxA in an OFF state, suggesting additional, CpxA-inherent

mechanisms control the activation of CpxA in the absence of inducing cues.

The behaviour of our dimer interface mutants also warrants a contrasting comparison to
the sensor domain of PhoQ. Dimerization of the sensor domain of PhoQ has been extensively
characterized (Cheung et al., 2008; Goldberg et al., 2008); monomer-monomer interactions in
the sensor domain of PhoQ appear to control PhoQ activation, as disrupting the dimer interface
abrogates low magnesium sensing. However, it does not lead to constitutive activation like
mutating CpxA’s dimer interface (Cheung et al., 2008). Thus, the dimer interface of PhoQ may
play an important role in facilitating activation. In line with this, Mensa and colleagues observed
that the PhoQ sensor domain appears to favour an “ON” state, as seen in experiments
mutationally decoupling sensor, HAMP, and catalytic domains (Mensa et al., 2021). Because the
dimer interface of CpxA-SD is sensitive to mutations, which tend to have activating effects,
relatively modest dimer interface of CpxA-SD may increase sensitivity to signals present in the
periplasm, such as the presence of a broad range of misfolded proteins or small changes in the
levels of interacting partner proteins such as CpxP or NIpE. This sensitivity may also be linked to
sensing deformations in the membrane such as defects in translocation through the Sec
pathway (Shimohata et al., 2002), respiratory complex assembly (Guest et al., 2017; Tsviklist et
al., 2022), or changes in membrane composition (Danese et al., 1998; Mileykovskaya and
Dowhan, 1997). However, the molecular basis for how CpxA senses misfolded proteins in the
periplasm remains unclear. In comparison to other PAS domain containing sensor kinases,
studies of CpxA may be hampered by the lack of known small molecule ligands for CpxA. Thus,

future studies should focus on CpxA’s known protein partners, as direct binding of NIpE to CpxA
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appears to activate CpxA (Delhaye et al., 2019; Marotta et al., 2023a; May et al., 2019). CpxP
overexpression and interaction inhibits basal kinase activity of CpxA (Raivio et al., 2000, 1999;
Raivio and Silhavy, 1997), suggesting that CpxP may act predominantly as a factor to stabilize
CpxA sensor domains to dull activation of CpxA in a negative feedback mechanism. Further
structural studies of the sensor domain of CpxA in these contexts may shed more light on how

the non-typical PAS orientation of CpxA regulates kinase activation.

Our work shows that previously characterized and structure-guided cpxA* mutations are
likely to alter signaling by impacting folding within monomers (Figure 2-2) and/or those between
monomers at a novel dimer interface (Figures 1-8, 1-11). We therefore further investigated how
other previously isolated cpxA* mutations might affect the structure of CpxA, potentially
providing insight into how CpxA transmits signals from the periplasm. Interestingly, we identified
two domain-domain interface regions where clusters of cpxA* alleles have been found to map,

namely, the PAS-TM interface and the TM-HAMP interface.

The crystal structures of CpxA-SDec, CpxA-SDvi,, and PfeS all possess an a1 helix that is
preceded by a seemingly unstructured tail (Figure 2-5B,C). The existence of this region does not
seem to be a coincidence since such a region would be required to accommodate the novel
dimer orientation of CpxA while maintaining both the overall domain organization and tightly
packed TM bundle exhibited in histidine kinases (Bhate et al., 2015). In the AlphaFold2 models,
we see exactly that; this region links a1 to TM1 and forms the PAS-TM interface. The most
notable similarity in the three crystal structures was an N-cap motif at the N-termini of the a1
helix. N-cap motifs are diverse in sequence and stabilize exposed N-terminal main chain amines
of the helix (Figure 2-13D,E lower inset) (Newell, 2015). These motifs are seen in 92.2%
(296/321) of analyzed CpxA homologues, with the other 7.8% (25/321) possessing motifs that

are found in known N-caps but are not traditional capping box motifs (Figure 2-16). The N-cap
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motif in all three structures is preceded by a leucine or isoleucine, which is present in 89.4%
(287/321) of analyzed CpxA homologues with other branched hydrophobes (methionine and

valine) making up a further 8.4% (27/321).

A
.[EQH] ..[DN]  Other Total
P... 93 6 56 155
[STDN]... 42 9 21 72
[QE]... 24 4 7 35
Other 45 14 0 59
Total 204 33 84 321
B
.[EQH] ..[DN]  Other Total
P... 0 0 0 0
[STDN]... 3 0 63 65
[QE]... 1 0 109 110
Other 16 2 128 146
Total 20 2 299 321

Figure 2-16. Conservation of N-capping motifs in cpxA sequences.

(A) shows sequence motifs that are present at the N-cap site. (B) shows the lack of the presence
of N-capping motifs in sequences immediately following the N-cap position in CpxA-SDgc and

CpXA-SDv,'b.
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Figure 2-17. The AlphaFold2 model explains the phenotypes of mutants in other regions of
CpxA.

(A) The bridge region from the AlphaFold2 model of CpxA-SDgc is shown with key elements
colour coded. Insets show rotated and zoomed in stick models of those regions with pertinent
predicted interactions shown with distance measurements. A 3-10 helix is a helix where the i-th
residue hydrogen bonds to the i+3 residue instead of a helical i to i+4 hydrogen bonding. (B)
The AlphaFold2 model of CpxA including the HAMP domain. Inset shows previously identified
mutations neighbouring the HAMP domain which lead to activation of CpxA. Red arrows show a
tentative mechanism of how signals are transduced from the sensor domain to the HAMP

domains based on data presented in this paper as well as historical data.
The level of structural and sequence conservation suggests this is a critical region for

protein function. Indeed, an L38P (cpxA9) mutation was reported to strongly activate CpxA

88



kinase activity (Keller et al., 2011; Rainwater and Silverman, 1990), despite prolines being
common in cpxA sequences at flanking residues 37 and 39. Based on structures of N-caps with
proline at this position, it’s likely that this mutation promotes backbone conformers other than
those seen in the crystal structure (Newell, 2015), possibly decoupling the main PAS fold of
CpxA from the first TM domain. Other small secondary structure elements exist N-terminal to the
N-cap that bridge the PAS and TM1 domains in the AlphaFold2 models (Figure 2-17A). In
CpxA-SDkc, these elements are tethered to TM2 via Q153 and the salt bridge between R33 and
D162, which appears to be highly conserved (Figure 2-17A). Two other cpxA* alleles (Raivio and
Silhavy, 1997), cpxA104 (CpxA R33C) and cpxA 103 (CpxA R163P) likely act by disrupting this
salt bridge either directly, in the case of cpxA104 (CpxA R33C), or indirectly by significantly
altering the position of D162 (CpxA R163P, cpxA103) (Cosma et al., 1995b; Raivio and Silhavy,
1997). Similar to our observations of the CpxA PAS domain dimer, our model suggests that
interactions in this bridge region stabilize an OFF state. The fact that all of these mutations lead
to aberrant activation of CpxA suggests that activation of CpxA likely involves signals being

transduced from the PAS domain through this linker either directly to TM1 or indirectly to TM2.

Further insights into signal transduction by CpxA can be gleaned from mapping other
cpxA* mutations onto the AlphaFold2 model including the cytoplasmic HAMP domains directly
following the TM domains (Figure 2-17B). In this model, the N-terminus of the first TM domain
packs against the top of the output helix of the HAMP domain. At the cytosolic end of the TM
bundle, A183 and A187 are modeled to pack against TM1 of the opposing dimer close to where
TM1 contacts the output helix of the HAMP domain (Figure 2-17B). These positions show strong
selection for small residues such as Ala, Gly, Ser and Thr, resembling GxxxG motifs (Teese and
Langosch, 2015). Previous studies have identified activating coxA* mutations cpxA777 (CpxA

A183T) and cpxA17 (CpxA A187E) in this region (Cosma et al., 1995b; Raivio and Silhavy,
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1997). Disruption of this tight packing through mutations of A183T or A187E would perturb the
modeled interaction between the highly conserved glutamate (E217) on the output helix of the
HAMP domain and the N-cap of TM1. Breaking this conserved interface between signal
transduction domains is likely to affect CpxA’s activity and would represent a large change from
the AlphaFold2 model, which appears to represent a basal state of CpxA, implying that TM1
mobility is important for signal transduction from the periplasmic PAS domain. The AlphaFold2
models of CpxAec along with our, and previously published, mutation data suggest an overall
signal path for CpxA. Disruption of interactions between the PAS domains causes signal to be
transmitted through the PAS-TM1 linker to TM1, which carries the signal through the membrane.
The N-terminus of TM1 interacts with the output helix of the HAMP domain which passes signal
to the kinase domains (Figure 2-17B). This model will be a useful generalization to guide further

study of signal transduction in CpxA and other histidine kinases.
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Conclusion
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Figure 2-18. The novel organization of PAS domain dimers in CpxA regulates its activity.

In the absence of inducing cues, CpxA is kept off by interactions between its PAS domains.
Aberrant activation by mutations disrupting monomer-monomer interactions alter the structural
relationship between the PAS and transmembrane domains. Thus, normal sensing CpxA likely

involves relief of this auto-inhibition and transduction of signals through the PAS-TM interface.

Despite the crucial role of sensor domains of histidine kinases in initiating kinase
activation, considerable mystery remains as to how these sensor domains function due to both
the diversity of the signals sensed by these proteins and the structures of their sensor domains
(Gao and Stock, 2009; Mascher et al., 2006). While CpxA contains a PAS domain that is largely
similar to the PAS folds of other sensor kinases, CpxA’s “non-canonical” dimer structure
regulates its ability to sense periplasmic triggers (Figure 2-18); diverse inputs that disrupt the
stability of the CpxA-SD dimer appear to activate CpxA kinase activity. This is clearly indicated

by mutations that disrupt dimerization leading to activation, whereas mutations restoring dimer
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stability rescue CpxA’s basal OFF state. We hypothesize that activating signals might work by a
similar mechanism of destabilizing the CpxA-SD dimer. Further work is required to test this
model in the context of known CpxA inducing signals, such as the presence of unfolded

proteins, high pH, and NIpE binding.

Structural studies of histidine kinases have tended to focus on domains in isolation
because of the modular organization of these proteins. The AlphaFold2 model of CpxA
homodimers provides a basis to explain the phenotypes of previously described and novel
mutations using a model of CpxA-SD in the context of its transmembrane and cytoplasmic
domains. While experimentally determined, full-length structures of sensor kinases remain
elusive, studies incorporating machine-learning based protein structure prediction tools and
experimental approaches may provide a more holistic picture of how these proteins function and
shed light on both the unity and diversity present in the broadly distributed family of PAS

sensory folds.
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Materials and Methods

Strains and growth conditions

All strains used in this study are listed in Table 2-2. Strains were cultured in lysogeny
broth (LB; 10 g/L Bacto-Tryptone, 5 g/L Bacto-Yeast Extract, 5 g/L sodium chloride) with
appropriate antibiotics (50 pg/ml kanamycin; 100 pg/ml ampicillin). Experiments involved in
alkaline pH sensing used LB media containing 100 mM 3-(N-morpholino)propanesulfonic acid
(MOPS) with pH adjusted with sodium hydroxide to pH 7.0 or 8.0 or LB media buffered with 100
mM sodium phosphate with pH adjusted to 5.8 (non-inducing) or 8.0 (inducing). A final
concentration of 0.1 mM IPTG was used in experiments to induce NIpE or CpxA expression from

plasmids. All cultures were grown at 37°C with shaking at 225 RPM.

Strain construction

A list of primers used in this study are listed in Table 2-3. RM53 (TR50 AcpxA) was
created by P1 generalized transduction using lysates generated from the Keio collection of
mutants as previously described (Baba et al., 2006). Kanamycin resistance cassettes were
removed using plasmid-based expression of the Flp recombinase as previously described
(Hoang et al., 1998). Strains encoding for cpxA chromosomal mutants N107A, K121A, and
Y123A were generated by using site-directed mutagenesis and ARed recombination(Datsenko
and Wanner, 2000). The native cpxA chromosomal locus was replaced with a counter-selectable
cat-sacB cassette(Thomason et al., 2014), which was amplified with 50 bp of homology to the 5’
and 3’ ends of cpxA using the primers in Table 2-3, by an initial round of ARed recombination.
Successful recombination was confirmed by chloramphenicol resistance and sucrose

sensitivity.
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A plasmid encoding cpxA with each of the aforementioned mutations were generated by
replacing the cpxA locus of plasmid pCA-cpxA from the ASKA library in the pCA24N plasmid
backbone (Kitagawa et al., 2006). Site-directed mutagenesis was conducted as described by Ko
and Ma (Ko and Ma, 2005). Briefly, the regions upstream and downstream of the codon to be
mutated were amplified separately by PCR. Each product was amplified with one primer
containing an Sfil site for cloning into pCA24N and the other being a mutagenic primer
containing an Earl site (Table 2-3). Both products were digested with Earl and ligated to yield an
Sfil-flanked product with the desired alanine substitution. This product was purified with a
QIAquick PCR purification kit (QIAGEN), digested with Sfil, and ligated into Sfil-digested pCA-

cpxA to yield pCA24N-based vectors with cpxA harbouring the desired mutations.

These plasmids were then used as templates to generate PCR fragments containing
each cpxA variant flanked by about 40 bp to the 5’ and 3’ ends of the cpxA::cat-sacB region for
a second round of ARed recombination. These fragments were then electroporated into MC4100
cpxA::cat-sacB containing the ARed system, and successful recombinants were selected by
screening for growth on sucrose and sensitivity to chloramphenicol, and mutations were
confirmed by sequencing. Finally, a coxP-lacZ reporter carried on a recombinant A phage was
moved into all mutant strain backgrounds using two P1 transductions. First, a nadA::Tn10 allele
tightly linked to the A attachment site which confers resistance to tetracycline and the inability to
grow on minimal media (MM) was transduced into the mutant strains. Tet? and MM
transductants were used in a second transduction with P1 lysate prepared from TR50 (IRS88
cpxP-lacZ) (Raivio and Silhavy, 1997). Lac* transductants were selected on minimal media
containing X-gal, and these transductants were screened for sensitivity to tetracycline to yield

the strains used in experiments.
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Plasmid construction

A list of plasmids used in this study are listed in Table 2-4. Expression vectors for CpxA
were created through standard molecular biology techniques. For the crystallization construct,
the predicted periplasmic domain of CpxA (amino acids 31-163) was amplified from E. coli
MC4100 using primers 5°-31 and 3’-163 (Table 2-3) with BamHI and EcoRI restriction sites.
Amplified cpxAsi-16s Was cloned into BamHI/EcoRI-digested pGEX-6P-1 expression vector (GE
Healthcare), which encodes for an N-terminal glutathione S-transferase (GST) tag and

PreScission™ Protease cleavage sites.

The pK184-cpxA vectors used in reporter experiments was generated using restriction
digest cloning procedures. Because cpxA contains an internal EcoRI cut site, plasmid pK184
was digested with EcoRl, treated with the Klenow fragment and religated to eliminate this site.
cpxA coding sequence was amplified from pCA-cpxA (Kitagawa et al., 2006) with flanking
BamHI-Hindlll sites added using primers listed in Table 2-3. After PCR amplification, BamHI and
Hindlll (Invitrogen) digested cpxA PCR product was ligated into BamHI and Hindlll digested
pK184. cpxA ligation was confirmed by restriction digest analysis and Sanger sequencing

(Molecular Biology Services Unit, University of Alberta).

Mutations were introduced into pK184-cpxA (except M48K and D113K, see below) by
site-directed mutagenesis using the Q5 site-directed mutagenesis kit (New England Biolabs)
according to manufacturer instructions. Mutagenesis primers were generated using
NEBaseChanger (New England Biolabs) and PCR conditions were determined using
recommended annealing temperatures. Plasmids pK184-cpxAwmssk and pK184-cpxAp113k were
generated by overlap extension PCR using standard molecular techniques using the primers
listed in Table 2-3. All mutations were confirmed by Sanger sequencing (Molecular Biology
Services Unit, University of Alberta).
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CpxA expression and purification

Plasmid pGEX-cpxA was transformed into E. coli BL21(DE3). Cells were cultured at 30°C
in LB with ampicillin until the culture reached an optical density of 0.8-0.9 at 600 nm. Cultures
were then induced with 0.05 mM IPTG and grown at 22°C for 21 hours. CpxAs1.16:-GST was
purified at 4°C using a protocol modified from the GST Gene Fusion System Handbook (GE
Healthcare). Briefly, cells were harvested by centrifugation, and pellets were resuspended in
buffer (50 mM Tris-HCI pH 7.5, 400 mM NaCl, and protease inhibitors leupeptin, pepstatin, and
phenylmethylsulfonyl fluoride). Cells were lysed using chicken egg white lysozyme treatment
and sonication. Lysates were centrifuged and clarified; clarified lysate was mixed with
Glutathione Sepharose 4B resin (GE Healthcare) which was pre-equilibrated in resuspension
buffer. The binding reaction was incubated with nutation for 1.5 hrs. The resin was then washed
with 10 volumes of resuspension buffer, and the bound CpxA-GST was eluted using

resuspension buffer containing 20 mM reduced glutathione at pH 7.5.

The elutions were then pooled, buffer exchanged into resuspension buffer, and
concentrated using a 10,000 MWCO centrifugal filter device (Millipore, Fisher Scientific). The
GST tag was cleaved by PreScission Protease (GE Healthcare) treatment over 12 hrs at 4°C with
the progress of reaction monitored by SDS-PAGE. The cleavage reaction was then applied to a
second and third affinity column to remove resilient proteolyzed GST and any remaining fusion
proteins. The column flow-through and washes containing CpxAss.16s Were pooled and
concentrated using a 3,000 MWCO spin concentrator (Millipore, Fisher Scientific). As a final
purification step, CpxAsi.163 was passed over a HiLoad Superdex 75 26/60 size-exclusion column
equilibrated with resuspension buffer on an AKTA purifier (GE Healthcare). The CpxAs1.163 elution

peak fractions were pooled and concentrated using a 3,000 MWCO spin concentrator.
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Crystallization and data collection

Purified CpxAas1.163 Was dialyzed into crystallization buffer (50 mM HEPES pH 7.0, 350 mM
NaCl) using 3000 MWCO spin concentrator. The concentration was estimated to be 21.1 mg/ml
based on absorbance at 280 nm, using the theoretical extinction coefficient of 26,470 M-'cm™’
derived from the amino acid sequence of CpxAsi.1e3 plus extra residues using
ProtParam(Gasteiger et al., 2005). Initial crystallization conditions for CpxAs:.163 were identified
from the NeXtal JCSG. ProComplex Suite, F3 (Qiagen) and were further optimized. CpxAsi-163
was crystallized by hanging drop vapour diffusion at room temperature (~21°C) by mixing 1 ul of
protein at 21.1 mg/ml in crystallization buffer with 1 pl of reservoir solution (100 mM Tris-HCI pH

7.5, 20% v/v 2-methyl-2,4-pentanediol).

The crystals were harvested and flash frozen in liquid nitrogen without any additional
cryoprotectant. Diffraction data were collected at the Advanced Light Source, SIBYLS beamline
12.3.1 (Berkeley, CA) and Canadian Light Source, beamline CMCF-BM 08b1-1 (Saskatoon,
Canada). CpxA crystallized in the space group P212121 and diffraction data data was collected

to a resolution of 1.8 or 2.0 A.

Structure solution and refinement

The periplasmic domain of V. parahaemolyticus CpxA (PDB 3V67)(Kwon et al., 2012b)
was used as a search model for molecular replacement. A single domain (Chain A, residues 45-
159) was mutated to the corresponding E. coli sequence based on sequence alignment and
further modified using Sculptor (Bunkéczi and Read, 2011) in PHENIX (Liebschner et al., 2019)
by pruning sidechains using the Schwarzenbacher method (Schwarzenbacher et al., 2004).
Molecular replacement with PHASER (McCoy et al., 2007) using the 2.0 A data set placed two

copies with a TFZ sore of 8.0. A model of the same domain was generated using SWISSMODEL
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(Biasini et al., 2014; Waterhouse et al., 2018), superimposed on the molecular replacement
solution and improved with iterative model building in PHENIX AutoBuild (Terwilliger et al., 2008)
followed by refinement in phenix.refine (Afonine et al., 2012) resulting in an R-free of 0.323. One
of the monomers was then used as the search model to phase the 1.8 A data set placing two
copies with a PHASER TFZ sore of 52.1. Subsequent iterative manual model building in COOT
(Emsley and Cowtan, 2004) and refinement in PHENIX yielded a final model with R-free

0.247. The model derived from the 1.8 A data set was used for all further experiments and

figures.

Generation of multiple sequence alignments (MSA) of cpxA for AlphaFold2 modelling

The query sequence, residues 1-184 of E. coli CpxA (Uniprot POAE82), was input into

pHMMER (https://www.ebi.ac.uk/Tools/hmmer/search/phmmer) and searched against the

uniprotKB database with default search settings, except BLOSUMA45 was used, yielding an MSA
of 2379 sequences. Jalview was used to remove all sequences with 98% or 96% redundancy
resulting in MSAs of 580 and 321 sequences, respectively. The 98% redundant MSA was made
gapless for the E. coli CpxA sequence and used for AlphaFold2 modeling (P HMMER_98%_non-
redundant). The 96% redundant MSA was realigned in Jalview using the MAFFT E-INS-i preset,
since the middle (PAS) sequence was known to have low sequence homology (Vreede et al.,

2003). This realigned MSA was used for all analysis.

AlphaFold2 modeling of CoxA-SD

CpxA structural modeling was performed using the Colab-Fold implementation of
AlphaFold2 (Jumper et al., 2021; Mirdita et al., 2022). Sequences of either E. coli or V.
parahaemolyticus CpxA were input into the AlphaFold2_MMseqs2 Google Colab notebook (v

1.3.0), and multiple sequence alignments were generated using only the MMseqs2 algorithm or
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were supplemented with a pHMMER MSA (see MSA generation). All runs used the mulitmer_V2
weights, 48 recycles and generated five models; full input parameters are listed in Table 2-5. The
models were ranked by pTM score, and the highest scoring model was used for analysis. Pymol
(Version 2.4.0, Schrddinger, LLC) was used for analyzing the AlphaFold2 models and for
creating images. Confidence metrics were analyzed using python3 scripts and plotted with

Gnuplot (Version 5.4, http://www.gnuplot.info/).

B-galactosidase assays

Activation of the Cpx response was measured by quantifying the activity of a
chromosomal cpxP-lacZ reporter. Strains prepared in biological triplicate were subcultured into
LB with kanamycin (and ampicillin for NIpE overexpression experiments) from overnight cultures
for 2 hours. For alkaline pH experiments, cells were pelleted by centrifugation at 4000 RPM for
10 minutes and resuspended in LB+100mM MOPS pH 7.0 or 8.0 and grown for a further 2
hours. For NIpE overexpression experiments, cells were induced with 0.1 mM IPTG and grown
for a further 3 hours with shaking. B-galactosidase assays were conducted as previously
described (Buelow and Raivio, 2005; Slauch and Silhavy, 1991). Briefly, cultures were
centrifuged at 4000 RPM for 10 minutes, and pellets were resuspended in Z-buffer (Miller, 1972).
Optical density (absorbance at 600nm) was measured from an aliquot of resuspended culture
for standardization. Each culture was treated with chloroform and sodium dodecyl sulfate (SDS)
and vortexed to permeabilize cells. Absorbance at 420nm (A420) was measured in a plate reader
for each culture at 30 second intervals after the addition of 10 mg/ml ONPG. 3-galactosidase
activity (cpxP-lacZ reporter) activity was quantified by calculating the maximum slope of the A4z
measures standardized to that of the respective culture’s optical density as previously described.

Statistical significance was using unpaired t-tests (Prism, GraphPad).
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SDS-PAGE and Western blotting

SDS-PAGE and Western blotting was used to confirm expression of CpxA from our
plasmids according to standard procedures. Cultures were grown in the same conditions as for
other experiments. The optical density of each culture was measured and the equivalent of OD
4.0 cells in 100 ul was collected. Cells were washed twice in phosphate buffered saline (PBS)
and resuspended in water and 2x Laemmli buffer (Sigma). Samples were heated at 95°C for 5
minutes and cooled to room temperature before being separated on an 8% tris-glycine SDS-
PAGE gel and transferred to a nitrocellulose membrane using a semi-dry transfer machine (Bio-
Rad). Membranes were blocked in 5% skim milk dissolved in Tris-buffered saline with 0.1%
Tween-20 (TBST) for 1-3 hours and incubated with rabbit anti-CpxA-MBP(Raivio and Silhavy,
1997), rabbit anti-Hisx6 (Thermo-Fischer), and/or mouse anti-RNAPa (BioLegend) antibodies in
2% bovine serum albumin (BSA) in TBST overnight. The specificities of antibodies were
confirmed in Western blots with lysates from strains lacking cpxA or a Hisx6-tagged protein
(data not shown). The next day, membranes were washed four times with TBST and incubated
with fluorescent IRDye680RD (goat anti-mouse) and or IRDye800 (goat anti-rabbit) secondary

antibodies in 5% milk in TBST for 1 hour and imaged using a Bio-Rad ChemiDoc imager.
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Tables

Table 2-1. Data collection and refinement statistics.

Wavelength
Resolution range
Space group

Unit cell

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(l)
Wilson B-factor
R-merge

R-meas

R-pim

CC1/2

CC*

Reflections used in refinement

Reflections used for R-free
R-work

R-free

CC(work)

CC(free)

Number of non-hydrogen atoms

macromolecules

solvent
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor

macromolecules

solvent
Number of TLS groups

Statistics for the highest-resolution shell are shown in parentheses.

T Used for phasing.

CpxA (31-163)
1.03316
39.2-1.8 (1.86-1.8)
P 212121
37.16 43.16 186.98 90
90 90
227024 (21825)
28482 (2769)
8.0 (7.9)

98.1 (96.6)
13.75 (2.68)
34.85
0.070 (1.09)
0.076 (1.16)
0.028 (0.408)
0.997 (0.958)
0.999 (0.989)

28337 (2735)

1345 (133)
0.204 (0.303)
0.247 (0.348)
0.955 (0.919)
0.954 (0.856)

2032

1943
89
233
0.013
1.15
97.82
2.18
0.00
2.91
3.10
56.92
57.16
51.77
16

CpxA (31-163) t
0.97950
39.6-2.0 (2.07-2.0)
P 212121
37.05 43.77 186.34 90
90 90
170877 (5615)
21058 (1864)
8.1 (3.0)

98.4 (89.0)
13.83 (1.37)
34.28
0.078 (0.800)
0.083 (0.926)
0.027 (0.488)
0.999 (0.741)
1(0.923)

21045 (1861)
969 (86)
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Table 2-2. Strains used in this study.

Strain Description Source
MC4100 | F_araD139 (argF-lac)U169 rpsL 150 (Strr) relA1 fIbB5301 decC1 (1)
ptsF25 rbsR
TR50 MC4100 ARS88[cpxP*-lacZ'] (2)
RM53 | TR50 AcpxA This study
GLT100 | BL21(DE3) + pGEX-cpxAsi-163 This study
RM336 | MC4100 cpxAniora This study
RM367 | MC4100 cpxAkizia This study
RM338 | MC4100 cpxAvizsa This study
RM441 | MC4100 IRS88[cpxP-lacZ] cpxAntora This study
RM448 | MC4100 IRS88[cpxP-lacZ] cpxAkizia This study
RM444 | MC4100 IRS88[cpxP-lacZ] cpxAvizsa This study
RM477 | RM441 + pBR322 This study
RM478 | RM441 + pLD404 This study
RM481 | RM448 + pBR322 This study
RM482 | RM448 + pLD404 This study
RM483 | RM444 + pBR322 This study
RM484 | RM444 + pLD404 This study
TC636 | RM53 + pK184 This study
RMQ2 | RM53 + pK184-cpxAwr This study
RMQ6 | RM53 + pK184-coxAuusk This study
RMQ7 | RM53 + pK184-cpxAp11sk This study
RMQ21 | RM53 + pK184-cpxAwr + pCA24N This study
RMQ22 | RM53 + pK184-cpxAwr + pCA-nipE This study
RMQ23 | RM53 + pK184-traJ + pCA24N This study
RMQ24 | RM53 + pK184-trad + pCA-nipE This study
RMQ27 | RM53 + pK184-cpxAmssk + pPCA24N This study
RMQ28 | RM53 + pK184-cpxAwmask + pCA-nipE This study
RMQ29 | RM53 + pK184-cpxApi1sk + pPCA24N This study
RMQ30 | RM53 + pK184-cpxAp11sx + pCA-nipE This study
RMQ34 | RM53 + pK184-cpxAesia This study
RMQ52 | RM53 + pK184-cpxAesin + pPCA24N This study
RMQ53 | RM53 + pK184-cpxAesia + pCA-nipE This study
TC643 | RM53 + pK184-cpxAeoik This study
TC644 RM53 + pK184-CpXAEg1K+R935 This study
TC646 | RM53 + pK184 + pTrc99A This study
TC647 | RM53 + pK184 + pTrc-nipE This study
TC648 | RM53 + pK184-cpxA + pTrc99A This study
TC649 | RM53 + pK184-cpxA + pTrc-nipE This study
TC650 | RM53 + pK184-cpxAegik + pTrc99A This study
TC651 | RM53 + pK184-cpxAegik + pTrc-nipE This study
TC652 | RM53 + pK184-cpxAgoiksroze + PTrCO9A This study
TC653 | RM53 + pK184-cpxAcgik+rose + pTrc-nipE This study
TC726 | RM53 + pK184-cpxAniom This study
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TC719 | RM53 + pK184-cpxAaqiose This study
TC721 RM53 + pK184-cpxArioee This study
TC758 | RMS53 + pK184-cpxAnior + pTrc99A This study
TC761 | RM53 + pK184-cpxAniorp + pTrc-nipE This study
TC763 | RM53 + pK184-cpxAqiose+p113n This study
TC756 | RM53 + pK184-cpxAaqiose + pTrc99A This study
TC759 | RM53 + pK184-cpxAaiose + pTrc-nipE This study
TC757 | RM53 + pK184-cpxAriose + pTrc99A This study
TC760 | RMS53 + pK184-cpxAriose + pTrc-nipE This study
TC724 RM53 + pK184-CpXAEg1K+RggE This study
TC725 RM53 + pK184-CpXAkeg1k+rose+RasE This study
TC796 | RM53 + pK184-cpxAcgik+raoe + PTrC99A This study
TC797 | RM53 + pK184-CpxAcegik+roce + PTrc-nipE This study
TC798 RM53 + pK184-CpXAEg1K+Rg3E+RggE + pTl"ngA This study
TC799 RM53 + pK184-CpXAEg1K+Rg3E+RggE + pTrC-nlpE This study
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Table 2-3. Primers used in this study.

Primer Name

Sequence (5’-3’)

Notes

For generation of cpxA chromosomal mutants

CAF8 CGTCTTCACCTCGAGAAAT | Anchor primer to pCA24N encoding
P C Sfil sites
CAR4 TTGCATCACCTTCACCCTC | Anchor primer to pCA24N encoding
P TCCACTGACAG Sfil sites
AACTCTTCAGCTTTTATTG | Mutagenic primer to generate
CpxAN-o7AFw GTCAGGCCGA N107A fragment with Earl site
AACTCTTCAAGCACGAATG | Mutagenic primer to generate
CpxAN107ARv ATCTGCATTTCG N107A fragment with Earl site
AACTCTTCAGCTAAGTATG | Mutagenic primer to generate
CpxAKiz1AFw GCCGCGTGGA K121A fragment with Earl site
AACTCTTCAAGCCTTCTGC | Mutagenic primer to generate
CpxAK121ARv GGATGATCGG K121A fragment with Earl site
AACTCTTCAGCAGGCCGC | Mutagenic primer to generate
CpxAYizAFw GTGGAACTGGT Y123A fragment with Earl site
AACTCTTCATGCCTTTTTCT | Mutagenic primer to generate
CpxAY12ARv TCTGCGGAT Y123A fragment with Earl site
ATTTAATGTGGTGGCGGCG
coxA-cat TCTGTTCCGGGCGATTG For amplification of cat-sacB
P ATAAGTGGGCACCGTGTGA | cassette
CGGAAGATCACTTCGCAG
GGTCAAACAGTAAGTTAAT
sacB-coxA GAAATCGGATTGAGAA For amplification of cat-sacB
P CTGCTGGCCGGATCAAAG | cassette
GGAAAACTGTCCATAT
For amplification of cpxA variants
cpxA181Fw TCCGCCCAACGATTTAATG | . DCA24N expression vector
AGCAGTAATAGCGGGCGG | For amplification of cpxA variants
CpXAS03Rv T from pCA24N expression vector

For generation of CpxAs1.163€Xpression vector

531 CGCGGATCCGATTCACGC For amplification of cpxAsi-163 from
i CAGATGACCGA genome
3-163 GCGAATTCCTAGCGGTCAA | For amplification of cpxAsi-1e3 from
) ACAGTAAGTT genome
For generation of pK184-cpxA
ATAGGATCCGTGAGGAGGT | For amplification of cpxA with EcoRl
XA-1 fw TCCTATGATAGGCAGCTTA | site (and for creation of overlap
ACCGCGC fragments, see below)
TATATAAGCTTCTGCAGTT . lfication of coxA with
XA-2¢ rv ATGACCGCTTATACAGCGG | or SPieation of g wi
CAACCAAATCACC
K184 E CGTATGTTGTGTGGAATTG | For sequencing of inserts into
P — TG pK184
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pK184_R

CAAGGCGATTAAGTTGGGT
AA

For sequencing of inserts into
pK184

For generation of mutations in p

K184-cpxA

XA-2b rv GGCAAGGAATTCCTGTGG | For generation of downstream
CCC fragment for all mutations
For generation of downstream
XAS f AGATTGAGCAGCATGTCGA | fragment (with XA-2b) to create
: AGCG M48K mutation by overlap
extension PCR
CGCTTCGACATGCTGCTCA | For generation of upstream
XA-6 rv ATCTTCAGACCCTGACGCT | ysgen i D) 1o oreste
GTTCGCT extension PCR
For generation of downstream
XA-7 fw AAAAACGCCGATCATCCG | fragment (with XA-2b) to create
i CAGAAG D113K mutation by overlap
extension PCR
CTTCTGCGATGATCGGCGT | For generation of upstream
fragment (with XA-1) to create
XA-8 rv TTTTGGCCTGACCAATAAA | Jo by everian
GTTACGAATGATCTGC extension PCR
GGTGACCACCGCTGGCCG | For generation of E91A by Q5 site-
CpxA E91A-fw : .
CGTGA directed mutagenesis
AATAACAAACGCTGTCCTG | For generation of E91A by Q5 site-
CpxA E91A-rv GC directed mutagenesis
GGTGACCACCAAAGGCCG | For generation of E91K by Q5 site-
CpxA E91K-fw CGTGA directed mutagenesis
AATAACAAACGCTGTCCTG | For generation of E91K by Q5 site-
CpxA E91K-rv GCGG directed mutagenesis
CGAAGTGATCGGCGCTGA | For generation of E91K+R93E by
Q5SDM_E91K_R9I3E_F ACGC Qb5 site-directed mutagenesis
QSSDMESIK RIFER | i i M naie | G Searoces masgoness
CGGCGCTGAAGAAAGCGA | For generation of E91K+R99E by
Q5SDM_99+91_F AATGCAGATCATTC Qb5 site-directed mutagenesis
For generation of E9Q1K+R99E by
Q5SDM_99+91_R ATCACGCGGCCTTTGGTG | 5 site-directed mutagenesis
For generation of
Q5SDM_91 93 99_F 22.%: c(;; CTGAAGAAAGCGA E91K+R93E+RI9E by Q5 site-
directed mutagenesis
For generation of
Q5SDM_91 93 99_R ATCACTTCGCCTTTGGTG E91K+RI3E+RI9E by Q5 site-
directed mutagenesis
CAGCGAAATGGAAATCATT | For generation of Q103E by Q5
Q5SDM_Q103E_F CGTAACTTTATTG site-directed mutagenesis
For generation of Q103E by Q5
Q5SDM_Q103E_R CGTTCAGCGCCGATCACG | o Girected mutagenesis
GCAGATCATTGAAAACTTT | For generation of R106E by Q5 site-
Q5SDM_R106E_F ATTGGTCAGGCC directed mutagenesis
Q5SDM_R106E_R ATTTCGCTGCGTTCAGCG | Hor generation of R106E by Q5 site-

directed mutagenesis
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Q5SDM_N107D_F

GATCATTCGTGATTTTATTG
GTCAGGCC

For generation of N107D by Q5
site-directed mutagenesis

For generation of N107D by Q5

Q5SDM_N107D_R TGCATTTCGCTGCGTTCA | (0 G 7 ogenesis
TGGTCAGGCCAATAACGC | For generation of Q103E+D113N by

Q5SDM_D113N_F CGATC Qb5 site-directed mutagenesis
ATAAAGTTACGAATGATTT | For generation of Q103E+D113N by

Q5SDM_103+113_R CCATTTCGC Qb5 site-directed mutagenesis
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Table 2-4. Plasmids used in this study.

Y123A

Plasmid Description Source
: R (Kitagawa et
pCA24N Empty ASKA library vector, Cam al., 2006)
CA-COXA CpxA expression from pCA24N backbone, IPTG- (Kitagawa et
pLA-Cp. inducible, ASKA library (GFP-), Cam® al., 2006)
Empty expression vector, IPTG-inducible from trc | (Amann et al.,
PTrc99A promoter, AmpF 1988)
i His-tagged NIpE expression from pTrc99A .
pTre-nipEur backbone, IPTG-inducible, Amp~ This study
: R (Balbas et al.,
pBR322 Cloning vector, Amp 1086)
NIpE expression from the pBR322 backbone, (Snyder et al.,
pLD404 AmpF 1995)
(Jobling and
pK184 Empty expression vector, Kan® Holmes,
1990)
pK184 encoding for the traJ locus which was used
K184-traJ as a less toxic vector control in some experiments | (Lu et al.,
P as it has no impact on activation of the Cpx 2018)
response, Kan®
pK184-cpxAwr WT cpxA cloned into pK184, KanR This study
pK184-cpxAnask cpxA M48K cloned into pK184, KanR This study
pK184-cpxAp11sk cpxA D113K cloned into pK184, Kan® This study
pK184-CcpxAeoia cpxA E91A cloned into pK184, KanR This study
pK184-cpxAeaik cpxA E91K cloned into pK184, Kan® This study
pK184-cpXxAesik+rase cpxA E91K+R93E cloned into pK184, Kan® This study
pK184-cpxAn1o7p cpxA N107D cloned into pK184, Kan® This study
pK184-cpxAaiose cpxA Q103E cloned into pK184, KanR This study
pK184-cpxArioee cpxA R106E cloned into pK184, Kan® This study
pK184-cpxAqiose+p113n cpxA Q103E+D113N cloned into pK184, KanR This study
pK184-CpxAegik+rose cpxA E91K+R99E cloned into pK184, Kan® This study
PK184-CoXAko1k+rosesrooe | CPXA E9Q1K+RO3E+RI9E cloned into pK184, Kan® | This study
pFLP2 Plasmid encoding for Flp recombinase, Amp®
pKD46 Plasmid encoding for ARed functions, Amp®
oRM24 E(:]:(A);ZPXAMO?A, pCA24N vector harbouring cpxA This study
ORM12 E(']:ZA']-ZPXAKQM, pCA24N vector harbouring cpxA This study
ORM13 pCA-cpxAvizsn, PCA24N vector harbouring cpxA This study
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Table 2-5. Modeling parameters and outputs of ColabFold.

Avg # Start | End
Model pLDDT pTm | Sequences used Sequences | Res Res
CpxA ecaoli 87.65 0.76 | mmSeqs2 + 1214 8 184
Dimer_10 pHMMER_98%_non-

redundant

CpxA vib 87.09 0.82 | mmSeqgs2 484 14 195
CpxA ecoli 85.69 0.76 | mmSeqgs2 3647 1 233
PAS-TM-
HAMP
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Chapter 3 - Characterization of NIpE and its inner membrane signaling role
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Abstract

The CpxRA system senses and responds to envelope stresses such as those that lead to protein
misfolding. The envelope, however, presents a complex environment for signaling. One of the
ways that the sensor kinase CpxA increases the number of signals it can sense is through its
association with the outer membrane lipoprotein NIpE. NIpE is associated with sensing surface
adhesion for the Cpx response but is also known to activate the Cpx response when
overexpressed and mislocalized. Recent work suggests that mislocalized NIpE is used by the
Cpx response to sense defects in lipoprotein biogenesis. However, the molecular details of
signaling by NIpE at the inner membrane are still emerging. In this chapter, | explore the
structural features of NIpE based on its published structure and examine their contribution to
activating CpxA at the inner membrane. Overexpression of NIpE leads to increased
accumulation of NIpE at the inner membrane, a stress that can be relieved both by the
degradation of NIpE or through increased trafficking of NIpE to the outer membrane. Interactions
between NIpE and CpxA are mediated by electrostatic interactions between basic patches on
NIpE’s N-terminal domain and acidic residues on the sensor domain of CpxA. DegP and CpxP
both appear to influence the stability of NIpE, although these proteins accomplish this in different
signaling contexts, suggesting mechanisms by which Cpx-regulated factors influence signaling
through NIpE. Overall, this chapter supports the developing picture for NIpE as an inner
membrane stress sensor and provides experimental evidence for NIpE’s mode of signaling at the

inner membrane.
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Introduction

The bacterial envelope is a complicated structure composed of diverse biomolecules
with equally diverse functions (Silhavy et al., 2010). Lipoproteins are an essential part of the
Gram-negative envelope, playing roles in pathogenesis, biogenesis, transport, and metabolism
(Braun and Hantke, 2019). Lipoproteins such as Lpp and Pal play a critical role in coordinating
the outer membrane with the cell wall, stabilizing the envelope as a whole (Bouveret et al., 1999;
Braun and Rehn, 1969; Cascales et al., 2002; Park et al., 2017; Samsudin et al., 2017).
Lipoproteins are also emerging as important signaling molecules in the envelope (El Rayes et al.,
2021). For example, the outer membrane lipoprotein RcsF is an essential sensor for the Rcs
envelope stress response, sensing defects in lipopolysaccharide and the cell wall (Castanié-
Cornet et al., 2006). Thus, lipoproteins not only help build and stabilize the envelope, but are

also key sentinels of envelope health.

Like RcsF, the outer membrane lipoprotein NIpE is an envelope stress sensor. NIpE is an
activator of the Cpx envelope stress response initially discovered as both a copper resistance
factor (Gupta et al., 1995) and a suppressor of envelope protein toxicity (Snyder et al., 1995).
However, NIpE also is implicated in sensing adhesion to surfaces (Feng et al., 2022; Otto and
Silhavy, 2002; Shimizu et al., 2016) and sensing disturbances to periplasmic redox state
(Andrieu et al., 2023; Delhaye et al., 2019). NIpE’s diverse signaling roles can in part be
explained by its structure. NIpE crystallizes as a unique domain swapped dimer with
independently folding N- and C-terminal domains (Hirano et al., 2007). While this structural study
found some resemblances between NIpE and other lipoproteins, such as bacterial lipocalin and
oligonucleotide/oligosaccharide binding folds, a signaling mechanism remained elusive.

Furthermore, it’s unclear from this structure how NIpE senses such a diverse array of signals.
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As with other outer membrane lipoproteins, NIpE undergoes modification after secretion
across the inner membrane. After secretion through the Tat or Sec translocon, nascent
lipoproteins are diacylated by the preprolipoprotein diacylglyceryl transferase Lgt at a universally
present N-terminal cysteine residue (Sankaran and Wu, 1994). The nascent lipoprotein signal
peptide is then cleaved by a lipoprotein-specific signal peptidase LspA (or signal peptidase Il)
(Tokunaga et al., 1982) before a final acyl chain is added to the now free amino group of the N-
terminal cysteine by the N-acyl transferase Lnt (Jackowski and Rock, 1986). Outer membrane
lipoproteins are then trafficked to the outer membrane by the Lol (localization of lipoproteins)
pathway (Grabowicz, 2019); inner membrane lipoproteins are extracted by the LolICDE ATP-
binding cassette (ABC) transporter and transferred to the periplasmic chaperone LolA. LolA
shields the hydrophobic acyl moiety of lipoproteins and hands off lipoproteins to the outer
membrane lipoprotein insertase LolB. Inner membrane lipoproteins possess a Lol-avoidance

signal that allows for them to remain in the inner membrane (Hara et al., 2003).

Recent works have linked NIpE to sensing the integrity of these maturation and trafficking
pathways (Delhaye et al., 2019; Grabowicz and Silhavy, 2017a; Marotta et al., 2023a; May et al.,
2019). An earlier study reported that NIpE activates the Cpx response when forced to localize to
the inner membrane (Miyadai et al., 2004). A study from the Tokuda lab in 2010 reported that a
lethal LolA variant induces the Cpx response (Tao et al., 2010). Later, Grabowicz and Silhavy
(2017) reported that the Cpx response, and NIpE specifically, are required for survival in
backgrounds with deficient lipoprotein trafficking. Subsequent studies reported direct
interactions between the N-terminal domain of NIpE with the sensor domain of CpxA (Delhaye et
al., 2019; Marotta et al., 2023a). Further work from the Grabowicz lab reported that NIpE is
required for activating the Cpx response in the presence of compounds that disrupt lipoprotein

biogenesis and high concentrations of copper (May et al., 2019), suggesting that inner
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membrane localized NIpE alerts the cell to this stress by activating the Cpx response.
Interestingly, a recent study found that the synthetic lethality of the deletion of genes encoding
two envelope proteins, yciB and dcrB, is due to defects in Lgt activity (Mychack et al., 2019;
Mychack and Janakiraman, 2021). AyciBAdcrB strains have pleiotropic envelope defects but
much of the toxicity appears to be from aberrant crosslinks between inner membrane localized
Lpp and the cell wall. This is strongly reminiscent of the findings of Grabowicz and Silhavy
(2017). However, while, the Cpx response is induced in the AyciBAdcrB background and
promotes survival in this strain, NIpE is not required for Cpx induction or survival. Thus, the
precise context in which NIpE acts as a sentinel for lipoprotein trafficking remains to be fully

characterized.

Despite several recent studies, the details around NIpE activation of CpxA at the inner
membrane are still emerging. Furthermore, many questions remain about the relevance of the
structural features of NIpE based on the published structure (Hirano et al., 2007). This chapter
investigates the molecular mechanisms of NIpE signaling at the inner membrane. Here, we
provide experimental evidence for the dimer model proposed by Hirano and colleagues (2007)
and show that the dimer of NIpE may be important for signaling and NIpE stability. We
experimentally link the novel lipoprotein sentinel role of NIpE with activation of the Cpx response
during overexpression by showing that overexpression of NIpE leads to mislocalization due to
overloaded lipoprotein trafficking. We also show that the N-terminal domain of NIpE physically
interacts with CpxA’s sensor domain and basic residues on the N-terminal domain of NIpE
mediate this interaction. Furthermore, we show that NIpE is regulated both by proteolysis and by
being stabilized by the Cpx-regulated factors CpxP and DegP under certain conditions,

suggesting a novel axis of NIpE regulation. Taken together, this chapter contributes to the
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growing body of work on NIpE as a sensor of lipoprotein health and provides new insights into

the mode of NIpE signaling at the inner membrane.
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Results

Truncation mutants of NIpE
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Figure 3-1. Overexpression of the N-terminal domain of NIpE is sufficient for CpxA
activation.

(A) Cartoon representation of the hypothetical monomer model proposed by Hirano and
colleagues (2007). The B-strands of the N-terminal domain are shown as arrows and labelled
with letters. Key residues used as points of truncation are shown in red. (B) NIpE truncation
constructs cloned into pTrc99A with C-terminal 6xHis tags. The amino acid number includes the
signal peptide (i.e. the lipid-modified N-terminal cysteine is labelled Cys21 not Cys1). (C)
Overexpression of NIpE truncation mutants. Strains were grown until midlog phase (OD 0.4-0.6)
and induced with IPTG for 30 minutes before cpxP-lacZ activity was measured. Expression levels
of each NIpE variant is shown underneath the graph with an RNAP a subunit loading control also

shown. (D) Forced mislocalization of NIpE to the inner membrane leads to higher levels of CpxA
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activation than overexpression of WT NIpE. Strains were grown until mid-log phase and induced
with 0.2% L-arabinose for 1 hour. For (C) and (D), shown are means of 3-4 biological replicates
with standard deviation. Data were analyzed with a Tukey HSD multiple comparisons test
(*p<0.05, ***p<0.001).

NIpE in E. coli possesses globular N- and C-terminal domains (Figure 3-1A) (Hirano et al.,
2007). To investigate the contribution of NIpE’s domains to activating CpxA at the inner
membrane, we generated vectors in the pTrc99A background expressing C-terminal truncations
of His-tagged NIpE (Figure 3-1B). We confirmed that the C-terminal domain of NIpE is not
required for activating CpxA during overexpression, as reported by others (Figure 3-1C)
(Delhaye et al., 2019; May et al., 2019). A reduction of activation of CpxA is only seen when a
significant truncation is made to the N-terminal domain of NIpE (in the NIpE.1¢1 variant) (Figure
3-1C). However, while all other variants of NIpE are stably expressed, NIpE+.101 is significantly
less stable. Despite the lower levels of expression, NIpE+.11 still activates the Cpx response
suggesting that CpxA activation is proportional to the protein levels of NIpE and that the region
responsible for activating CpxA is still contained on NIpE;.101. We also confirmed previous results
that overexpression of a permanently inner membrane bound NIpE leads to enhanced activation
of CpxA (Figure 3-1D) (Miyadai et al., 2004). We used site-directed mutagenesis to generate
vectors expressing full length and truncated NIpE where the +2 and +3 residues are changed to
aspartates (NIpEop). Interestingly, we were only able to create this variant when NIpE was
expressed from a much more stringently controlled Para promoter in pBAD18, as opposed to
from the leakier Ptrc promoter of pTrc99A, suggesting that inner membrane-localized NIpE is
toxic and strongly selected against. The C-terminal domain is again dispensable for activation,
suggesting that the N-terminal domain is both necessary and sufficient for CpxA activation in this

context.
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NIpE dimerizes when overexpressed
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Figure 3-2. NIpE dimerizes via its N-terminal domain.

(A) The crystal dimer structure from (Hirano et al., 2007) as well as a cartoon diagram of the
secondary structure elements of the dimer excluding the C-terminal domains. (B) in vivo
crosslinking of NIpE truncation mutants with 0.5 mM DSS for 30 minutes. D indicates the
putative NIpE dimer, O indicates NIpE-OmpA complexes and L indicates NIpE-Lpp complexes.
These complexes are confirmed and explored in Chapter 4. (C) NIpE dimers are resistant to
SDS and heat denaturation. Cells were grown to mid-log stage and induced with 0.1 mM IPTG
for 30 minutes before being processed for SDS-PAGE. Blots were conducted with both anti-NIpE

and -6xHis antibody. Red arrow indicates a potential C-terminal cleavage product of NIpE. (D)
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Two-hybrid assays of different NIpE deletion mutants. “—" indicates a negative control strain with
no fusion to T25 or T18 subunits, and “zip” indicates a positive control strain with a leucine
zipper fusion to the enzymatic subunits. (E) shows two-hybrid assays testing variants of NIpE (N)
against itself or the sensor domain of CpxA (A, aa31-163). The variants of NIpE used are shown
in the legend. For (D) and (E), the means of 3-4 biological replicates are shown with standard

deviation.

A structural study of NIpE found that it crystallizes as an asymmetric domain-swapped
dimer where the B-barrel of each protomer’s N-terminal domain is completed by a terminal -
strand from the other protomer (Figure 3-2A) (Hirano et al., 2007). The C-terminal domain does
not appear to be significantly involved in dimerization in this model. To validate this structure, we
conducted in vivo crosslinking with disuccinimidyl suberate (DSS) in strains overexpressing
truncations of NIpE (Figure 3-2B). We found species corresponding to NIpE dimers whenever an
intact N-terminal domain is expressed, as expected, with only weak dimerization observed when
significant truncations are made into the N-terminal domain (as is the case in NIpE1.101). We also
observed crosslinking to several other proteins, such as OmpA and Lpp, which will be explored
in the next chapter. Further, we found that NIpE dimers may be resistant to denaturation by SDS
and heating; a roughly 50 kDa species is seen when overexpressing NIpE even in the absence of

crosslinker in denaturing and reducing conditions (Figure 3-2C).

To further investigate NIpE dimerization, we conducted a modified bacterial two-hybrid
assay where proteins of interest are fused to both an OppB transmembrane domain and the
T25/T18 subunits of the adenylate cyclase enzyme (Ouellette et al., 2014). This system allows
for the periplasmic localization of fusion proteins and cytoplasmic localization of the enzymatic
subunits, which require ATP. Upon interaction of fusion proteins, cCAMP is produced by the

reconstituted adenylate cyclase enzyme, which is read out as B-galactosidase activity in our
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reporter strain. We cloned full-length NIpE to T25 and T18 subunits as well as specific deletions
of regions responsible for the domain-swapped crystal structure (Figure 3-2D,E). These assays
revealed that full-length is able to interact with the sensor domain of CpxA. Furthermore, we
found that, like the experimentally reported structure, the full-length NIpE construct can self
interact. When we deleted a region between the 3-g and B-h strands of NIpE (A120-127), we
observed that NIpE is still able to dimerize. However, a reduction in NIpE-NIpE interactions were
observed when a region corresponding to the entirety of f-h and -i (A129-136) was deleted,
supporting the dimer structure proposed by Hirano and colleague’s (2007) study. Interestingly,
we found that the ability of NIpE to dimerize corresponds with its ability to interact with CpxA’s
sensor domain in two-hybrid assays (Figure 3-2E); full-length NIpE is able to both self-interact
and interact with CpxA’s sensor domain strongly. NIpEa120-127 appears to self-interact more weakly
than WT NIpE but interacts equally strongly with CpxA. However, NIpEa129-136 Neither self-interacts
nor interacts strongly with CpxA’s sensor domain. The decreased ability of the dimerization-
deficient NIpEa129-136 to interact with CpxA or itself may be due decreased stability of these

constructs or because dimerization is directly required for NIpE-CpxA interactions.

Overexpression of NIpE leads to inner membrane mislocalization

Overexpression of NIpE is one of the earliest characterized inducing cues of the Cpx
response (Snyder et al., 1995). While recent and older works suggest that mislocalized NIpE
activates the Cpx response (Delhaye et al., 2019; May et al., 2019; Miyadai et al., 2004), direct
connection between overproduction and mislocalization of NIpE has not yet been established. To
experimentally verify that NIpE overexpression leads to its mislocalization to the inner
membrane, we conducted sucrose density gradient ultracentrifugation to separate inner and
outer membrane protein containing fractions from crude membrane extracts (Dunstan et al.,

2017). We found that at native levels of expression, NIpE is exclusively found in outer membrane
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protein containing fractions (Figure 3-3A). However, even with modest overexpression without
IPTG from the ASKA library vector pCA-nipE, NIpE becomes present in inner membrane

fractions (Figure 3-3B), confirming that overexpression leads to NIpE mislocalization.
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Figure 3-3. NIpE mislocalizes during overexpression due to overloaded biogenesis

machinery.

Sucrose density gradient-separated membrane fractions of WT (A) and NIpE overexpressing (B)
cells. NIpE was expressed from pCA-nipE without IPTG induction. Membrane fractions and
whole cell lysates (WC) were analyzed by Western blotting. Anti-OmpA was used to detect OM
fractions, whereas anti-CpxA-MBP was used for inner membrane fractions. A band of unknown
identity detected by the anti-NIpE antibody in (B) is indicated with N.S.B. (C) TR50 containing
pK184 (empty vector) or pK184-nlpEnto+. and pCA24N (empty vector) or pCA-Igt, -IspA, -Int, -
lolA, or -loIB were grown to OD ~0.4 and induced with 0.1 mM IPTG for 30 minutes. Shown are
mean cpxP-lacZ activities of 4 biological replicates with standard deviation and analyzed by
Tukey HSD post-hoc test (ns=non-significant, ****p<0.0001). The mean cpxP-lacZ activity of
each NIpE overexpression strain was compared to NIpE overexpression in the pCA24N strain.
Expression level of NIpEnmo+L in whole cell lysates from these strains is shown below the graph

with the quantification of NIpE standardized to the loading control (RNAP).

We hypothesized that NIpE mislocalization is due to overloaded lipoprotein biogenesis
machinery. Based on this, we reasoned that simultaneously overexpressing different
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enzymes/proteins involved in lipoprotein maturation or trafficking during NIpE overexpression
may relieve potential bottlenecks and reduce activation of CpxA. To test this, we co-expressed
the lipoprotein maturation enzymes Lgt, LspA, and Lnt or trafficking proteins LolA and LolB with
NIpEnto+L from a compatible vector and then measured the activity of a cpxP-lacZ reporter
(Figure 3-3C). We observed that overexpression of any one of Lgt, LspA, or Lnt is sufficient to
abolish or very strongly reduce activation of the Cpx response during NIpE overexpression
(Figure 3-3C). A much more modest two-fold induction of cpoxP-lacZ reporter activity is seen in
LolA overexpression strains while overexpressing LolB had no impact on Cpx activation
compared to the pCA24N vector control strain. This result makes sense as LolIB is itself an outer

membrane lipoprotein and thus its trafficking would be similarly impacted by overexpression.

While we initially thought that overexpressing almost any component of the lipoprotein
biogenesis pathway is sufficient to relieve the backlog of overexpressed NIpE, examining the
protein levels of NIpE in these backgrounds reveals a more complicated situation. We observed
that NIpE expression levels are strongly reduced in Lgt and LspA overexpression strains,
suggesting that NIpE is degraded in these strains, potentially along with Lgt/LspA. NIpE levels
are only slightly reduced in the N-acyl transferase Lnt overexpression strain compared to the
pCA24N vector control strain but a significant reduction in cpxP-lacZ activity is seen. NIpE
expression levels in the LolA overexpression strain were similar, if not slightly higher compared
to vector control, but a significant decrease in CpxA activity is seen, suggesting that LolA
overexpression may increase the trafficking of NIpE to the outer membrane, reducing activation
of CpxA. NIpE protein levels in the LolB are similar to vector control despite having essentially
the same level of CpxA activation, which suggests there is likely increased NIpE at the inner
membrane in this background. Overall, these results suggest that mislocalized NIpE during

overexpression is due to insufficient amounts of maturation or trafficking proteins available for
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processing increased levels of NIpE. Increasing the maturation or trafficking of NIpE by
overexpressing Lnt or LolA is sufficient to significantly reduce this backlog and as well as Cpx

activation.

Basic residues on the N-terminal domain of NIpE mediate interaction with CpxA
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Figure 3-4. The N- but not C-terminal domain of NIpE is sufficient for interaction with
CpxA.

Modified two-hybrid assays with periplasm-localized full length NIpE (WT), NIpE1.146 (NTD+L),
NIpEaz4-120 (CTD+L), CpxA sensing domain aa31-163 (A), no fusion protein (—, negative control),
and leucine zipper (zip, positive control). “N” indicates that the indicated variant of NIpE was
fused to either the T25 or T18 subunit. Shown are means of 4 biological replicates with standard

deviation.

To further characterize NIpE-CpxA interactions, we used the modified two-hybrid assay
to determine which domains of NIpE contribute to its ability to interact with CpxA at the inner
membrane (Figure 3-4). We found that deletion of the C-terminal domain did not impact NIpE’s
ability to directly interact with CpxA, which is in line with our finding and others that the N-
terminal domain is sufficient for activation (Figure 3-1C) ((Delhaye et al., 2019; May et al., 2019).

Consistent with our crosslinking results and the crystal structure (Hirano et al., 2007), these
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assays also support N-terminal domain-dependent NIpE dimerization, at least when NIpE is
expressed at high levels, as no self-interaction is seen in two-hybrid assays in the absence of

the N-terminal domain.
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Figure 3-5. Basic residues on the N-terminal domain of NIpE mediate CpxA activation.

(A) Charged patches (blue = positive, red = negative) on the N-terminal domain of NIpE (RCSB
PDB no. 2Z4H) as seen on the NIpE N-terminal domain dimer (aa41-137). Insets show basic and
acidic patches on the surface of the N-terminal domain of NIpE. Surface charged patches on
NIpE were visualized using the APBS Electrostatics Plugin on PyMOL. (B) The ability of NIpEntp-.
charge swap mutants expressed from pK184 (leaky expression) to activate the Cpx response as
measured by quantifying cpxP-lacZ activity in mid-log phase cells. Shown are the mean of 3
biological replicates’ coxP-lacZ activity with standard deviations. (C) Two-hybrid assay testing
the ability of charge swap mutants R93E and K97E (fused to the T25 subunit) to physically
interact with the periplasmic sensing domain of CpxA (T18-A; amino acids 31-163). — indicates
no fusion protein (negative control) and zip, leucine zipper (positive control). Shown are means

of 8 biological replicates with standard deviation.
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We then wanted to further focus in on the structural features of the N-terminal domain
responsible for Cpx activation. We observed that NIpE possesses several charged patches on
the surface of the N-terminal domain (Figure 3-5A) and wondered if NIpE-CpxA interactions at
the IM are mediated through these amino acids. To investigate this, we created vectors
expressing charge-swap mutants of these amino acids of NIpEntp+. and measured the ability of
these variants to activate the Cpx response when overexpressed. We found that the positive-to-
negative swap R93E completely abrogated activation of the Cpx response when overexpressed
(Figure 3-5B). Charge swaps of other basic residues such as K97, K107, and K113 lead to slight
reductions in CpxA activation. None of the negative-to-positive swap mutants displayed

significantly altered activation of the Cpx response upon overexpression.

To investigate if these mutations impact NIpE-CpxA interactions, we conducted two-
hybrid assays with vectors expressing RO3E and K97E NIpE variants (Figure 3-5C). These assays
show that the R93E charge swap mutation disrupts NIpE-CpxA sensor domain interactions,
suggesting that the lack of Cpx activation during overexpression of this variant is due its inability
to interact with CpxA. In contrast, K97E, which showed a weaker reduction of Cpx activation
upon overexpression, did not significantly impact the strength of CpxA-NIpE interactions as
measured in this assay; this mutation may instead affect other aspects of the NIpE-CpxA
interaction that influence activation such as the ability of CpxA to undergo the conformational
changes required to activate kinase activity. Overall, these results suggest that NIpE activation
of CpxA at the IM occurs by direct protein-protein interactions mediated by charged residues
present on the surface of the N-terminal domain of NIpE. Furthermore, these effects on Cpx

activation are likely due to the charge-swaps themselves and not due to any differences in

expression as compared to the WT NIpEnmo+L (Figure 3-6).
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Figure 3-6. Expression levels of NIpE charge-swap mutants.

Cells containing pK184-based NIpEnto:L expression vectors were grown to mid-log phase (OD

~0.5-0.6) and processed for SDS-PAGE and Western blotting with anti-NIpE and anti-RNAP

(loading control) antibody. Levels of NIpE were standardized to RNAP loading controls and then

standardized to level of WT NIpEnro-..
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Acidic residues on CpxA’s sensor mediate activation
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Figure 3-7. Acidic residues on the sensor domain of CpxA impact activation.

(A) Acidic residues on the surface of the sensor domain of CpxA. (B) Ability of charge swaps of
acidic residues to sensor alkaline pH. Charge swaps were introduced on a vector expressing
CpxA (pK184-cpxA) and then expressed in a AcpxA strain. Strains were grown to midlog in pH
7.0 LB and then introduced to LB media buffered to the indicated pH and grown for 2 hours
more before 3-galactosidase activity was measured. The fold induction in alkaline pH is shown
above each bar. Shown are means of 3 biological replicates with standard deviation. (C) and (D)
show interactions between E56 and D136 and residues on the a2 helix of the CpxA sensor

domain according to the AlphaFold model.

Because the basic R93 residue on NIpE is important for CpxA activation, we wondered if
negatively charged residues on the sensor domain of CpxA are important for sensing NIpE
overexpression. We previously used AlphaFold2 to investigate the structure of the dimeric CpxA

(see Chapter 2). Using the same plasmid based CpxA expression system, we generated charge
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swap variants of several negatively charged residues on the surface of CpxA’s sensor domain
(Figure 3-7A). Plasmids expressing these variants were transformed into a AcpxA strain with a
cpxP-lacZ reporter (RM53). We first tested the ability of these variants to sense a well known
Cpx inducing cue, alkaline pH (Figure 3-7B) (Danese and Silhavy, 1998; DiGiuseppe and Silhavy,
2003). These mutations possessed varying phenotypes. Some of these charge swaps
possessed activity similar to WT CpxA. This includes D40R, E50R, E54R, D60R, D64R, and
E76R, which all possess similar basal activation at pH 7.0 to WT CpxA and are induced about 3-
5 fold at pH 8.0. E101R and D139R possess slightly higher basal activation and reduced
sensitivity to alkaline pH (about 2-fold). Significantly, we found two mutations, ES6R and D136R,
which are hyper-activated basally (i.e. at pH 7.0) and insensitive to alkaline pH. This phenotype is
reminiscent of early cpxA* mutations (Cosma et al., 1995b; Raivio and Silhavy, 1997).
Interestingly, both of these negatively charged residues form salt bridges to positively charged
residues on the a2 helix of the sensor domain (Figure 3-7 C and D show interactions between
K77-E56 and K70-D136), suggesting that this helix is highly stabilized and disrupting the

interactions that hold this helix in place strongly activates CpxA.
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Figure 3-8. Acidic residues on the sensor domain of CpxA impact activation during NIpE

overexpression.

(A) Ability of CpxA charge swap mutants to sense NIpE overexpression. Strains were grown to
midlog in pH 7.0 LB and then introduced to LB media buffered to the indicated pH and grown for
2 hours more before 3-galactosidase activity was measured. The fold induction in alkaline pH is
shown above each bar. Shown are means of 3 biological replicates with standard deviation. (B)
shows a similar experiment, except the indicated CpxA variants (bottom axis) were

coexpresssed with the indicated NIpE variants (legend).

We used this system to then test the ability of these cpxA mutants to sense NIpE
overexpression (Figure 3-8A). Again, E56R and D136R showed cpxA*-like phenotypes, being
hyper-activated in the vector control strain and relatively insensitive to NIpE overexpression. The
hyper-activation of these mutations makes it difficult to judge whether the lack of activation seen
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is because these variants are not interacting with NIpE. While no single residue here appears to
be responsible for sensing NIpE overexpression, the D60R and D64R mutations significantly
reduced the sensitivity of CpxA to NIpE overexpression. Interestingly, both of these residues are
located on the linker that connects the a1 and a2 helices of CpxA’s sensor domain, suggesting
that the position of these helices is important for activating CpxA. We wondered if any of these
mutations would restore the ability of CpxA to sense NIpE R93E, which we had previously shown
to not activate CpxA (Figure 3-8B). Our results here were largely inconclusive. While D60R and
D64R are less sensitive to NIpE overexpression and a slight increase in CpxA activation was
observed in a strain expressing CpxA D64R while overexpressing NIpE R93E, neither mutation
on its own is able to restore CpxA sensing of NIpE R93E. Similarly, the NIpE-insenstitive CpxA
D139R variant is activated similarly by WT and R93E NIpE. Overall, while acidic residues on
CpxA’s sensor domain may regulate activation of CpxA, none of the residues tested here can

conclusively be said to interact with NIpE based on this analysis.
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The length of NIpE’s linker does not impact signaling
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Figure 3-9. The length of NIpE’s N-terminal linker does not impact CpxA activation.

(A) NIpE possesses a linker between its acylated cysteine and its globular N-terminal domain.
Deletions in this linker region of varying lengths are shown (full length linker deletion, AL=A26-
41; half-length linker deletion, A0.5L=A34-41; quarter-length linker deletion, A0.25L=A38-41). (B)
Ability of linker deletion mutants in permanently inner membrane NIpE (NIpEpp) to activate CpxA.
Cells were grown to mid-log phase and induced with 0.2% L-arabinose for 1 hour. Shown are the
mean cpxP-lacZ activity of 3 biological replicates with standard deviation shown. (C) shows the
protein expression levels of the NIpE variants shown in (B) with RNAP a subunit protein levels
shown as a loading control. (D) is a representation of the location of each different linker deletion
tested. The highlighted region indicates the region that was deleted or replaced in experiments

(E) shows the ability of additional linker deletions in NIpEpp to activate CpxA.

Like many other outer membrane lipoproteins, NIpE’s acylated cysteine is connected to
its N-terminal globular domain by a long unstructured linker region (El Rayes et al., 2021). This
linker is approximately 20 amino acids in length, spanning from Cys21 to Met41 (Figure 3-9A).

We wondered if the length of this linker is critical for activating CpxA at the inner membrane. We
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introduced deletions of different lengths into this region in NIpEpp, the largest being a 16 amino
acid A26-41 (AL) deletion and successive smaller deletions comprising A0.5L (A34-41) and
A0.25L (A38-41) of eight and four amino acids, respectively. Strikingly, even the smallest 4
amino acid deletion in this region was sufficient to abolish activation by inner membrane NIpE
(Figure 3-9B). This was not because of any decreased stability of these variants as all linker

deletions are stably expressed (Figure 3-9C).

However, we observed that the terminal residue deleted in all these deletions, Met41, is
folded in towards the barrel of NIpE’s N-terminal domain in both the crystal structure and
AlphaFold models (Hirano et al., 2007). To test if this region may be affecting activation of CpxA,
we generated a different set of deletions avoiding this region (Figure 3-9D). In contrast to what
we found before, other four or eight amino acid deletions which left Met41 intact did not impact
the ability of CpxA to sense NIpE overexpression (Figure 3-9E). Replacing these alternative
deletions with glycine-serine repeat sequences similarly did not impact activation of CpxA. Taken
together, these results suggest that CpxA is able to sense NIpE that is anchored to the inner
membrane at various lengths. This may suggest that CpxA’s sensor domain as a whole
possesses a degree of flexibility that allows it to “bend” down towards the inner membrane
when it senses inner membrane NIpE, a model which is consistent with the dimer-disruption
model of CpxA activation proposed in Chapter 2. Furthermore, these results suggest that this
region of the N-terminal linker may contain residues that are important for NIpE-CpxA

interactions.
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NIpE is stabilized by CpxP and DegP

At various points in this study, we observed that NIpE is subject to possible degradation
or cleavage. During overexpression, we observe that a NIpE species around the size of the N-
terminal domain alone can be detected using a polyclonal anti-NIpE antibody but not anti-His
antibody, suggesting that the C-terminal domain of NIpE can get cleaved to leave behind just the
N-terminal domain (see Figures 3-1C, 3-2C). NIpE appears to get degraded when simultaneously
overexpressed with the lipoprotein maturation enzymes Lgt and LspA, directly reducing
activation of CpxA (Figure 3-3C). We thus wanted to explore proteolysis of NIpE as a novel axis

of signaling.

Previous studies identified a potential protease inhibitor signal on the N-terminal domain
of NIpE (Hirano et al., 2007; Snyder et al., 1995), although no experimental evidence that this
sequence modifies NIpE stability has been presented. Snyder and colleagues (1995) suggested
that NIpE may interact with DegP directly to inhibit its serine protease activity. This putative
protease inhibitor motif comprises the loop between the B-g and f-i strands in the monomer of
NIpE (Figure 3-10AB, (Hirano et al., 2007)). We generated two different deletions of this
sequence in pTrc-nipE (APIS1 corresponding to A122-131 and APIS2 to A120-133) as well as a
vector expressing NIpE where this sequence is replaced with an equivalent length glycine-serine
repeat sequence (PIS::GS). Activation of CpxA is not significantly impacted by the absence of
this putative protease inhibitor signal, with CpxA activation occurring at similar to even slightly
higher levels compared to WT NIpE overexpression, suggesting that the stability of NIpE is not
significantly altered (Figure 3-10C). While we cannot rule out that this sequence may regulate
the activity of serine proteases such as DegP, these results suggest that this sequence does not
significantly impact the stability of NIpE or that NIpE itself is not the target of degradation by

serine proteases.
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Figure 3-10. NIpE’s putative protease inhibitor sequence does not impact activation of
CpxA.

The location of the putative protease inhibitor sequence (M119-L135) is shown in both (A) the
monomer model of NIpE according to AlphaFold database (https://alphafold.ebi.ac.uk/) and (B) a

cartoon representation of the NIpE monomer. (C) Ability of protease inhibitor sequence deletion
or substitution variants of NIpE to activate CpxA when overexpressed. Cells were grown to mid-
log phase and induced with IPTG for 30 minutes. Shown are the mean of 3 biological replicates
with standard deviation, analyzed with a Tukey HSD post-hoc test (ns=non-significant, *p<0.05).

Comparisons are to reporter activity when WT NIpE is overexpressed.

Previously, we observed that activation of CpxA by NIpE can be relieved by increased
degradation of NIpE (Figure 3-3C). We first wondered if degradation of NIpE is dependent on
activation of CpxA by NIpE. In this model, activation of CpxA by inner membrane NIpE stimulates
the expression of Cpx regulated proteolytic factors that may degrade aberrantly localized NIpE,
preventing toxic levels of Cpx activation. To test this, we repeated the experiments shown in
Figure 3-3C (where we simultaneously overexpressed NIpE and lipoprotein biogenesis genes)
except this time overexpressing the CpxA-blind variant NIpE RO3E variant (Figure 3-11A). As
expected, NIpE R93E is unable to activate CpxA in any context. However, NIpE R93E is
degraded in almost the exact same way as WT NIpE is; NIpE R93E is strongly degraded in the

Lgt and LspA backgrounds, more weakly so in the Lnt overexpression background, and almost
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not at all in the LolA and LolB backgrounds. Thus, it’s not likely CpxA activation itself stimulates

proteolytic degradation of NIpE.
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Figure 3-11. CpxP is involved in the stabilization of NIpE at the outer membrane.

Activation of cpxP-lacZ during simultaneous overexpression NIpE and lipoprotein biogenesis
genes when (A) the CpxA-blind NIpE R93E variant is expressed or when (B) cpxP is deleted.
Shown are means of three biological replicates with standard deviation shown. Protein levels as
determined by Western blot with anti-NIpE and anti-RNAPa (loading control) antibodies are
shown below each graph. (C) shows a comparison between the protein levels of NIpENTD+L in
WT and AcpxP strains overexpressing LolA. (D) CpxP is not required for CpxA to sense NIpE
overexpression in the absence of LolA overexpression. Strains were grown to mid-log and
induced with 0.1 mM IPTG before B-galactosidase activity was measured. (E) Modified two-
hybrid assays of WT, NTD+L (NL), and CTD+L (CL) NIpE tested against CpxP (P). “—" indicates
negative control fusions and “zip” indicates positive controls. Shown are means of four

replicates with standard deviation.
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Previous studies showed that CpxP stimulates proteolysis of overexpressed Pap pilus
subunits (Isaac et al., 2005). We wondered if CpxP may be similarly involved in the degradation
of NIpE (Figure 3-11B). Contrary to our hypothesis, NIpE expression levels remain low during Lgt
and LspA overexpression in the cpxP deletion strain, suggesting that CpxP is not responsible for
the degradation of NIpE in these backgrounds. Surprisingly, protein levels of NIpE were reduced
even during Lnt and LolA expression in the cpxP deletion strain, strains where we previously
hypothesized that more NIpE is reaching the outer membrane. We directly compared the protein
levels of NIpEnmo+L in WT and cpxP deletion strains during LolA overexpression and again found
that NIpE levels are reduced in the absence of CpxP (Figure 3-11C). These results suggest that
CpxP may directly stabilize NIpE, and that this stabilization may occur when NIpE is outer
membrane localized. CpxP is not required for activation of CpxA during NIpE overexpression in
the absence of LolA overexpression as this background was where we saw the most
degradation in the AcpxP strain (Figure 3-11D), suggesting that CpxP may stabilize NIpE
specifically in the outer membrane and not when it is activating CpxA at the inner membrane.
We wondered if CpxP might directly interact with NIpE to stabilize it. We used the modified two-
hybrid assay to test for direct NIpE-CpxP interactions (Figure 3-11E). As expected from the
published structures, CpxP self-interacts in two-hybrid assays (Thede et al., 2011; Zhou et al.,
2011). Two-hybrid assays suggest that NIpE directly interacts with CpxP via its N-terminal
domain, as NIpE constructs lacking this domain no longer show interaction in this assay. Taken
together, these results show a surprising role for CpxP in stabilizing NIpE, potentially by directly

interacting with its N-terminal domain.
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Figure 3-12. DegP stabilizes inner membrane NIpE.

(A) Time course reporter assay monitoring activation of the Cpx response after induction of
NIpEop expression. Cells grown to mid-log phase were induced with 0.2% L-arabinose for one
hour. After induction, cells were spun down and media was replaced with LB without inducer.
cpxP-lux reporter activity was measured at 30 minute intervals after inducer removal. Each of
the indicated strains were grown and measured in triplicate. Shown are means with standard
deviation. (B) follows a similar protocol except samples were collected at the indicated times
post inducer removal and then processed for SDS-PAGE and Western blotting with anti-Hisx6

and anti-RNAPa (loading control) antibody.

Finally, we wondered if the Cpx-regulated protease DegP is involved in the proteolytic
regulation of NIpE. We ran a time-course experiment where, after growing up cells expressing
permanently inner membrane localized NIpEgpp, L-arabinose inducer was removed by pelleting
cells and the media was replaced with fresh LB. cpxP-lux activity was measured at 30-minute

intervals after NIpE induction was removed (Figure 3-12A). We observed that activation of the

137



Cpx response after NIpE induction is stopped reduces over time, suggesting that inner
membrane NIpE may be subject to some kind of turnover. Because we used permanently inner
membrane localized NIpE for this experiment, we know that this turnover is not due to trafficking
of NIpE to the outer membrane. Interestingly, we observed that activation of the cpxP-lux
reporter at almost all points was lower in a AdegP strain, suggesting that turnover of NIpEpp may
occur faster in this strain. Puzzlingly, this suggests that DegP acts to stabilize NIpE. We
wondered if this could be verified at the protein level and repeated the inducer-removal
experiment, collected samples at the indicated times post inducer removal, and conducted
Western blots for NIpE (Figure 3-12B). These results matched our reporter assays almost
exactly; NIpE expression levels at almost all points were lower in the AdegP than in WT strains.
While by four hours post inducer removal, levels of NIpEpp are reduced in both backgrounds,
NIpEpp expression levels were much lower at the end of the experiment in the AdegP strain, and
more degradation is seen by one hour post inducer removal. Interestingly, a second, faster
running band is observed whenever NIpEpp is expressed (also seen in Figure 3-9C). The
intensity of this band appears to be reciprocal to the main NIpE band. It is tempting to speculate
that this band may be NIpE that is processed differently. At the very least, this band is unlikely to
be due to simple C-terminal cleavage of NIpE as it can still be detected using the anti-Hisx6
antibody. Taken together, these results suggest that DegP, in a somewhat paradoxical manner,

may stabilize NIpE at the inner membrane.
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Discussion

In this chapter, we systematically examine the structural features of NIpE and their
contribution to activating CpxA at the inner membrane, particularly based on the crystal
structure published by Hirano and colleagues (2007) and the monomer model available via the
AlphaFold database, which is essentially identical to the hypothetical monomer model proposed

in the structural study.

NIpE’s N-terminal domain directly interacts with CpxA

Our studies indicate that the N-terminal domain of NIpE is sufficient for activation of CpxA
when NIpE is overexpressed (Figure 3-1C). Furthermore, two-hybrid assays indicate that NIpE
directly interacts with CpxA in the periplasm and that the N-terminal domain is sufficient for
interaction (Figure 3-4). This is in line with findings that were published independently during the
completion of the work on this thesis (Delhaye et al., 2019; Marotta et al., 2023a; May et al.,
2019). Furthermore, analysis of the surface exposed charges on the N-terminal domain revealed
a key role for arginine 93 in mediating activation of CpxA; CpxA is completely blind to NIpE with
a charge swap mutation of this residue (R93E). NIpErese interacts weakly with CpxA in two-hybrid
assays, but this interaction is not as weak as that seen in the negative control group, indicating
that NIpErgse may still interact weakly with CpxA’s sensor domain. In contrast, a nearby positive-
to-negative swap of lysine 97 (NIpEke7e) does not significantly impact NIpE-CpxA interactions
while slightly reducing activation of CpxA suggesting that other positively charged residues on
the N-terminal domain of NIpE may stabilize or otherwise facilitate NIpE-CpxA interactions

without being absolutely essential for them.
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Figure 3-13. Arginine 93 may interact with key linker residues.

The AlphaFold2 model of the N-terminal domain of NIpE monomer (https://alphafold.ebi.ac.uk/).

A portion of the N-terminal linker is shown in white. M41 is the first residue present on the
crystal structure of NIpE (Hirano et al., 2007). Inset shows the interactions predicted between the

C-terminal portion of the linker and key residue R93.

Interestingly, R93 is not completely exposed on the surface of the N-terminal domain;
instead, this residue is oriented in towards the lumen of the 3-barrel of the N-terminal domain
(Figure 3-13). The AlphaFold2 model of the NIpE monomer predicts that R93 makes two
hydrogen bonds with the main chain carboxyl group of K39 present on the N-terminal linker of
NIpE. While the crystal structure of NIpE begins with residue M41 (and thus no experimental
structure with K39 exists), the confidence metrics of these residues allow for a reasonable
prediction that this interaction is physiologically relevant (Jumper et al., 2021). The position of
R93 is predicted with a very high local confidence score (pLDDT=92.33) which generally
corresponds to accurate predictions of both main and side chain positions. The confidence of

K39 is still high, albeit lower than for R93 (pLDDT=78.37), allowing for prediction of main chain
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position. Because AlphaFold2 predicts R93’s side chain to interact with the main chain of K39,

we are quite confident that this interaction exists.

This region of the linker is especially interesting as our deletion studies implicated this
region in activating CpxA (Figure 3-9). A modest deletion of the last four residues before the N-
terminal B-barrel of NIpE (L38-M41) is sufficient to render CpxA unable to sense inner
membrane NIpE. This region includes K39 and is overall modelled with high confidence (pLDDT
values between 71-83). In contrast, residues preceding this region are modelled with low
confidence (pLDDT below 70), suggesting that this region may be significantly more flexible.
Likewise, we find that deletions of this region do not impact activation of CpxA (see NIpEppa1s-17).
Taken together, these results can be interpreted to mean the region encoding L38-M41 may
form a “cap” like structure that covers the bottom of the NIpE N-terminal B-barrel and this
structure is held in place by R93. This finding has several implications. First, the fact that R93 is
not immediately exposed to the solvent suggests that conformational changes/misfolding may
allow it to become available for interaction with CpxA. However, the L38-M41 region also
appears to play an active role in facilitating activation of CpxA, perhaps by helping position R93,
as deletion of the region encoding L38-M41 completely abrogates CpxA activation. Recent work
from the Grabowicz lab bears out many of these predictions. Marotta and colleagues used a
mutagenesis screen to independently find that R93 (numbered as R73 in their study) is critical
for activation of CpxA (Marotta et al., 2023a). Their AlphaFold2 model of NIpE-CpxA interactions
appears to show that interactions between R93 and K39 are broken in order to allow for NIpE-

CpxA interactions.

In contrast to the deletion of L38-M41, deletions of other portions of the linker do not
impact the ability of NIpE to signal to CpxA. The largest deletion in this region we tested spanned

eight amino acids, which corresponds to roughly 20 A. This is a significant change in length.
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Furthermore, these mutations were all created in inner membrane localized NIpE and thus it is
unlikely that these variants become associated with LolA. Thus, a model where LolA carrying
NIpE interacts with CpxA during transit is unlikely. The fact that CpxA is able to sense this
truncated NIpE at the membrane suggests that the sensor domains of CpxA may possess
significant flexibility and be able to “bend” down towards the membrane during activation. In
Chapter 2, we proposed a model where the non-canonical dimer structure of CpxA’s sensor
domains is disrupted during activation. A “bending” type of movement of the sensor domains,
perhaps stimulated by binding of a ligand like NIpE or during the presence of inner membrane

defects, may facilitate disrupt the CpxA sensor domain dimer, leading to activation of CpxA.

We also find that basic residues on the N-terminal domain of NIpE are important for
activating CpxA. Marotta and colleagues (2023) also reported interactions between R93 and
negatively charged residues on CpxA’ sensor domain, namely D136, E138, and D139 according
to an AlphaFold2 model. These are residues we also tested in our study (Figure 3-8). In our
experiments, we found that mutation of many of these residues lead to activation of CpxA basally
(Figure 3-7B). In particular, D136R possessed a cpxA* like phenotype, making it difficult to
determine whether it is insensitive to NIpE overexpression because it no longer interacts with
NIpE. Marotta and colleagues (2023) report that alanine substitutions of these residues do not
lead to hyperactivation basally and are still sensitive to Pap pilus overexpression, while no longer
being as sensitive to NIpE overexpression. Thus, there is strong evidence that these acidic

residues mediate CpxA sensing of NIpE.

While we found that the D60R and D64R mutations reduce the sensitivity of CpxA to NIpE
overexpression while not significantly impacting its ability to sense alkaline pH (Figure 3-7A),
neither of these residues restore the ability of CpxA to sense signaling-incompetent NIpErese

making it unlikely that these residues directly interact with NIpE R93. However, the location of
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these residues on the loop between the a1 and a2 helices of CpxA may give us clues as to how
CpxA becomes activated during NIpE overexpression. D136 on the sensor domain of CpxA
interacts via salt bridge with R70 on the a2 of CpxA’s sensor domain and disruption of this
interaction by introducing the D136R charge swap hyper-activates CpxA. CpxA D136R is also
insensitive to NIpE overexpression. The fact that an alanine substitution at this residue does not
possess as dramatic of a phenotype (Marotta et al., 2023a) suggests that a larger disturbance to
a2 helix positioning may be required to hyper-activate CpxA. Based on these results, we
propose the following model: in the presence of inner membrane NIpE, NIpE R93 may disrupt
the position of the a2 helix of the CpxA sensor domain by interacting with D136. This
conformational change leads to activation of CpxA. Supporting this hypothesis, the CpxA E56R
mutation similarly causes hyper-activation of CpxA, potentially by disrupting a separate
interaction with the a2 helix. However, neither our study or Marotta and colleague’s (2023)
conclusively prove interactions between R93 and acidic residues on CpxA’s sensor domain.
Thus, more work, for example by determining the structure of NIpE-CpxA complexes and via
site-specific crosslinking, will be required to determine the precise molecular nature of NIpE-

CpxA interactions.

NIpE stability may be controlled by Cpx-regulated factors

Hirano and colleague’s (2007) structure of NIpE possessed several interesting but
unexplored structural features. One of the most striking is that the NIpE dimer is asymmetric and
that dimerization occurs through exchange of the B-i strands between each protomer to
complete their N-terminal B-barrel domains. Consistent with the published domain-swapped
dimer structure of NIpE, we report the formation of NIpE dimers in vivo when NIpE is
overexpressed. The precise relevance of this dimer for NIpE signaling, however, is unclear.

Domain-swapping has both positive and negative functional consequences for many different
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proteins, sometimes leading to aggregation and loss of function, and in other proteins promoting
function (Mascarenhas and Gosavi, 2017). NIpE dimerization may be important for protein
stability as dimers are stable in the presence of heat and SDS. Significantly, we do not know if
NIpE dimers form at native levels of NIpE expression and in our studies, dimers are only
observed during exogenous expression of NIpE. Nevertheless, dimerization-deficient variants of
NIpE do not appear to interact with CpxA and previous work in the Raivio lab reported that these
same deletion strains are unable to activate a Cpx regulated yjiN-lacZ reporter (Junshu Wang,
PhD thesis). While studies of NIpE at native levels are difficult because of its relatively low level of
expression, further studies should aim to determine if NIpE dimers can be observed without

overexpression. Biochemical studies should test if NIpE dimers are more stable than monomers.

Throughout our studies, we noticed that overexpressed NIpE appears to be the target of
proteolytic processing. Furthermore, this degradation appears to remove the C-terminal portions
of NIpE as the C-terminal His-tag is not present in this product (Figure 3-2C). We observed that
overexpression of the lipoprotein processing enzymes Lgt and LspA (and to a lesser extent Lnt)
actually decreases the protein expression levels of NIpE when overexpressed (Figure 2E).
Potentially, “jammed” complexes between NIpE and these proteins when NIpE is overexpressed
may be the targets of proteolysis in the envelope. Alternatively, because these experiments were
conducted with NIpE constructs that lack the C-terminal domain, it’s possible that this domain is
required for stability once NIpE reaches the outer membrane. NIpE possesses a putative
protease inhibitor sequence at the C-terminal end of the N-terminal domain (Hirano et al., 2007).
This region was originally identified as a potential serine protease inhibitor signal by Snyder and
colleagues (1995) via computational analysis. However, no experimental evidence thus far has
examined the contribution of this region to NIpE stability or its ability to directly inhibit serine

protease activity. NIpE variants that lack this region (e.g. NIpE+.120 and especially NIpE+.101) show
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decreased stability. However, deletion of this region in the full-length protein does not
significantly impact activation of CpxA (Figure 3-10), making it more likely that misfolding caused
by truncations of the N-terminal domain is more likely leading to increased NIpE degradation.
Further studies will be required to determine if this sequence truly functions to inhibit NIpE

proteolysis.

Surprisingly, we found that both CpxP and DegP appear to stabilize NIpE, albeit in
different contexts. We found that Cpx activation is significantly lowered when LolA and NIpE are
co-expressed, suggesting that more NIpE is being removed from the inner membrane in this
strain. In this context, CpxP is required for NIpE stability, as a significant decrease in NIpE
protein levels is seen in a AcpxP background. A similar stabilization is seen in the Lnt
overexpression background, although to a lesser degree. This suggests that CpxP may have a
role in stabilizing NIpE at the outer membrane. Alternatively, it’s possible that during LolA
overexpression, more NIpE is found associated with LolA and released from the inner membrane
but not necessarily inserted into the outer membrane. In this case, CpxP may stabilize
periplasmic complexes of NIpE and LolA. In any case, a role for CpxP in stabilizing NIpE is highly
unusual as CpxP is thought of as a factor that promotes the degradation of harmful envelope
proteins (Buelow and Raivio, 2005; Isaac et al., 2005; Thede et al., 2011; Tschauner et al., 2014;

Zhou et al., 2011).

The mechanisms by which CpxP functions as a chaperone are largely mysterious. Some
clues may be gleaned from other proteins that are structurally related to CpxP. CpxP belongs to
a family of chaperones including Spy and ZraP (Kwon et al., 2010). Both CpxP and Spy fold into
dimers that consist of a-helices that form into a concave oval shape (Kwon et al., 2010; Quan et
al., 2011; Thede et al., 2011; Zhou et al., 2011). Spy has been shown to prevent periplasmic

protein aggregation, promote refolding, and increase the stability of several envelope proteins,

145



including outer membrane B-barrel proteins such as OmpX and OmpA (He et al., 2021; Mitra et
al., 2021; Quan et al., 2011). It is tempting to speculate CpxP may have a similar role in
stabilizing NIpE. Two-hybrid assays suggest CpxP and NIpE’s N-terminal B-barrel directly interact
further supporting a model where CpxP directly stabilizes NIpE in manner analogous to how Spy
stabilizes B-barrel proteins. However, the context in which CpxP accomplishes this is not clear as
CpxP is not required for activation of the Cpx response during NIpE overexpression (Raivio et al.,
1999) (Figure 3-11D). However, it’s possible that high levels of NIpE expression are sufficient to
saturate CpxA and therefore any stabilizing effects of CpxP are negligible in this context. CpxP
itself is subject to proteolytic degradation by DegP (Isaac et al., 2005), so it’s possible that NIpE

may play a role in stabilizing CpxP (although this is highly speculative).

We also present (emerging) evidence that DegP may be involved in stabilizing NIpE
(Figure 3-12). DegP is a key envelope protein quality control factor. Expression of DegP is
controlled by both the of and Cpx envelope stress responses (Danese and Silhavy, 1997;
Pogliano et al., 1997). Like CpxP, DegP is associated with the degradation of misfolded envelope
proteins (Danese et al., 1995; Isaac et al., 2005; Snyder et al., 1995). The mechanism by which
inner membrane NIpE protein levels are increased in the presence of DegP are mysterious. The
simplest explanation is that DegP directly binds and protects NIpE from degradation. While DegP
is reported to have chaperone activity (Braselmann et al., 2016; Krojer et al., 2008; Spiess et al.,
1999), this is somewhat controversial, with some studies arguing that DegP functions exclusively
as a protease (Chang, 2016; Ge et al., 2014; Kim et al., 1999). Interestingly, while unfolded OMPs
are thought to be the main substrate of DegP, studies have shown that OmpA is the exception
and that DegP can bind to the folded, periplasmic globular domain of OmpA and that this
domain is resistant to degradation by DegP (Ge et al., 2014; Zhang et al., 2019). However, given

these results, it’s not clear if DegP directly promotes NIpE stability given OmpA’s cell wall
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binding domain does not share any significant similarities to NIpE. The other possibility is that

DegP degrades an unknown factor that promotes the proteolysis of NIpE.

At this point, we lack the evidence to make strong claims either way but this finding,
along with the finding that CpxP stabilizes NIpE, nonetheless suggests a novel regulatory loop in
the Cpx response; after activating CpxA, NIpE may be stabilized by several Cpx-regulated
factors. Increasing the stability of NIpE may be a mechanism of extending or amplifying the
signal from NIpE. There’s probably little benefit to this in a context where there is already
overexpression of much more NIpE than would ever normally be found in the envelope.
However, in the presence of a physiologically relevant stressor such as copper or compounds
that inhibit lipoprotein biogenesis, which activate the Cpx response through NIpE (May et al.,
2019), stabilization may function as a much more important mechanism of signal amplification.
Indeed, throughout our studies we have noticed that NIpE is difficult to detect at native levels of
expression and ribosome profiling puts NIpE expression levels at about 300-500 copies per cell
in rich media, significantly less than the 1000-3000 copies estimated for RcsF, another envelope
stress sensing outer membrane lipoprotein (Li et al., 2014). Thus, stabilization of NIpE may be an
economical way for cells to ensure sufficient activation of the Cpx response during stress. In line
with this, May and colleagues (2019) report only relatively modest induction of the Cpx response
through NIpE in the presence of copper. Future studies should investigate the roles of DegP and
CpxP during the cellular response to a physiological stressor such as copper and the protein

levels of NIpE in order expand on this potentially novel axis of NIpE signaling.
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Conclusions
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Figure 3-14. NIpE signals to CpxA at the inner membrane.

In the absence of stressors to lipoprotein biogenesis, NIpE is secreted, processed, and trafficked
to the outer membrane (right-most panel). Overexpression of NIpE leads to inner membrane
accumulation, dimerization, and, most importantly, direct interaction with the sensor domain of
CpxA. Activation of CpxA in this contact may involve significant movement of the sensor domain
away from its basal dimer configuration. Once induced, several Cpx-regulated factors, including

CpxP and DegP may promote the stability of NIpE.

The outer membrane lipoprotein NIpE is a key activator of the CpxRA system. Recent
literature suggests that NIpE monitors lipoprotein biogenesis by virtue of its localization; while
normally trafficked to the outer membrane by the Lol pathway, NIpE can mislocalize to the inner
membrane when lipoprotein maturation or trafficking is disrupted and directly activate CpxA
(Delhaye et al., 2019; Grabowicz and Silhavy, 2017a; Marotta et al., 2023a; May et al., 2019). In
this chapter, we expand our understanding of how NIpE signals to CpxA at the inner membrane
and how CpxA may get activated in this context (Figure 3-14). Furthermore, we report a novel

axis of regulation whereby Cpx regulated factors promote the stability of NIpE, which may be a
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mechanism of signal amplification. Understanding the role of the Cpx response and NIpE
specifically as a system that senses and mitigates threats to lipoprotein biogenesis will be an
important area of study as these pathways increasingly become the targets of novel therapeutic

development (Lehman and Grabowicz, 2019; McLeod et al., 2015; Nickerson et al., 2018).
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Materials and Methods

Bacterial strains, growth, and strain construction

The strains used in this study are listed in Table 3-1. All strains were grown in lysogeny
broth (LB) at 37°C with shaking at 225 RPM that was supplemented with the following
concentrations of antibiotics as appropriate: ampicillin (100 pyg/ml), kanamycin (50 pg/ml),
chloramphenicol (25 pg/ml), and spectinomycin (25 pg/ml). To induce expression from inducible
promoters, 0.1 mM isopropyl B-d-1-thiogalactopyranoside (IPTG) or 0.2% L-arabinose was
added to cultures that were grown to an optical density of 0.4-0.6 (Asoo) for 0.5-2 hours
depending on the experiment. All whole gene deletion mutants were constructed by P1
transduction using lysates derived from the corresponding mutants from the Keio library (Baba
et al., 2006). Kan® cassettes were removed using FLP-mediated recombination as previously
described (Datsenko and Wanner, 2000). Strains containing plasmids were transformed via

chemically-induced competence.

Expression vector construction and site-directed mutagenesis

The plasmids used in this study are listed in Table S2. Overexpression plasmids were
created by restriction digest cloning utilizing standard procedures and the primers listed in Table
3-2. Site-directed mutagenesis was used to introduce deletions and substitutions into expression
vectors using the Q5 site directed mutagenesis kit (New England Biolabs) and according to
manufacturer’s instructions. The primers used for site-directed mutagenesis are listed in Table
S3. For consistency, the numbering of amino acids in envelope proteins throughout this study
includes the amino acids of the signal peptide. The sequence of inserts/mutants were confirmed

by sequencing (Molecular Biology Facility, University of Alberta).
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Vectors used in two-hybrid assays were created using Gateway cloning (Invitrogen)
according to manufacturer’s instructions and the corresponding primers in Table 3-3. Briefly,
primers were designed to amplify nipE and nipE variants as well as the region encoding the
periplasmic CpxA sensing domain (aa31-163) flanked by attB1 and attB2 sites. PCR products
were recombined into pPDONR-DEST in BP reactions. Sequence-confirmed entry clones were
used in LR recombination reactions to recombine our genes of interest into pSTM25-DEST and
pUTM18C-DEST, which encode for the adenylate cyclase T25 and T18 subunits, respectively,
with an OppB transmembrane domain between the subunits and the recombination site
(Ouellette et al., 2014). The reaction mixture was transformed into OneShot OmniMAX 2 T1R
chemically competent cells (Invitrogen), and plasmids were sequenced to confirm that no

abnormalities were introduced throughout the cloning process.

B-galactosidase assays

cpxP-lacZ activity and cAMP production during two-hybrid assays were measured by
quantifying B-galactosidase activity as previously describe (Buelow and Raivio, 2005; Slauch and
Silhavy, 1991). Briefly, E. coli TR50 (MC4100 cpxP-lacZ) were grown overnight in LB and then
subcultured in 2 ml LB. Cultures were spun down and cell pellets were resuspended in Z-buffer
(Miller, 1972). The optical density (OD at Asoo) was measured and then each culture was treated
with chloroform and sodium dodecyl sulfate (SDS) and vortexed to release 3-galactosidase. -
galactosidase activity was quantified by measuring the A4 of each culture 25 times at 30s
intervals after the addition of 10 mg/ml ortho-nitrophenyl B-galactoside (ONPG). cpxP-lacZ
activity was calculated as the maximum slope of the linear region of A4 measurements
standardized to that culture’s OD. The statistical significance was calculated using two-way

ANOVA tests with a Tukey post-hoc test for multiple comparisons (Prism, Graphpad).
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Gateway-compatible modified bacterial two-hybrid assays

Vectors containing genes encoding proteins of interest fused to the adenylate cyclase
T25 or T18 subunits were co-transformed into E. coli BTH101 and plated on media with
antibiotics, 0.1 mM IPTG, and 20 pg/ml 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-
gal). Transformants were incubated for two nights at 30°C. From transformants, 2 ml overnight
cultures were created in LB with antibiotics and 0.1 mM IPTG and grown at 30°C with shaking for
20-22 hours. B-galactosidase activity was then measured as detailed above to quantify cAMP

production.

Sucrose density membrane fractionation

To determine NIpE localization, sucrose-density membrane fractionation was conducted
as described in (Dunstan et al., 2017). 500 ml LB subcultures were created from overnight
cultures and grown to an OD of ~0.8. Cells were then pelleted at 4°C washed once with 10 mM
Tris-HCI (pH 7.5) and resuspended in Tris-sucrose (TS) buffer (10 mM Tris-HCI pH7.5, 0.75 M
sucrose) with 50 yg/ml lysozyme and 2 mM phenylmethylsufonyl fluoride (PMSF). 1.65 mM
ethylenediaminetetraacetic acid (EDTA) was slowly added, and this mixture was incubated on ice
for 10-15 minutes before being lysed with two passes through a French press. An aliquot this
whole cell lysate was processed for SDS-PAGE, and the rest of the lysate was centrifuged at
15,000x%g for 20 minutes at 4°C to pellet debris/unlysed cells. 25 ml of this cleared whole cell
lysate was centrifuged in a Beckman Optima LE-80K ultracentrifuge at 38,000 RPM for 45
minutes at 4°C in a Type 50.2 Ti fixed angle rotor (Beckman-Coulter) to pellet the total
membrane fraction. The supernatant was kept and processed as the cytoplasmic fraction. The
total membrane fraction was washed once with 25 ml Tris-EDTA-sucrose (TES) buffer (1 part TS
buffer to 2 parts 1.65 mM EDTA) and centrifuged again. The resulting total membrane fraction

was resuspended in 500 pl of 25% (w/w) sucrose in 5 mM EDTA pH 7.5.
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The remaining total membrane fraction resuspended in 25% sucrose was then subject to
sucrose density gradient fractionation. The sucrose gradients were prepared immediately before
use by carefully pouring equal volume layers of 35-60% (w/w) sucrose-5 mM EDTA in 26.5 ml
polycarbonate tubes with caps (Beckman-Coulter), starting with the 60% (i.e. 60%, then 55%,
etc.). Once prepared, 400 pl of the total membrane fraction in 25% sucrose was carefully layered
on top of the 35% sucrose top layer and then centrifuged in the Type 50.2 Ti rotor at 40,000
RPM for 18 hours at 4°C. After centrifugation, equal-volume fractions were collected from the

top of each tube, and fractions were processed for SDS-PAGE.

In vivo crosslinking

in vivo crosslinking with the membrane permeable crosslinker disuccinimidyl suberate
(DSS; Thermo Scientific) was conducted as previously described with minor modifications (Lu et
al., 2012). The optical density (Asoo) Of cultures was used to collect a standardized amount of
cells corresponding to an OD 2.0 in 200 pl. Cells were washed four times with phosphate
buffered saline (PBS) and then subjected to crosslinking with 0.5 or 1 mM DSS for 30 minutes at
room temperature. 5 yl of 1 M Tris-HCI was added to quench any excess crosslinking reagent for
5-10 minutes. Cells were then washed one more time with PBS. Cell lysates were prepared by
resuspending pellets in MilliQ H.O and 2xLaemmli sample buffer (Sigma) and heating at 95°C
for 5 minutes. SDS-PAGE and Western blotting was used to visualize crosslinked complex

formation.

SDS-polyacrylamide gel electrophoresis and Western blotting

SDS-PAGE and Western blotting was conducted according to standard protocols. Where
indicated, protein concentrations of solutions were determined by BCA protein assay (Pierce)

following manufacturer’s instructions. Briefly, samples were separated on 8-12% SDS-PAGE gels
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and transferred to nitrocellulose membranes using semi-dry transfer (BioRad Trans-Blot Semi-
Dry Transfer Cell). Membranes were blocked in 5% non-fat milk in Tris-buffered saline with 0.1%
Tween-20 (TBST) and probed with primary antibody overnight at 4°C in 2% BSA in TBST at the
following concentrations: anti-NIpE (rabbit polyclonal, this study, 1:8,000-40,000), anti-Hisx6
(mouse monoclonal, Invitrogen, 1:10,000-20,000), anti-OmpA (rabbit polyclonal, Antibody
Research Corporation, 1:5,000-10,000), anti-CpxA-MBP (rabbit polyclonal, (Raivio and Silhavy,
1997), 1:10,000) and anti-RNAP (mouse monoclonal, BioLegend, 1:5,000). Chemiluminescent
alkaline phosphatase (AP)-conjugated (BioRad) or fluorescent IRDye 800CW (goat anti-rabbit)
and 680RD (goat anti-mouse) antibodies were used to detect proteins. Chemiluminescent signal
was generated using the Immun-Star AP chemiluminescence kit according to manufacturer’s
instructions (BioRad). All blots were imaged using the BioRad ChemiDoc imaging system. Where

applicable, relative levels of protein bands were quantified using ImageJ.

Luminescent reporter assay

Strains derived from MC4100 (WT or AdegP) were transformed with the plasmid pJW1
encoding a transcriptional fusion of the promoter region of cpxP to the genes of the lux operon
(Price and Raivio, 2009). Overnight cultures were grown in triplicate at 37°C with shaking in LB
with antibiotics. The next day, overnight cultures were subcultured with a 1/50 dilution into fresh
media and were grown until cells reached mid-log phase (OD 0.4-0.6). L-arabinose was then
added to a final concentration of 0.2% in each culture and NIpEpp expression was induced for 1
hour at 37°C with shaking. After induction, cultures were centrifuged at 5000 RPM for 10
minutes, supernatants were aspirated, and replaced with fresh LB with antibiotics. An initial
measurement of the luminescence (measured in counts per second, CPS) and optical density of
each culture (absorbance at 600 nm) was measured (t=0 hrs). Luminescence and OD readings

were taken at 30-minute intervals for 4 hours. For each replicate and time point, the
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luminescence reading was standardized to that culture’s optical density (giving the final readout
of CPS/A600). Results were graphed in Prism (GraphPad). To quantify corresponding protein
levels, the experimental procedure was repeated with samples collected for SDS-PAGE analysis

at 0, 1, and 4 hours post inducer removal.
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Tables

Table 3-1. Strains used in this study.

Strain Description Source
F_araD139 (argF-lac)U169 rpsL 150
MC4100 | (Strr) relA1 fibB5301 decC1 ptsF25 (Casadaban, 1976)
rbskR

TRE0 | MC4100 ARS88[coxPlacZ’] (1%2)';')0 and Silhavy,
TC209 TR50 + pTrc-nipEwr This study
TC210 TR50 + pTrc-nlpEnrp+L This study
TC211 TR50 + pTrc-nlpEi.137 This study
TC212 TR50 + pTrc-nipEnto This study
TC213 TR50 + pTrc-nlpE 1101 This study
TC214 TR50 + pTrc99A This study
TC453 TR50 + pBAD18 This study
TC454 TR50 + pBAD18-nlpEwr This study
TC455 TR50 + pBAD18-nlpEntpsL This study
TC468 TR50 + pBAD18-nipEpp This study
TC469 TR50 + pBAD18-nlpEntoL+pp This study
TC70 TR50 + pCA-nipE This study
TC71 TR50 + pCA24N This study
TC363 TR50 + pK184 + pCA24n This study
TC364 TR50 + pK184 + pCA-Igt This study
TC365 TR50 + pK184 + pCA-IspA This study
TC366 TR50 + pK184 + pCA-Int This study
TC367 TR50 + pK184 + pCA-lolA This study
TC368 TR50 + pK184 + pCA-lo/B This study
TC369 TR50 + pK184-nlpEnto+L + pCA24n This study
TC370 TR50 + pK184-nlpEnto+L + pCA-lgt This study
TC371 TR50 + pK184-nlpEntp+L + pCA-IspA This study
TC372 TR50 + pK184-nipEntp+L + pCA-Int This study
TC373 TR50 + pK184-nipEnto+L + pCA-loIA This study
TC374 TR50 + pK184-nipEnto+L + pCA-lolB This study
TC327 TR50 + pK184-nlpEnto+L This study
TC328 TR50 + pK184-nipExese This study
TC329 TR50 + pK184-nilpErgse This study
TC330 TR50 + pK184-nipExere This study
TC331 TR50 + pK1 84-n/pEK107E This study
TC354 TR50 + pK184-nipEps3r This study
TC355 TR50 + pK184-nipEprir This study
TC356 TR50 + pK184-nipEpsor This study
TC357 TR50 + pK184-nipEpsir This study
TC358 TR50 + pK184-nlpEp1o2r This study
TC359 TR50 + pK184-nipEe1oer This study
TC360 TR50 + pK184-nipEr111e This study
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TC361 TR50 + pK184-nilpEx113e This study
TC362 TR50 + pK184-nilpEr123e This study
RM53 TR50 AcpxA Roxana Malpica
TC666 RM53 + pK184-cpxAesor This study
TC667 RM53 + pK184-cpxAgsar This study
TC668 RM53 + pK184-cpxAbsor This study
TC669 RM53 + pK184-cpxAbrer This study
TC670 RM53 + pK1 84-CpXAE1o1R This study
TC671 RM53 + pK1 84-CpXAD135R This study
TC672 RM53 + pK184-cpxAp1ssr This study
TC673 RM53 + pK184-cpxApaor This study
TC676 RM53 + pK184-cpxAeser This study
TC677 RM53 + pK184-cpxApssr This study
TC678 RM53 + pK184-cpxApaor + pTrc99A This study
TC679 RM53 + pK184-cpxAesor + pTrc99A This study
TC680 RM53 + pK184-cpxAesar + pTrc99A This study
TC681 RM53 + pK184-cpxAeser + pTrc99A This study
TC682 RM53 + pK184-cpxApsor + pTrc99A This study
TC683 RM53 + pK184-cpxApssr + pTrc99A This study
TC684 RM53 + pK184-cpxAp7er + pTrc99A This study
TC685 RM53 + pK184-cpxAg1o1r + pTrc99A This study
TC686 RM53 + pK184-cpxAp1ser + pTrc99A This study
TC687 RM53 + pK184-cpxAp1sgr + pTrc99A This study
TC688 RM53 + pK184-cpxApaor + pTrc-nipEwr | This study
TC689 RM53 + pK184-cpxAesor + pTrc-nipEwr | This study
TC690 RM53 + pK184-cpxAessr + pTrc-nipEwr | This study
TC691 RM53 + pK184-cpxAeser + pTrc-nipEwr | This study
TC692 RM53 + pK184-cpxApsor + pTrc-nipEwr | This study
TC693 RM53 + pK184-cpxApssr + pTrc-nipEwr | This study
TC694 RM53 + pK184-cpxAp7sr + pTrc-nlpEwr | This study
TC695 RM53 + pK184-cpxAeio1r + pTrc-nlpEwr | This study
TC696 RM53 + pK184-cpxApiser + pTrc-nipEwr | This study
TC697 RM53 + pK184-cpxApisgr + pTrc-nipEwr | This study
TC854 RM53 + pK184-cpxApsor + pTrc- This study
nipErgse
TC855 RM53 + pK184-cpxApssr + pTrc- This study
nipErgse
TC856 RM53 + pK184-cpxAp1ssr + pTrc- This study
nipErgse
TC630 TR50 + pBAD18-nlpEpp+ac This study
TC631 TR50 + pBAD18-nIpEDD+Ao,5|_ This study
TC632 TR50 + pBAD18-nlpEpp+no.250 This study
TC779 TR50 + pBAD18-nlpEpp+at4-17 This study
TC780 TR50 + pBAD18-nIpEDD+14-17;;Gs This study
TC809 TR50 + pBAD18-nlpEpp+as This study
TC810 TR50 + pBAD18-nlpEpp+as:cs This study
TC864 TR50 + pTrc-nlpEapist This study
TC865 TR50 + pTrc-nipEapisz This study
TC866 TR50 + pTrc-nipEpis:cs This study

157



TC766 TR50 AcpxP + pK184 + pCA24N This study
TC767 TR50 AcpxP + pK184 + pCA-Igt This study
TC768 TR50 AcpxP + pK184 + pCA-IspA This study
TC769 TR50 AcpxP + pK184 + pCA-Int This study
TC770 TR50 AcpxP + pK184 + pCA-lolA This study
TC771 TR50 AcpxP + pK184 + pCA-loiB This study
TR50 AcpxP + pK184-nipEntp+L + .
TC772 bCA24N This study
TC773 ;I;?SO AcpxP + pK184-nipEntp+L + pCA- This study
TC774 ;I;IZZO AcpxP + pK184-nipEntp+L + pCA- This study
TC775 ;7?50 AcpxP + pK184-nipEntp+L + pCA- This study
TC776 ;I(')IIR/;SO AcpxP + pK184-nipEntp+L + pCA- This study
TC777 ;I;I/?BSO AcpxP + pK184-nipEntp+L + pCA- This study
TR50 AcpxP + pK184-nlpErgse + .
TC778 pCA24N This study
TC779 ;I;t%o AcpxP + pK184-nipErgse L + pCA- This study
TC780 ;I;I;/?\O AcpxP + pK184-nipErgse + pCA- This study
TC781 ;7?50 AcpxP + pK184-nipErgse + pCA- This study
TC782 ;I;IIRIEO AcpxP + pK184-nipErgse + pCA- This study
TC783 ;I;I/?B50 AcpxP + pK184-nipErgse + pCA- This study
TC188 VM40 (TR50 AcpxP) + pCA24N This study
TC189 VM40 (TR50 AcpxP) + pCA-nipE This study
TC857 MC4100 + pBAD18 This study
TC858 MC4100 + pBAD-nlpEpp This study
VT97 MC4100 AdegP (Tsviklist et al., 2022)
TC859 VT97 + pBAD18 This study
TC860 VT97 + pBAD-nlpEpp This study
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Table 3-2. Plasmids used in this study.

Plasmid Description Source
: (Kitagawa et
pCA24N Empty ASKA library vector al., 2006)
NIpE expression, IPTG-inducible, ASKA librar Kitagawa et
PCA-nlpE (GFIJZP-) i ’ ;I., 2%06)
oCA-lgt Lgt expression, IPTG-inducible, ASKA library (Kitagawa et
(GFP-) al., 2006)
LspA expression, IPTG-inducible, ASKA librar Kitagawa et
PCA-IspA (GIEP-) i ’ ;I., 2%06)
oCA-Int Lnt expression, IPTG-inducible, ASKA library (Kitagawa et
(GFP-) al., 2006)
LolA expression, IPTG-inducible, ASKA librar Kitagawa et
PCA-lolA (GFP-) i ’ ;I., 2%06)
LolB expression, IPTG-inducible, ASKA libra Kitagawa et
pCA-lolB (GFP-) i Y ;I., 2%06)
Empty expression vector, IPTG-inducible (Amann et al.,
pTrc99A !
expression from frc promoter 1988)
pTrc-nipEwr NIpEwr expression vector; C-terminal 6xHis tag This study
pTrc-nlpEnrp+L NIpEnto+L €xpression vector; C-terminal 6xHis tag This study
pTrc-nipEnto NIpEnroexpression vector; C-terminal 6xHis tag This study
pTrc-nipE 120 NIpE.120 €xpression vector; C-terminal 6xHis tag This study
pTrc-nipE 1101 NIpE.101 expression vector; C-terminal 6xHis tag This study
pTrc-nlpErese NIpErese €xpression vector; C-terminal 6xHis tag This study
(Jobling and
pK184 P15A ori-based empty expression vector Holmes,
1990)
oK184-nlpEnont :?d iﬁiglrle-based NIpEnto+L expression vector; IPTG- Jun Lu
pK184-nIpE kese K65E charge swap expression vector Jun Lu
pK184-nIpErese R93E charge swap expression vector Jun Lu
pK184-nlpEkgre K97E charge swap expression vector Jun Lu
pK184-nIpEx1o7e K107E charge swap expression vector Jun Lu
pK184-nlpEpssr D53R charge swap expression vector Jun Lu
pK184-nlpEpsr D73R charge swap expression vector Jun Lu
pK184-nlpEpsor D80R charge swap expression vector Jun Lu
pK184-nIpEpsir D81R charge swap expression vector Jun Lu
pK184-nIpEp1ozr D102R charge swap expression vector Jun Lu
pK184-nIpEe1osr E106R charge swap expression vector Jun Lu
pK184-niIpEr111e R111E charge swap expression vector Jun Lu
pK184-nIpEx113e K113E charge swap expression vector Jun Lu
pK184-nIpEr123e R123E charge swap expression vector Jun Lu
oK184-cpxA !31 5A_ori-based CpxA expression vector; IPTG- ;2?;'3;_
inducible
Quevedo
pK184-CcpxApaor CpxA D40R expression vector This study
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pK184-cpxAesor CpxA E50R expression vector This study
pK184-CpxAesar CpxA E54R expression vector This study
pK184-cpxAeser CpxA E56R expression vector This study
pK184-cpxApeor CpxA D60R expression vector This study
pK184-cpxApesr CpxA D64R expression vector This study
pK184-CcpxAprer CpxA D76R expression vector This study
pK184-cpxAeioir CpxA E101R expression vector This study
pK184-cpxApissr CpxA D136R expression vector This study
pK184-cpxApissr CpxA D139R expression vector This study
pBAD18 Empty expression vector, arabinose-inducible ;(I3u1zgnga5r; et
pBAD18-nipEwr NIpEwr expression vector; C-terminal 6xHis tag This study
pBAD18-nIpEnto+L NIpEnmo+L expression vector; C-terminal 6xHis tag This study
Full length NIpE with +2/3 DD Lol avoidance .
pBAD18-nIpEpp sequence expression vector; C-terminal 6xHis tag This study
NIpEnmo+L With +2/3 DD Lol avoidance sequence .
PBAD18-nlpEno.00 expression vector; C-terminal 6xHis tag This study
pBAD18-nIpEpp+aL NIpEpp expression with full length linker deletion This study
pPBAD18-nlpEpp+ao.st NIpEop expression with half length linker deletion This study
OBAD8-nIpEonssozs. NIpEF,D expression with quarter length linker This study
deletion
pBAD18-nIpEpp+a14-17 NIpEpp expression with deletion of aa14-17 This study
pBAD18-nlpEpp+1s-17:as | NIpEpo expression with substitution of aa14-17 This study
pBAD18-nIpEpp+as NIpEpp expression with alternate half linker deletion | This study
NIpEoo expression with alternate half linker .
pBAD18-nIpEpp+ae:cs substitution This study
i NIpE expression with protease inhibitor sequence :
pTrc-nipEapist deletion 1 This study
i NIpE expression with protease inhibitor sequence .
pTrc-nipE apis2 deletion 2 This study
i NIpE expression with protease inhibitor sequence .
PTre-nipEapis:cs substitution with GS repeat This study
. . - (Price and
pJW1 Vector encoding cpxP-lux transcriptional reporter Raivio, 2009)

pUTM18C-DEST

Modified two-hybrid assay Gateway-compatible
vector; encodes cyaA T18 subunit and OppB
transmembrane 1 domain

(Ouellette et

al., 2014)

pSTM25-DEST

Modified two-hybrid assay Gateway-compatible
vector; encodes cyaA T25 subunit and OppB
transmembrane 1 domain

(Ouellette et

al., 2014)

Modified two-hybrid assay Gateway-compatible
vector; encodes leucine zipper sequence (positive

(Ouellette et

PUTM18C-zip control), cyaA T18 subunit, and OppB al., 2014)
transmembrane 1 domain
oKTM25-zip Modified two-hybrid assay Gateway-compatible (Ouellette et

vector; encodes leucine zipper sequence (positive

al., 2014)
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control), cyaA T25 subunit, and OppB
transmembrane 1 domain

Empty vector for two-hybrid assays (negative

(Ouellette et

pPUTM18C control) al., 2014)
Empty vector for two-hybrid assays (negative (Ouellette et
pSTM25 control) al., 2014)
pSTM25-nIpEwr Vector encoding NIpEwr fused to T25 subunit This study
pUTM18C-nlpEwr Vector encoding NIpEwr fused to T18 subunit This study
pSTM25-nipEn. Vector encoding NIpEnm+. fused to T25 subunit This study
pUTM18C-nipEn Vector encoding NIpEnm- fused to T18 subunit This study
pSTM25-nipEn Vector encoding NIpEnm fused to T25 subunit This study
pUTM18C-nipEy Vector encoding NIpEnts fused to T18 subunit This study
pSTM25-nIpEc. Vector encoding NIpEcrp+. fused to T25 subunit This study
pUTM18C-nipEc. Vector encoding NIpEctp+. fused to T18 subunit This study
pSTM25-nipE. Vector encoding NIpEcrp fused to T25 subunit This study
pUTM18C-nlpE. Vector encoding NIpEcrp fused to T18 subunit This study
Vector encoding CpxA periplasmic domain fused .
pSTM25-cpxAre to T25 subunit This study
Vector encoding CpxA periplasmic domain fused .
pUTM18C-cpxAep to T18 subunit This study
pSTM25-cpxP Vector encoding CpxP fused to T25 subunit This study
pUTM18C-cpxP Vector encoding CpxP fused to T18 subunit This study
0STM25-nIpEs120.127 \S/ueg:[jonritencodlng NIpE A120-127 fused to T25 This study
OUTMA8C-IDE at20.127 \S/ueg:[jonritencodlng NIpE A120-127 fused to T18 This study
0STM25-N1pE a126.136 \S/ueg:[jonritencodlng NIpE A129-136 fused to T25 This study
OUTM18C-NIDE 129156 \S/ueg:[jonritencodlng NIpE A129-136 fused to T18 This study
pSTM25-nIpErese Vector encoding NIpE R93E fused to T25 subunit This study
pSTM25-nIpExere Vector encoding NIpE K97E fused to T25 subunit This study
oDONR22-DEST Cloning vector used to create entry clones during Invitrogen

Gateway cloning
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Table 3-3. Primers used in this study.

Primer Name

Sequence

Notes

GW_cpxApp_fw

GGGG ACA AGT TTG TAC AAA AAA GCA
GGC TTC CTC GAT TCA CGC CAG ATG
ACC

For Gateway cloning CpxA
periplasmic domain into two-
hybrid vectors

GGGG AC CAC TTT GTA CAA GAA AGC

For Gateway cloning CpxA

GW_cpxApp_rv TGG GTC CTA GCG GTC AAA CAG TAA periplasmic domain into two-
GTT AAT hybrid vectors
GGGG ACA AGT TTG TAC AAA AAA GCA For Gat. loning NIbE int
or Gateway cloning NIpE into
GW_nlpE_fw iig ggz(_j\ ACC GAC AGC AAA GGT GAA two-hybrid vectors
GGGG AC CAC TTT GTA CAA GAA AGC For Gat lonina NIoE int
or Gateway cloning NIpE into
GW_nIpE_rv ggi igg TTA CTG CCC CAA ACT ACT two-hybrid vectors
GGGG AC CAC TTT GTA CAA GAA AGC For Gat loning NIoE NTD
or Gateway cloning Nip
GW_nlIpE_NTD_cor_rv ggg ggg TTA CAT CTC CAG CGC ATC into two-hybrid vectors
GGGG AC CAC TTT GTA CAA GAA AGC For Gat lonina NIoE NTD
) or Gateway cloning Nip
GW_nlpE_linker_cor_rv igg ggg TTA CGG CGT CAT AGG TAA into two-hybrid vectors

GW_nlpE_CTD_cor_fw

GGGG ACA AGT TTG TAC AAA AAA GCA
GGC TTC ATG ACC CTG CGG GGC ATG
TAT

For Gateway cloning NIpE CTD
into two-hybrid vectors

GW_nlpE_linker_cor_fw

GGGG ACA AGT TTG TAC AAA AAA GCA
GGC TTC CTC GAT CGT GAA GGC AAT
CCG

For Gateway cloning NIpE CTD
into two-hybrid vectors

nlpE_Ncol_F

CGCA CCATGG TG AAA AAA GCG ATA GTG
ACA G

For cloning nipE into pTrc99A

nipE_EcoRI_F

GCA GAATTC ATG GTG AAA AAA GCG ATA
GTG

For cloning nipE into pBAD18

nlpE_WT_His_Hindlll_R

TGCC AAGCTT TTA GTG GTG GTG GTG
GTG GTG CT CGA GCT GCC CCA AAC TAC
TGC AAT C

For cloning nipE into
pBAD18/pTrc99A

nlpE_NTDL_His_HindIll_R

TGCC AAGCTT TTA GTG GTG GTG GTG
GTG GTG CT CGA GCG GCG TCA TAG GTA
AAC TGG A

For cloning nipE into
pBAD18/pTrc99A

nipE_NTD_His_HindIll_R

TGCC AAGCTT TTA GTG GTG GTG GTG
GTG GTG CT CGA GCA TCT CCA GCG CAT
CcGC CTT T

For cloning nipE into
pBAD18/pTrc99A

nlpE137_His_HindIlI_R

TGCC AAGCTT TTA GTG GTG GTG GTG
GTG GTG CT CGA GCG CTT CCA GCG TAT
AGT TGA A

For cloning nipE into
pPBAD18/pTrc99A

TGCC AAGCTT TTA GTG GTG GTG GTG

For cloning nipE into

nlpE101_His_Hindlll_R GTG GTG CT CGA GGG TTA ATA CCA GCT OBAD18/pTrc9oA
TGT CAG C
Q5SDM_NIpEDD_F GAT GGG ATG TGA TGA TCG GGC CGA AG | For SDM to create NIpEpp
Q5SDM_NIpEDD_R AGA GTA AAG AGG CTG ATT ACA G For SDM to create NIpEop
Q5SDM_PISdel1_F AAC TAT ACG CTG GAA GC For SDM to delete PIS1
Q5SDM_PISdel1_R ATC GAG CAT CTC CAG For SDM to delete PIS1
Q5SDM_PICdel2_F ACG CTG GAA GCG GCA C For SDM to delete PIS2
Q5SDM_PICdel2_R CAT CTC CAG CGC ATC GC For SDM to delete PIS2
GCA GCG GCA GCG GCA GCG GCA CGC For SDM to substitute PIS with
Q5SDM_PICGS_F TGG AAG CGG CAC GS repeats
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CGC TGC CGC TGC CGC TGC CCA TCT For SDM to substitute PIS with
Q5SDM_PICGS_R CCA GCG CAT CGC GS repeats
For SDM to delete portion of
Q5SDM_del0.5n_F CAG GCT GCC GAA CTG NIpE N-terminal linker
For SDM to delete portion of
Q5SDM_del0.5n_R GGC CCG ATC ATC ACA TC NIpE N-terminal linker
GGC AGC GGC AGC CAG GCT GCC GAA For SDM to substitute portion of
Q5SDM_0.5GS_F CTG NIpE N-terminal linker
GCT GCC GCT GCC GGC CCG ATC ATC For SDM to substitute portion of
Q5SDM_0.5GS_R ACA TC NIpE N-terminal linker
For SDM to delete portion of
Q5SDM_14-17del_F CTG AAA CCG ATG CCG NIpE N-terminal linker
For SDM to delete portion of
Q5SDM_14-17del_R CGC CGG AGA ARG CGT NIpE N-terminal linker
For SDM to substitute aa14-17
Q5SDM_GS sub_F GGC AGT CTG AAA CCG ATG CCG portion of NIpE N-terminal linker
For SDM to substitute aa14-17
Q5SDM_GS sub_R ACT GCC CGC CGG AGA ARG CG portion of NIpE N-terminal linker
For SDM to create RO3E
Q5SDM_nIpER93E_F TAC ATG GGC GGA AAC CGC TGA CA mutation in nipE
For SDM to create RO3E
Q5SDM_nIpER93E_R CCG TAG GAA GCG AAG GAG mutation in nipE
For SDM to create the indicated
Q5SDM_cpxA_D40E_F CGA GCT TCT GCG TAG CGA ACA GCG charge swap in coxA
For SDM to create the indicated
Q5SDM_cpxA_D40R_R GTC ATC TGG CGT GAA TCG charge swap in cpxA
GCT GAT GAT TCG TCA GCA TGT CGA For SDM to create the indicated
Q5SDM_cpxA_E50R_F AGC G charge swap in coxA
For SDM to create the indicated
Q5SDM_cpxA_E50R_R CCC TGA CGC TGT TCG CTA charge swap in coxA
For SDM to create the indicated
Q5SDM_cpxA_E54R_F GCA GCA TGT CCG TGC GGA GCT GG charge swap in coxA
For SDM to create the indicated
Q5SDM_cpxA_E54R_R TCA ATC ATC AGC CCC TGA C charge swap in cpxA
For SDM to create the indicated
Q5SDM_cpxA_E56R_F TGT CGA AGC GCG TCT GGC GAA CG charge swap in coxA
For SDM to create the indicated
Q5SDM_cpxA_E56R_R TGC TGC TCA ATC ATC AGC charge swap in cpxA
For SDM to create the indicated
Q5SDM_cpxA_D60R_F GCT GGC GAA CCG TCC GCC CAA CG charge swap in coxA
For SDM to create the indicated
Q5SDM_cpxA_DGOR_R TCC GCT TCG ACA TGC TGC charge swap in coxA
TCC GCC CAA CCG TTT AAT GTG GTG For SDM to create the indicated
Q5SDM_cpxA_D64R_F GCG GC charge swap in cpxA
For SDM to create the indicated
Q5SDM_cpxA_D64R_R TCG TTC GCC AGC TCC GCT charge swap in cpxA
For SDM to create the indicated
Q5SDM_cpxA_D76R_F CCG GGC GAT TCG TAA GTG GGC ACC G charge swap in coxA
For SDM to create the indicated
Q5SDM_cpxA_D76R_R AAC AGA CGC CGC CAC CAC charge swap in cpxA
TGA ACG CAG CCG TAT GCA GAT CAT For SDM to create the indicated
Q5SDM_cpxA_E101R_F | 1oc 1ap cTT TAT TGG TCA GGC C charge swap in cpxA
For SDM to create the indicated
Q5SDM_cpxA_E101R_R | GCG CCG ATC ACG CGG CCT charge swap in coxA
CTC CGT GCG TCG TGG CGA AGA TAA For SDM to create the indicated
Q5SDM_cpxA D136R_F | 1o G charge swap in CoxA
For SDM to create the indicated
Q5SDM_cpxA_D136R_R | AAC GGA CCG ACC AGT TCC charge swap in coxA
TGA TGG CGA ACG TAA TTA CCA ACT For SDM to create the indicated
Q5SDM_cpxA_D139R_F | 17p rer gar TG TCC Goe c charge swap in cpxA
Q58DM_CpXA_D139R_R CGC ACG GAG AAC GGA CCG For SDM to create the indicated

charge swap in cpxA
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Chapter 4 - NIpE is an OmpA-associated outer membrane sensor of the Cpx

envelope stress response!

* Modified from Cho, T.H.S., Wang, J., Raivio, T.L., 2023. NIpE Is an OmpA-Associated Outer Membrane
Sensor of the Cpx Envelope Stress Response. J Bacteriol 205, e00407-22.
https://doi.org/10.1128/jb.00407-22
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Abstract

Gram-negative bacteria utilize several envelope stress responses (ESRs) to sense and respond
to diverse signals within a multi-layered cell envelope. The CpxRA ESR responds to multiple
stresses that perturb envelope protein homeostasis. Signaling in the Cpx response is regulated
by auxiliary factors such as the outer membrane (OM) lipoprotein NIpE, an activator of the
response. NIpE communicates surface adhesion to the Cpx response; however, the mechanism
by which NIpE accomplishes this remains unknown. In this study, we report a novel interaction
between NIpE and the major OMP OmpA. Both NIpE and OmpA are required to activate the Cpx
response in surface-adhered cells. Furthermore, NIpE senses OmpA overexpression and the
NIpE C-terminal domain transduces this signal to the Cpx response, revealing a novel signaling
function for this domain. Mutation of OmpA peptidoglycan binding residues abrogates signaling
during OmpA overexpression suggesting that NIpE signaling from the outer membrane through
the cell wall is coordinated via OmpA. AlphaFold3 modelling and whole cell dot blot assays
suggest that NIpE may become surface exposed, providing a potential mechanism for how NIpE
senses surface-related signals. Overall, these findings reveal NIpE to be a versatile envelope
sensor that takes advantage of its structure, localization, and cooperation with other envelope

proteins to initiate adaptation to OM-based signals.
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Introduction

Gram-negative bacteria such as Escherichia coli possess dozens of two-component
signal transduction pathways which regulate diverse and key cellular processes (Yamamoto et
al., 2005). Most sensor kinases are inner membrane (IM)-bound; thus, signals originating outside
of the cell or in the envelope itself must be transduced through the envelope to activate these
systems. However, signaling in and across the Gram-negative envelope is complicated by
several unique challenges. Namely, the periplasmic space between the IM and outer membrane
(OM) lacks ATP, often used for phosphotransfer reactions in common signaling relays and as an
energy source for many different processes. The envelope is also a spatially complex
compartment where the IM and OM are physically separated by a peptidoglycan cell wall, and
signals in distinct compartments of the envelope must also navigate through this layer to activate

IM sensors.

The Cpx envelope stress response is a major adaptive system of Gram-negative bacteria
that responds to stresses that disrupt envelope protein folding and homeostasis, particularly at
the IM (Vogt and Raivio, 2012). As a canonical two-component system, the Cpx response utilizes
an IM sensor kinase, CpxA, to phosphorylate and modulate the activity of a DNA-binding
transcriptional regulator, CpxR. Signaling by the Cpx response is also regulated by at least two
other factors: CpxP and NIpE. The periplasmic chaperone-like protein CpxP inhibits activation of
the system in the absence of specific cues (Buelow and Raivio, 2005; Isaac et al., 2005). In
contrast, the OM lipoprotein NIpE is an activator of the response. Early studies of the Cpx
response identified NIpE as an activator of the Cpx pathway when overproduced (Snyder et al.,
1995), and subsequent studies suggest that NIpE also senses cell-surface events, namely,
adhesion to hydrophobic surfaces and certain epithelial cell lines (Otto and Silhavy, 2002;

Shimizu et al., 2016). The most recent studies of NIpE suggest that NIpE functions as a sensor
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for defects in OM lipoprotein biogenesis (Delhaye et al., 2019; Grabowicz and Silhavy, 20173;
Marotta et al., 2023a; May et al., 2019); chemical agents or mutations that disrupt lipoprotein
processing or trafficking also disrupt NIpE biogenesis, allowing NIpE to signal the presence of
these stresses to the Cpx response due to its mislocalization to the IM. New NIpE synthesis is
required to sense impaired lipoprotein biogenesis, suggesting that NIpE continuously functions

as a cellular indicator of OM lipoprotein health (May et al., 2019).

NIpE’s structure was solved as a domain-swapped dimer with each monomer consisting
of independently-folding N- and C-terminal domains connected by a linker region (Hirano et al.,
2007). This structure lends itself to a model for signaling from the OM where OM-anchored NIpE
uses the C-terminal domain to reach across the periplasm to activate CpxA under certain
inducing cues (e.g. surface adhesion). In the hypothetical monomer structure proposed in this
study, secondary structure elements largely limit the length of the region between the N- and C-
terminal domains when NIpE is fully folded, leading Hirano and colleagues to speculate that
selective unfolding of the N-terminal domain may extend the C-terminal domain into the
periplasm to facilitate activation of CpxA. Current studies have established that the N-terminal
domain is sufficient for activation of the response when NIpE is overexpressed or mislocalized to
the IM, suggesting that NIpE-CpxA interactions at the IM occur independently of the C-terminal
domain (Delhaye et al., 2019; May et al., 2019). Delhaye and colleagues have shown the disulfide
bond in the C-terminal domain of NIpE may be involved in sensing periplasmic redox state,
although it is unclear how this is communicated to CpxA (Delhaye et al., 2019). Thus, no studies
have yet precisely elucidated how NIpE signals from the OM where the NTD is presumably

localized in close proximity to the OM by virtue of its acylated N-terminus (May et al., 2019).

In this study, we investigate the mechanisms of NIpE signaling from its OM context. We

report a novel interaction between NIpE and the major OM protein OmpA. Both NIpE and OmpA
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are required to activate the Cpx response in surface adhered cells. Further, NIpE activates the
Cpx response during OmpA overexpression, and this signal is transduced via the NIpE C-
terminal domain. Mutating residues involved in OmpA dimerization or cell wall binding, however,
abolishes signaling during OmpA overexpression, suggesting that NIpE and OmpA cooperate to
signal across the cell wall. Taken together, these results demonstrate that NIpE is a bona fide OM
sensor that uses its localization, multidomain structure, and interactions with other envelope

proteins to sense and transduce diverse signals to the Cpx response.
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Results

NIpE interacts with OmpA
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Figure 4-1. NIpE cross-links to many proteins in the cell envelope.

(A) The structure of NIpE based on the hypothetical monomer model proposed by Hirano and
colleagues (Hirano et al., 2007). B-strands (with directionality) are represented as arrows
whereas a-helices are represented without arrowheads. The B-strands making up the N-terminal
domain are lettered a-i. (B) Representations of the NIpE variants expressed from various
plasmids used in this study. The amino acid number includes the signal peptide (i.e. the lipid-
modified N-terminal cysteine is labelled Cys21 not Cys1). (C) In vivo DSS crosslinking of cells
expressing His-tagged NIpE variants containing the N-terminal domain. (D) shows crosslinking
experiments with the indicated NIpE variants in WT and Alpp backgrounds. NIpE variants were
expressed via leaky expression from pTrc99A and then subjected to crosslinking. Samples were

analyzed by Western blotting with anti-Hisx6 antibody.
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As detailed in the previous chapter, we generated a set of expression vectors expressing
C-terminally His-tagged NIpE. These vectors expressed a series of NIpE truncations from both
the C- and N-terminus while preserving the native signal sequence, lipobox, and localization
signals (Figure 4-1AB). To study NIpE protein-protein interactions in vivo, we conducted
disuccinimidyl suberate (DSS) crosslinking on strains expressing these variants (Figure 4-1C).
These assays revealed the presence of several NIpE-containing protein complexes. One of these
complexes appears to be with the abundant Braun’s lipoprotein (Lpp), as a small band
corresponding to the size of NIpE plus an additional ~5 kDa disappears in an Ipp::kan mutant
(Figure 4-1D). Western blots showed that variants containing an intact N-terminal domain are

stably expressed, while those lacking a complete N-terminal domain showed decreased stability

(Figure 4-2).
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Figure 4-2. Expression levels of NIpE variants.

Western blots with anti-Hisx6 and anti-RNAPa subunit (RNAP; loading control) antibody. Strains
containing pTrc99A-based NIpE overexpression vectors were grown to mid-log phase at 37°C with
shaking, and NIpE expression was induced with 0.1 mM IPTG for 30 minutes. Cultures were standardized
to the same OD, lysed with sample buffer with heating, and subjected to SDS-PAGE and Western blotting
analysis. Levels of NIpE were standardized to RNAP loading controls and then standardized to level of WT
NIpE. The numbers below each lane indicates the relative level of expression level of NIpE compared to

WT NIpE (set to 1.00).
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Figure 4-3. The N-terminal domain of NIpE interacts with OmpA at the OM.

(A) in vivo co-immunoprecipitation assays confirm NIpE-OmpA interactions at native expression
levels of NIpE. “Input” comprises solubilized membrane preparations from the indicated strains.
Complexes were precipitated with anti-NIpE antibodies immobilized on agarose beads, and
eluted proteins were analyzed by SDS-PAGE and Western blotting with anti-NIpE (bottom
panels) and OmpA (top panels) antibodies. (B) and (C) show that NIpE-OmpA complexes are
observed by in vivo DSS crosslinking. Cells expressing His-tagged NIpE and variants (induced
with 0.1 mM IPTG for 30 minutes) from pTrc99A were subjected to crosslinking with 0.5 mM
DSS for 30 minutes. Samples were analyzed by Western blotting with anti-OmpA antibody.
Resulting OmpA-NIpE complexes are indicated with red arrowheads. N.S.B. indicates a non-
specific band detected by the anti-OmpA antibody. (D) The presence of a double band between
NIpE WT and OmpA is visible in the absence of non-specific banding, which was eliminated by
multiple uses of the solution containing the anti-OmpA antibody. (E) NIpE CTD containing
constructs do not crosslink to OmpA under the tested conditions. (F) in vivo crosslinking with

His-tagged WT and IM NIpE (DD) variants. NIpE expression was induced from a Para promoter
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on pBAD18 with 0.2% L-arabinose for 1 hour and cells were subjected to crosslinking with 1 mM
DSS for 30 minutes. The strain background in which NIpE was expressed is shown above each

panel. Samples were analyzed by Western blotting with anti-Hisx6 antibody.

Previous work in the Raivio lab reported that NIpE interacts with the OM protein OmpA.
To confirm NIpE-OmpA interactions in vivo, we conducted co-immunoprecipitation experiments
on cells expressing NIpE at native levels (Figure 4-3A). Throughout our studies, we have
observed that NIpE is expressed at low levels natively. To overcome this challenge, we enriched
for NIpE-containing fractions by isolating crude membrane fractions. NIpE-specific antisera was
immobilized on protein A agarose beads and treated with membrane extracts from wildtype,
AnipE, and AompA cells. We found that OmpA co-immunoprecipitated with NIpE in WT cells,
despite low levels of natively expressed NIpE (Figure 4-3A). However, we also detected a fainter
OmpA band in the co-IP fraction of AnipE cultures. This appears to be due to cross-reaction of
our anti-NIpE antisera with OmpA as confirmed by the presence of bands corresponding to
OmpA in WT and AniIpE but not AompA membrane preparations (Figure 4-3A, input lanes).
Despite this, less OmpA was pulled down in AnlpE vs WT lysates, suggesting that NIpE can
interact with OmpA at native levels of expression. The cross-reactivity of the anti-NIpE antisera
with OmpA may originate from pre-exposure of rabbits to OmpA, which is highly immunogenic
(Confer and Ayalew, 2013). Alternatively, it may also result from OmpA which co-purified with
NIpE that was used for antisera generation, which could provide further evidence for an

interaction between these two proteins.

We then performed the in vivo crosslinking experiments with WT NIpE and N-terminal
domain containing NIpE truncation variants while immunoblotting for OmpA to confirm NIpE-
OmpA interactions and determine which NIpE domains contribute to this interaction (Figure 4-

3B). Because of the challenges of working with NIpE at its native levels of expression, we utilized
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NIpE expressed from plasmids. We confirmed that WT NIpE crosslinks to OmpA and observed
that the N-terminal domain of NIpE is sufficient to mediate NIpE-OmpA interactions (Figure 4-
3B). Complexes were not observed when the N-terminal domain was disrupted by the deletion
of its C-terminal portion (NIpE+.101). However, this may be due to lower levels of expression of
NIpE+.101 as this construct is significantly less stable than variants containing an intact N-terminal
domain (Figure 4-2). To confirm the identity of these bands, we repeated the experiment in an
ompA knock-out strain, where no complexes were detected (Figure 4-3C). Cross-linking
experiments using cells expressing NIpEwr, NIpEnro+, and NIpEnm yielded two distinct NIpE-
OmpA bands (Figure 4-3B). These dual bands are somewhat obscured by a non-specific band
when NIpEwr is expressed but are clearly observable in when repeating the blots with an anti-
OmpA primary antibody solution which was used for several previous experiments, which

removed non-specific binding (Figure 4-3D).

We wondered if the NIpE C-terminal domain can interact with OmpA independently from
the N-terminal domain; DSS crosslinking on strains expressing His-tagged NIpE C-terminal
domain with linker (NIpE.+ct0) and NIpE C-terminal domain only (NIpEcrp) with the native NIpE
signal sequence and lipobox sequence failed to produce clear evidence for NIpEcro-OmpA
complexes (Figure 4-3E). While we did observe a very faint crosslinked band when the NIpE .cto
construct was expressed, no bands were seen when expressing the C-terminal domain on its
own. Thus, it’s likely that the N-terminal domain of NIpE, not the C-terminal domain, is mostly
responsible for the interaction between NIpE and OmpA. Furthermore, we found that bands
corresponding to NIpE-OmpA complexes are absent when expressing a permanently IM-
localized variant of NIpE (NIpEpp) where the +2 and +3 amino acids after the acylated cysteine
are mutated to aspartic acid to create a Lol avoidance signal (Miyadai et al., 2004) (Figure 4-3F),

ruling out the possibility that IM localized NIpE interacts with OmpA. The identity of NIpE-OmpA
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complexes were confirmed by conducting crosslinking experiments with normally trafficked NIpE
in a AompA background. Taken together, these results place NIpE-OmpA complexes in the OM
where the NIpE N-terminal domain is proximal to OmpA, rather than in a configuration where IM-

localized NIpE spans across the periplasm to interact with OmpA via the C-terminal domain.

NIpE senses OmpA overexpression
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Figure 4-4. OmpA does not impact CpxA’s basal activation or ability to sense IM NIpE

expression.

(A) B-galactosidase assays of mid-log (OD 0.6) and overnight cultures of WT and AompA
MC4100. No statistically significant differences were seen between strains within each culture
type. (B) B-galactosidase assays of WT and AompA MC4100 expressing permanently IM bound
NIpE (NIpEpp) from plasmid. Cultures were grown to mid-log phase (OD 0.4-0.6), and NIpE
expression was induced from a Para promoter on pBAD18 with 0.2% L-arabinose for 1 hour.
Shown are means with standard deviation of 3-4 biological replicates, analyzed by Tukey HSD
test (* p<0.05).

We sought to further examine the signaling relationship between OmpA and signaling in
the Cpx response. Deletion of ompA did not lead to significant changes in the activation of the
Cpx response in both mid-log phase and stationary phase cells (Figure 4-4A). Furthermore, the

absence of ompA did not impact the ability of IM-bound NIpE to activate the Cpx response
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(Figure 4-4B), suggesting that the NIpE-OmpA interaction is relevant for NIpE signaling from the
OM and not when NIpE is in the IM as might be the case during lipoprotein trafficking defects
(Delhaye et al., 2019; May et al., 2019). A previous study reported that OmpA protein levels are
increased in both pathogenic and lab strains of E. coli grown in surface-adhered biofilms (Orme
et al., 2006). Previous work in the Raivio lab also reported that the Cpx response is activated by
OmpA overexpression in an NIpE-dependent manner (Junshu Wang, PhD thesis). We found that
overexpression of OmpA from a plasmid activates the Cpx response in WT cells, but this
activation is strongly reduced in the absence of NIpE (Figure 4-5). We wondered if NIpE senses
OMP overexpression in general or if the signal sensed is specific to NIpE-OmpA interactions. To
test this, we overexpressed two sets of OMPs: larger OMPs that fold into 16-stranded B-barrels
(OmpC, OmpF, and LamB; Figure 4-5A) and smaller OMPs that fold into 8-10 stranded B-barrels
(OmpX, OmpW, and OmpT,; Figure 4-5B). While overexpression of these OMPs lead to activation
of the Cpx response to differing extents, Cpx activation in all cases, except for overexpression of
OmpA (and to a small extent OmpX) occurred independently of NIpE. Therefore, the signal
sensed by NIpE during OmpA overexpression is unlikely to be a general signal or stress

associated with OMP overexpression.
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Figure 4-5. NIpE senses overexpression of OmpA but not other OMPs.

OMP expression was induced with 0.1 mM IPTG for 1 hour in WT and AnipE cells when cultures

reached mid-log phase. Cpx activation was determined by measuring cpxP-lacZ activity in 3-

galactosidase assays. The OMPs expressed were (A) larger, 16-stranded and (B) smaller, 8-10

stranded OMPs. Shown are means with standard deviation of 3-4 biological replicates, analyzed

by Tukey HSD test (ns=non-significant, *p<0.05, **p<0.001, ****p<0.0001). Shown comparisons

are between WT and AnipE strains expressing the same OMPs.
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The C-terminal domain of NIpE mediates Cpx activation from the OM
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Figure 4-6. The C-terminal domain mediates NIpE signaling from the OM.

(A) The ability of OmpA overexpression to activate the Cpx response in WT, AnipE, or nlpEacmo
(NIpE with the C-terminal domain deleted) cells. (B) Expression levels of WT NIpE and NIpEacmo
expressed from their native chromosomal loci. The immunoblots were conducted on crude
membrane fractions isolated by ultracentrifugation. (C) The ability of NIpE lacking the N-terminal
domain (NIpE..cto) or lacking the N-terminal domain and linker (NIpEcmo) to activate the Cpx
response when overexpressed in WT and AnipE cells. For (A) and (B), mean cpxP-lacZ activities
with standard deviations are shown (Tukey HSD test **p<0.01, ****p<0.0001). (D) Comparison of
the activation of a cpxP-lacZ reporter during overexpression of WT NIpE compared to NIpE lacking
the N-terminal domain (L+CTD and CTD).

Previous studies have reported that NIpE lacking the C-terminal domain can still signal to
the CpxA when NIpE is in the IM (Delhaye et al., 2019; May et al., 2019). Because we found that

the N-terminal domain of NIpE interacts with OmpA, we hypothesized that the C-terminal domain
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of NIpE mediates activation of the Cpx response from the OM. To test this, we deleted the C-
terminal domain of the chromosomal nilpE locus by allelic exchange and tested if this
chromosomally expressed NIpEaco variant (equivalent to NIpEnm:) can sense OmpA
overexpression. We found that NIpEacto is no longer able to sense OmpA overexpression; AnipE
and nlpEacro strains showed significantly reduced Cpx activation during OmpA overexpression,
and overexpressing OmpA leads to similar levels of fold-activation in AnipE (2.4 fold) and nlpEacto
(1.9 fold) strains as opposed to WT (4.0 fold) (Figure 4-6A). Thus, while the N-terminal domain
interacts with OmpA, the C-terminal domain appears to be responsible for transmitting this signal
to CpxA. Our data from overexpressed NIpE variants suggests that NIpE lacking the C-terminal
domain is stably expressed (Figure 4-2); natively expressed NIpEacro is also expressed comparably
to WT (Figure 4-6B), confirming that our results are likely not due to changes in NIpE expression
level.

We also found that overexpressing variants of NIpE that lack the N-terminal domain leads
to activation of the Cpx response (Figure 4-6C), albeit to a much weaker extent than
overexpressing the N-terminal domain (Figure 4-6D). This weaker activation, however, may be
due to comparatively lower levels of expression of these constructs (Figure 4-2). To rule out the
possibility that overexpressing these constructs decreases the efficiency of lipoprotein
biogenesis/trafficking, causing WT NIpE to activate CpxA at the IM, we repeated these
experiments in an AnlpE mutant and found the same results (Figure 4-6C). Overall, these results
suggest that the C-terminal domain can activate the Cpx response independently of the N-

terminal domain.
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Figure 4-7. NIpE signaling from the OM does not appear to involve NIpE unfolding, Lpp, or
TonB.

(A) shows cpxP-lacZ activity in strains expressing chromosomal variants of NIpE with cysteine
substitutions (E118C and T124C) that should lock together the B-g and B-i strands (NIpE.«) or a
variant that prevents the formation of the these interactions (NIpEgxsg). (B) shows basal CpxA
activity via cpxP-lacZ reporter activity of MC4100 with different chromosomal mutants of NIpE or
an ompA deletion. (C) shows the ability of NIpE to sense OmpA overexpression in Ipp::kan or
AtonB backgrounds. Shown are means with standard deviations of 3-4 biological replicates

analyzed by Tukey HSD test (ns=non-significant, *p<0.05, ****p<0.0001).

The original structural characterization study of NIpE posited that limited unfolding of the
region between the N- and C-terminal domains of NIpE could allow the C-terminal domain to
extend through the periplasmic space and activate CpxA (Hirano et al., 2007). Hirano and
colleagues predicted that an partially unfolded NIpE, including a 20 amino acid linker region from

the acylated cysteine to the beginning of the N-terminal domain, would extend to a length of
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about 160 A, which would be sufficient for OM-anchored NIpE to span the periplasm. To test this
hypothesis, we generated two different mutations of the chromosomal copy of NIpE. nipEocx
contains two cysteine insertions (E118C and T124C) on adjacent B-strands (3-g and B-i) of the
N-terminal domain of NIpE, which is an approach that has been used in the context of BamA
studies to restrict it to certain conformations (Noinaj et al., 2014; Rodriguez-Alonso et al., 2020;
Warner et al., 2017; Wu et al., 2021). Formation of a disulfide bond between these two strands in
NIpE could prevent the unfolding of this region and thus prevent the formation of the
hypothetical unfolded NIpE intermediate proposed by Hirano and colleagues. The second
mutation was the nipEcxs; construct where 5 residues in the B-i strand were replaced with
glycines, which is known to disrupt secondary structure elements due to its high flexibility (Imai
and Mitaku, 2005). This variant should have the opposite effect as nlpEi..« and should

permanently unfold to Hirano et al.’s unfolded NIpE.

Neither of these two variants of NIpE abrogated its ability to sense OmpA overexpression
(Figure 4-7A), suggesting that NIpE unfolding is not a significant contributor to signaling from the
OM, at least in the context of OmpA overexpression. The “unfolded” nlpEsxs; mutation on its
own does not lead to activation of the Cpx response in the absence of OmpA overexpression
(Figure 4-7B), as might be expected if unfolding leads to activation via NIpE, casting further
doubt on the hypothesis that NIpE unfolding is critical to signaling. To further probe the signaling
pathway for NIpE, we tested the hypothesis that other proteins may be involved in transducing
the OmpA overexpression signal to CpxA. We previously found that NIpE crosslinks to Lpp
(Figure 4-1D). Previous work by Raivio lab PhD student Junshu Wang also reported that the
TonB transport energization protein may be involved in regulating signaling in the Cpx response
(Junshu Wang, PhD thesis). However, deletion of these proteins did not impact the ability of NIpE

to sense OmpA overexpression (Figure 4-7C), suggesting that these proteins are not involved in
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this signaling pathway. Thus, while the C-terminal domain of NIpE is involved in signal
transduction, the path it takes to activate CpxA does not appear to involve its extension into the
periplasm to interact with CpxA by misfolding, nor does it directly involve Lpp or TonB (although

the possibility that other proteins may be involved in signal transduction cannot be ruled out).

NIpE may be a surface exposed lipoprotein
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Figure 4-8. NIpE may be a surface-exposed lipoprotein.

(A) Dot blots of MC4100 strains of the indicated backgrounds. Treatments with the pTrc-nipE
plasmids were expressing WT NIpE with a C-terminal 6xHis tag. — and + indicate the absence of
presence of inducer (0.1 mM IPTG for 30 min). Cell surface blots were conducted on whole cells
spotted onto nitrocellulose membranes. Membranes were blotted with anti-NIpE, anti-Hisx6, and
anti-PhoA (periplasmic control) antibodies. (B) AlphaFold3 model of NIpE-OmpA complexes in E.
coli (ipTM = 0.29 and pTM = 0.41). (C) in vivo crosslinking with both DSS (membrane
permeable) and BS® (membrane impermeable) crosslinkers. Samples were crosslinked with 0.5
mM DSS or BS? for 30 minutes. Samples were analyzed by Western blotting with anti-OmpA
antibody.
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While the canonical pathway for OM lipoproteins ends with their insertion into the inner
leaflet of the OM, accumulating evidence makes it clear that this is not an ironclad rule and that
many lipoproteins become surface exposed (reviewed in (Konovalova and Silhavy, 2015)). The
fact that NIpE is an OM lipoprotein implicated in sensing surface adhesion ((Otto and Silhavy,
2002; Shimizu et al., 2016) led us to hypothesize that NIpE may be surface exposed, allowing it
to sense surface signals. To investigate this, we conducted a whole cell dot blot (Konovalova et
al., 2014). While we did not observe NIpE on cell surfaces at native levels of NIpE expression
(possibly due to its relatively low levels of expression), we did observe that NIpE could become
surface exposed when expressing it from plasmid (Figure 4-8A). Slightly more NIpE is observed
on cell surfaces in the presence of inducer (IPTG), as expected. NIpE surface exposure appears
to be independent of OmpA as NIpE is detected in whole cells in its absence. Because of the
cross reactivity of the anti-NIpE antisera with OmpA (leading to potential detection of surface
exposed loops of OmpA), we also conducted dot blots with an anti-Hisx6 antibody to detect a C-
terminal His-tag on NIpE expressed from plasmid; these blots indicated that NIpE’s C-terminus
becomes surface exposed. Dot blots conducted on whole cells with anti-PhoA (periplasmic
alkaline phosphatase) antibody showed that there was minimal leakage of periplasmic contents

in the cell surface dot blots; thus, it is unlikely that the NIpE detected is due to membrane lysis.

While NIpE does not depend on OmpA for surface exposure, we wanted to further
investigate NIpE-OmpA complexes for insights into what NIpE might be doing at the cell surface.
We modelled NIpE-OmpA complexes using AlphaFold3 (Abramson et al., 2024),. To our surprise,
AlphaFold3 predicted that NIpE interacts with OmpA in E. coli K12 at the cell surface (i.e. the
outer leaflet of the OM), specifically, with the extracellular loops of OmpA. The overall
confidence for the model, however, was relatively low (ipTM = 0.29 and pTM = 0.41), indicating

that this model may not be physiological relevant. However, the AlphaFold3 model of NIpE and

182



OmpA is consistent with several points of data from work presented previously in this chapter.
The model predicts NIpE’s N-terminal domain interacts with OmpA, which is consistent with our
crosslinking results (Figure 4-3B). Furthermore, the model appears to localize the entirety of
NIpE to the cell surface, which is consistent with our observation of the NIpE C-terminal domain

on the cell surface (Figure 4-8A).

To further investigate the AlphaFold3 model, we repeated in vivo crosslinking assays but
modified the assay to include a crosslinking treatment with a hydrophilic, non-membrane
permeable crosslinker bis(sulfosuccinimidyl)suberate (BS?®) in addition to the membrane
permeable DSS crosslinker used previously. Like DSS, BS® possesses an 8 carbon spacer
between N-homoserine lactone moieties which react with primary amines; thus, the crosslinkers
possess identical chemistries, but BS® only labels interactions on the cell surface (Boudreau et
al., 2012). Equimolar concentrations of DSS and BS? were used. Because of the non-specific
band that obscures full length NIpE-OmpA complexes (Figure 4-3B), we used a plasmid
expressing the N-terminal domain of NIpE for crosslinking. Crosslinking of NIpE-OmpA
complexes was observed with both membrane permeable (DSS) and impermeable (BS?)
crosslinkers (Figure 4-8C), providing further evidence that NIpE is surface exposed and that the
AlphaFold3 model may represent true NIpE-OmpA complexes. Crosslinking was slightly weaker
with BS3, which is consistent with its inability to cross the OM and crosslink sites inside the
periplasm or within the membrane. Taken together, these results suggest that NIpE, at least

when overexpressed, may become surface exposed and interact with OmpA at the cell surface.
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Cell wall binding by OmpA’s C-terminal domain is involved in signal transduction

A
E 800 1 empty vector
5, pCA-ompA
:-E' 600 1 T . pCA-0mpApcTp
:§ awod % T s W pCA-0mPAKa13a )
N Y Fekkek T
g o N/
"y 200 1 , N
%
& 0
48‘. % ACTD Dimerization
v(\\‘? AG194-V340 K213A
B
= 800 1 empty vector
.*é pCA-0mpA 1
2 600 - I B pCA-ompApg; PG-binding
£ D262A (PG1)
.%_ - W8 pCA-0mpAsG, R277A (PG2)
g 400 - J * pPCA-0mpAgg. D262A+R277A (PG-)
% 3 s TS
S 200 A 'r
% ; .e
g .

Figure 4-9. The OmpA C-terminal domain influences signaling through NIpE.

The ability of WT OmpA and variants that (A) lack the periplasmic C-terminal domain or are
mutated in the residue involved in dimerization (K213A) or (B) are mutated in residues involved
in peptidoglycan binding to activate the Cpx response in WT and AnipE cells. OmpA expression
was induced with 0.1 mM IPTG for 1 hour after cultures reached mid-log phase of growth.
Shown are mean cpxP-lacZ activities with standard deviations (Tukey HSD test, **p<0.01,
***p<0.005, ****p<0.0001). Significance markers shown directly above bars indicate tests
comparing reporter activity in that strain to that of same strain background overexpressing WT
OmpA.

OmpA is a unique OM protein in both its structure and function. Structurally, OmpA

consists of two distinct domains: an N-terminal, OM-integral 3-barrel domain and a C-terminal
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globular periplasmic domain with a proline-rich unstructured linker connecting these two
elements (Ortiz-Suarez et al., 2016; Smith et al., 2007). OmpA is also thought to adopt a larger
pore conformation, although the physiological circumstances under which this form occurs
remain unclear (Zakharian and Reusch, 2005, 2003). OmpA also appears to dimerize via C-
terminal domain to C-terminal domain interactions (Marcoux et al., 2014; Zheng et al., 2011). To
further investigate how NIpE senses OmpA overexpression, we created vectors expressing
variants of OmpA by site-directed mutagenesis and expressed these variants in WT or AnipE
cells. These variants lack the C-terminal domain all together (OmpAacro) or contain an alanine
substitution for the K213 residue essential for dimerization (Marcoux et al., 2014; Zheng et al.,
2011). Despite this, we observed that the Cpx response is activated to similar levels during
overexpression of both variants, albeit at lower overall levels compared to when the wildtype
OmpA is overexpressed (Figure 4-9A). However, unlike when overexpressing WT OmpA, a
significant decrease in Cpx activity was not seen in the absence of NIpE suggesting that both the
OmpA C-terminal domain and OmpA dimerization are necessary for NIpE signaling from the

OM.

The OmpA C-terminal domain non-covalently binds the peptidoglycan (PG) cell wall, thus
regulating the spatial characteristics of the envelope by providing structural support (Park et al.,
2012; Wang, 2002). Two charged residues located in the C-terminal domain are important for
PG binding: D262 and R277. While these residues were determined in the OmpA of
Acinetobacteri baumanii (Park et al., 2012), these residues are conserved across Gram-negative
bacteria, including E. coli. We mutated these two residues individually (named PG1 and PG2)
and in combination (PG-) and determined the ability of these variants to activate the Cpx
response through NIpE when overexpressed. We observed that mutating any of the OmpA PG-

binding residues to alanine significantly reduces activation of the Cpx response upon
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overexpression in WT cells to a similar extent as deleting nipE (Figure 4-9B), despite these
mutants being expressed at similar levels to WT (Figure S4B). Expressing these variants in a A-
nipE strain resulted in comparable levels of activation to WT (1.9-2.4 fold in WT vs. 1.7-2.0 fold in
AnipE) suggesting that these mutations impact ability of NIpE to sense the OmpA variant being
expressed. Furthermore, we did not observe significantly different levels of Cpx induction when

expressing WT OmpA or the PG binding mutants in the AnipE background.

Importantly, the level of OmpA present in membrane fractions were similar across all
these variants, making it unlikely that periplasmic accumulation of OmpA leads to NIpE signaling
(Figure 4-10A). Co-immunoprecipitation assays also suggest that the variants of OmpA tested
here are able to pull down with NIpE, although the extent to which these variants co-
immunoprecipitate differ between variants (Figure 4-10A). While the OmpA K213A variant is
expressed comparably to WT OmpA, levels of the OmpAacro construct were lower than wildtype,
suggesting this variant is unstable (Figure 4-10B). However, the lack of detection of OmpAacmo
may also be due to OmpA C-terminal domain being the antigen used during commercial
antibody development due to its solubility (therefore relative ease of purification). The specific
antigen used to generate this particular antibody used in this blot was not specified by the
company producing the antibody. The fact that slight activation is seen in the C-terminal domain
deletion strain suggests that some protein is still being expressed in these strains. Taken
together, our results suggest that the OmpA C-terminal domain, and in particular its ability to
bind the cell wall and mediate dimerization, plays a key role in activating the Cpx response

through NIpE when OmpA is overexpressed.
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Figure 4-10. OmpA mutants still interact with NIpE.
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(A) in vivo co-immunoprecipitation assays of strains expressing OmpA PG binding mutants.

Expression of OmpA was induced with 0.1 mM IPTG for 1 hour after cultures reached mid-log

phase of growth. “Input” comprises solubilized membrane preparations from the indicated

strains. Complexes were precipitated with anti-NIpE antibodies immobilized on agarose beads,

and eluted proteins were analyzed by SDS-PAGE and Western blotting with anti-NIpE (bottom

panels) and OmpA (top panels) antibodies. (B) Expression levels of OmpA variants expressed

from plasmid with 0.1 mM IPTG for 1 hour after cultures reached mid-log phase. Lysates were
separated by SDS-PAGE and probed with anti-OmpA and anti-RNAPa (loading control)

antibody. Plasmids were expressed in a AompA expression strain (i.e. in the absence of native

OmpA expression).
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Figure 4-11. NIpE is an OmpA-associated OM sensor.

In the absence of inducing cues, NIpE is efficiently trafficked to the OM where it forms
complexes with OmpA via its N-terminal domain. In the presence of a surface-related cue, such
as surface adhesion, or OmpA overexpression, NIpE and OmpA cooperate to transduce a signal

through the cell wall to CpxA through the C-terminal domains of both NIpE and OmpA.

While emerging work has focused on how NIpE senses OM lipoprotein trafficking defects
(Delhaye et al., 2019; Grabowicz and Silhavy, 2017a; Marotta et al., 2023a; May et al., 2019), its
role as an OM lipoprotein and how it activates the Cpx system in response to surface adhesion
remains unclear (Otto and Silhavy, 2002; Shimizu et al., 2016). In this study, we reveal that NIpE
does not function alone in this latter signaling role but cooperates with the major OMP OmpA
and utilizes its distinct two-domain structure to mediate activation of the Cpx ESR in the

presence of OM-associated signals (Figure 4-11).
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NIpE and OmpA mediate adaptation to surfaces

Bacterial surface adhesion and biofilm growth are complex processes influenced by
many factors including nutrient availability, mechanical stimuli, stress responses, and small
molecule signaling (reviewed in (Berne et al., 2018; O’Toole and Wong, 2016)). Some evidence
has implicated the Cpx response in sensing surfaces (Ma and Wood, 2009; Otto and Silhavy,
2002; Shimizu et al., 2016) and regulating processes related to surface adhesion and growth
(Dorel et al., 2006, 1999; Hung, 2001; Jones, 1997; Jubelin et al., 2005; Lacanna et al., 2016; Ma
and Wood, 2009; Prigent-Combaret et al., 2001; Raivio et al., 2013). However, the precise role of
the Cpx response in mediating adhesion and surface growth appears to be quite complex. The
Cpx response regulates the expression and assembly of adhesion-related appendages such as
curli (Dorel et al., 1999), and chaperone-usher and type IV pili (Hernday et al., 2004; Humphries
et al., 2010; Nevesinjac and Raivio, 2005; Vogt et al., 2010) while also downregulating motility
(De WuIf et al., 1999; Price and Raivio, 2009; Shimizu et al., 2016). Overexpression of NIpE
increases biofilm production through the Cpx-regulated diguanylate cyclase DgcZ (Lacanna et
al., 2016), and deletion of cpxR and nipE diminishes attachment to hydrophobic surfaces (Otto

and Silhavy, 2002).

Our study suggests that NIpE-OmpA complexes are a part of the mechanism by which
the Cpx response responds to signals related to surface growth. OmpA and its homologues are
prominent Gram-negative adhesins and invasins involved in the pathogenesis of several Gram-
negative species (reviewed in (Confer and Ayalew, 2013)). In agreement with emerging
literature, our results expand our understanding of OmpA not only as a virulence factor with
direct implications for host cell adhesion and invasion, but also as a signaling factor mediating
the transduction of surface-related signals to regulatory systems such as the Cpx and Rcs

envelope stress responses. Deleting ompA is sufficient to abolish activation during surface
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adhesion (T. H. S. Cho et al., 2023b), suggesting that NIpE interacts primarily with OmpA to

mediate signaling unlike RcsF, which appears to interact with several OMPs in a similar capacity

(Konovalova et al., 2014).
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Figure 4-12. Outer membrane protein overexpression leads to a general growth defect.

Growth curves of strains overexpressing (A) OmpA, (B) LamB, (C) OmpC, or (D) OmpF.

Indicated strains were grown in the presence of 0.1 mM IPTG (inducer) for 24 hours at 37°C with

shaking. Optical density was read every 30 minutes and plotted as the mean of 3 replicates with

standard deviation.

While defects in OMP biogenesis are a classical inducing cue of the o response, we find

that overexpression of several OMPs induces the Cpx response. This is observed even with

OmpA in the absence of NIpE (Figures 2-5, 2-6, 2-9). This is in line with studies reporting that

the Cpx response may respond to defective OMP biogenesis as a means to protect the IM; the

small regulatory RNA (sRNA) CpxQ downregulates the expression of the chaperone Skp,
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preventing BAM-independent incorporation of OMPs into the IM (Chao and Vogel, 2016;
Grabowicz et al., 2016). Similarly, it’s possible that induction of the Cpx response by OMP
overexpression observed in this study (Figure 4-5), may increase Skp-dependent IM
incorporation of OMPs, thereby activating the Cpx response. In support of this, we noticed that
overexpression of OMPs such as OmpA, OmpC, OmpF, and LamB lead to similar growth defects
(Figure 4-12), suggesting aberrant expression of these proteins generates significant stress for
cells. Overall, this conclusion aligns with the finding that Cpx activation by most OMPs is not
NIpE dependent, and that OmpA overexpression residually induces the Cpx pathway in absence

of NIpE (Figures 4-5, 4-6, 4-9).

The NIpE-OmpA interaction appears to be unique. NIpE does not sense the
overexpression of other OMPs in a similar manner to OmpA (Figure 4-5). Furthermore, if OMP
overexpression does lead to a general increase IM stress, this stress is sensed independently of
NIpE, further reinforcing its role as an OM-specific sensor. While a previous study suggested that
OmpA production leads to increased envelope stress, activating the Cpx response and inducing
biofilm formation via regulation of cellulose production (Ma and Wood, 2009), our results suggest
that NIpE cooperates with OmpA to activate the Cpx response in surface-adhered cells. OMP
overexpression does appear to lead to envelope stress as indicated by an extended lag phase in
growth curves (Figure 4-12); however, it’s unlikely that NIpE senses or mitigates the stress
generated by OmpA overexpression as deleting nipE does not significantly alter growth and
overexpressing other OMPs leads to similar growth phenotypes as overexpressing OmpA. Thus,
rather than functioning as an OMP stress sensor in this role, we hypothesize that NIpE operates
together with OmpA in a signal transduction pathway to mediate Cpx activation in the presence

of a surface-adhesion related inducing signal.
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Interestingly, recent work suggests that NIpE may cooperate with several stress
responses to mediate a response to surface adhesion. Feng and colleagues report that
Enterohemorrhagic E. coli (EHEC) O157:H7 utilizes NIpE to sense adhesion to HelLa cells (Feng
et al., 2022). However, the authors report that NIpE is required for activating the BaeS sensor
kinase of the BaeRS envelope stress response. Activation of BaeS leads to upregulation of locus
of enterocyte effacement (LEE) pathogenesis genes, similar to the pathway reported by Shimizu
and colleagues (Shimizu et al., 2016), except instead of activating LEE through the regulator
LrhA, BaeS activation induces the expression of the regulator AirA. Thus, distinct from the
pathway reported by (Shimizu et al., 2016), NIpE may serve as a sensor of surface adhesion to

promote adhesion-dependent virulence processes.

The precise nature of this surface signal remains mysterious as it is unclear whether
NIpE senses surfaces themselves or some cue present in surface-adhered/biofilm cells. Both
studies on the role of NIpE in surface sensing in E. coli (Otto and Silhavy, 2002; Shimizu et al.,
2016), as well as the study upon which this chapter is based (T. H. S. Cho et al., 2023b),
underscore the importance of hydrophobic surfaces. Furthermore, Shimizu and colleague’s
studies as well as a more recent study find that NIpE may sense adhesion to biotic surfaces,
presumably key for mediating stable colonization of intestinal epithelia in the case of both
commensal and pathogenic E. coli (Feng et al., 2022; Shimizu et al., 2016). Surface sensing may
be mediated by OmpA’s surface exposed loops (Confer and Ayalew, 2013) or, at least as

suggested by the emerging work presented here, directly by surface exposed NIpE.

A recent study questions the role of the Cpx response in direct surface sensing based on
the finding that Cpx-regulated fluorescent reporters are not activated in cells grown in flow
chamber surfaces (Kimkes and Heinemann, 2018). Thus, it is possible that the Cpx response

does not directly sense surfaces themselves but is activated in response to some other signal
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present in surface-adhered cells. To explain the contradictory findings, the authors reason that
cell lysis due to harsh treatment may lead to increased measurement error (and thus Cpx

activation). Kimkes and Heinemann further speculate that the induction of the Cpx response in
the original Otto and Silhavy (2002) study may be due to residual copper present on the beads

used in that study.

We find this study’s conclusions and reasoning unsatisfying for several reasons. Historical
speculation about the possibility of copper present in the reagents used in the Otto and Silhavy
study (2002) activating the Cpx response is roundly refuted by the fact that supernatants from
solutions containing the hydrophobic beads themselves do not activate the Cpx response, as
reported in the original study. Furthermore, while cell lysis during B-galactosidase reporter
assays may lead to measurement error, it is unclear how this leads to Cpx activation in a specific
subset of treatments, particularly considering that the errors present in the original 2002 study
are relatively small, indicating consistent and reliable measurements. The Kimkes and
Heinemann (2018) study also does not faithfully attempt to recreate the B-galactosidase reporter
assay protocol used in the Otto and Silhavy study, further calling into question the validity of any
methodological critiques. Finally, the burden of evidence lies heavily against the Kimkes and
Heinemann study as several studies using techniques not involving harsh treatment of cells
report a role for NIpE in surface sensing (T. H. S. Cho et al., 2023b; Feng et al., 2022; Otto and
Silhavy, 2002; Shimizu et al., 2016). The authors suggestions also do not explain how the Cpx
response is differentially induced by the type of abiotic surface adhered to (e.g. hydrophobic vs.
hydrophilic) (Otto and Silhavy, 2002; Shimizu et al., 2016) or the activation of the response in

cells adhered directly to living cells in tissue culture (Feng et al., 2022; Shimizu et al., 2016).

We argue that the most parsimonious explanation for the work presented in the field is

that CpxRA is indeed sensing some sort of surface signal. OmpA itself is a major surface-
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exposed antigen of Gram-negative bacteria with roles in adhesion and biofilm formation (Confer
and Ayalew, 2013). Furthermore, we show that NIpE may itself become surface exposed (Figure
4-8), suggesting that the Cpx response may directly sense surfaces through complexes of NIpE
and OmpA. It has previously been reported that OmpA levels are increased, both in clinical and
nonclinical strains of E. coli, when cells are grown in surface-adhered biofilms (Orme et al.,
2006). We report that NIpE senses OmpA overexpression, suggesting that the level of OmpA in
the OM may be part of the mechanism by which OmpA and NIpE mediate activation of the Cpx

response in adhered cells.

Signal transduction by NIpE-OmpA complexes

Several studies have implicated OmpA in activating the Cpx response under different
conditions, but no clear mechanisms have been proposed (Ma and Wood, 2009; Vogt and
Raivio, 2014). Our study reports that NIpE interacts with OmpA to signal certain OM signals to
the Cpx response. While caution is required in interpreting our crosslinking data as OmpA is an
incredibly abundant OM protein (Koebnik, 1995), we were able to find evidence for this
interaction using several methods, including co-immunoprecipitations and pull down assays in
our published study (T. H. S. Cho et al., 2023b). That NIpE signals from the OM and not the IM is
made clear by the observations that the N-terminal domain not the C-terminal domain of NIpE
likely interacts with OmpA (Figures 2-3B,E) and that permanently IM-bound NIpE does not
crosslink to OmpA (Figure 4-3F). These findings imply that direct N-terminal domain-CpxA
interactions do not mediate activation of the response in this context. The fact that deleting the
C-terminal domain greatly diminishes induction of the Cpx response during OmpA
overexpression provides support for this interpretation and strong evidence for a model where
signals sensed by NIpE in the OM in conjunction with OmpA are transduced through the C-

terminal domain to induce the Cpx response.
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Our findings naturally draw comparisons to RcsF, another lipoprotein activator of an
envelope stress response (the Rcs phosphorelay) that interacts with OmpA (Cho et al., 2014;
Dekoninck et al., 2020; Hart et al., 2019; Konovalova et al., 2016, 2014; Rodriguez-Alonso et al.,
2020; Tata et al., 2021; Tata and Konovalova, 2019). While RcsF can be folded into the OmpA -
barrel, as evidenced by the requirement for unfolded OmpA for complex formation in vitro
(Konovalova et al., 2014), pull-down assays suggest that NIpE can interact with already folded
OmpA (T. H. S. Cho et al., 2023b), suggesting that NIpE-OmpA complexes do not necessarily
form during OMP biogenesis. Dekoninck and colleagues report that the globular OmpA C-
terminal domain interacts directly with RcsF’s C-terminal domain and propose a buffer
mechanism where OmpA competes with IgaA for RcsF binding (Dekoninck et al., 2020),
although evidence contrary to this model indicates that more work is required to elucidate the

precise mechanisms of OmpA-RcsF signaling (Konovalova et al., 2014; Tata et al., 2021).

In contrast, the NIpE-OmpA signaling interaction appears to be more cooperative than
competitive in nature. While both CpxA and OmpA bind the NIpE N-terminal domain, the spatial
and structural characteristics of this domain make it unlikely that CpxA and OmpA compete for
binding. Furthermore, deleting OmpA does not lead to constitutive activation of the response
(Figure 4-4A) as would be expected if release of NIpE from OmpA is responsible for Cpx
activation. However, it is possible that this is because NIpE may interact with other OMPs. Our
experiments with IM-bound NIpE indicate that NIpE may interact with several OM proteins
(Figure 4-1C); more work is required to determine if NIpE, like RcsF, associates with multiple
OMPs. Regardless, it appears that the relationship between NIpE and OmpA is unique, given that

overexpression of other OMPs does not lead to Cpx activation in an NIpE-dependent fashion.
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Signal transduction by the C-terminal domain of NIpE

Our work supports a model where signals are transduced through the NIpE C-terminal
domain to activate the Cpx response, akin to the models of signaling proposed in the original
structural study (Hirano et al., 2007). However, the precise mechanisms by which the C-terminal
domain accomplishes this remain unclear. Hirano and colleagues propose that partial unfolding
of the N-terminal domain allows for the linker region to extend into the periplasm enough for the
C-terminal domain to directly interact with CpxA (Hirano et al., 2007). However, experiments with
putatively unfolded and permanently folded NIpE do not provide evidence for such a
mechanism. Furthermore, we and previous studies find that the NIpE C-terminal domain is not
needed for direct interaction with the CpxA sensor domain (Delhaye et al., 2019, see Chapter 3

of this this thesis.

This suggests that another mechanism besides direct physical interaction between NIpE
and CpxA may mediate CpxA activation by the NIpE C-terminal domain. One possibility is that
other envelope proteins may mediate NIpE signaling from the OM; we observed that several
crosslinked products are only present when overexpressing OM-localized NIpE compared to
permanently IM-bound NIpE (Figure 4-3F). A recent study in Pseudomonas aeruginosa, reports
that a novel OM complex of MipA and MipB, where MipA folds into an OM-integral 3-barrel and
MipB comprises an OM lipoprotein with an N-terminal B-lactamase fold with additional C-
terminal domains (Janet-Maitre et al., 2024). This MipAB complex senses polymyxins and
activates the ParS-ParR two-component system, mounting a protective response by
upregulating efflux. The authors note that one of the C-terminal domains of MipA possesses high
structural similarity to the N-terminal domain of E. coli’s NIpE, providing an OMP-lipoprotein
pairing with functional similarity to the NIpE-OmpA complex reported here. The presence of

additional domains on both MipB suggests that other domains may be involved in signal
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transduction for this complex. Thus, a far more expansive network of envelope proteins than
what is currently known may be involved in mediating signal transduction through NIpE across

the envelope.

Another (not mutually exclusive) possibility is that the redox state of the disulfide bond
present on the C-terminal domain may mediate signaling through the C-terminal domain of NIpE
(Andrieu et al., 2023; Delhaye et al., 2019). Delhaye and colleagues (2019) found that the
absence of the envelope oxidoreductase DsbA leads to Cpx induction through NIpE. NIpE may
be a substrate for DsbA, specifically its C-terminal disulfide bond (forming between C165 and
C221). Substituting these cysteines for alanines leads to Cpx induction to a similar extent as
deletion of dsbA, suggesting that the reduction status of the disulfide bond on NIpE’s C-terminal
domain is important for sensing periplasmic redox. This mechanism utilizing the redox state of
cysteine residues is a well-characterized of oxidative stress sensing (Vazquez-Torres, 2012).
Further evidence for the involvement of NIpE’s C-terminal domain in sensing periplasmic redox
comes from a recent study in Salmonella Typhimurium showing that N-chlorotaurine, a reactive
chlorine species, activates the Cpx response through NIpE to mount a protective response

against oxidative folding stress (Andrieu et al., 2023).

How exactly redox state contributes to surface sensing is unclear. However, a recent
study from the Burrows lab suggests that such a connection is plausible (Yaeger et al., 2024). In
their study of biofilm formation in P aeruginosa, Yaeger and colleagues identified the OmpA
homologue in this species, OprF, as a key factor in promoting biofilm formation. The authors note
that OprF contains 4 cysteine residues that are capable of forming disulfide bonds and the status
of these bonds control the folding of OprF (Sugawara et al., 2010). Furthermore, Salmonella sp.
utilize their OmpA homologue to respond to oxidative stress (van der Heijden et al., 2016).

Yaeger and colleagues identified other proteins involved in oxidative folding of periplasmic
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proteins, such as DsbA, in their screen. Treatment of cells with a dithiothreitol (DTT), a reducing
agent which should reduce disulfide bonds, abolishes biofilm formation, suggesting that proper
regulation of redox is important for promoting growth on surfaces.
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Figure 4-13. NIpE C-terminal domain disulfide bonds are conserved across species.

(A) AlphaFold2 structure of PA1064, an uncharacterized lipoprotein of Pseudomonas aeruginosa
with a domain resembling the C-terminal domain of E. coli NIpE from the AlphaFold database
(https://alphafold.ebi.ac.uk/). Key structural features are indicated in the panel. (B) Clustal
Omega alignment of the sequence of the E. coli CTD-like domain of PA1064 (aa31-121) with the
C-terminal domain of E. coli NIpE (aa147-236). All conserved residues are indicated with an
asterisk. Conserved disulfide bond residues are indicated with the blue highlighting and other
conserved residues are coloured red. (C) Side by side comparison of the PA1064 N-terminal
domain with the C-terminal of E. coli NIpE.

While the authors note our findings in (T. H. S. Cho et al., 2023b) that NIpE and OmpA
form a surface sensing unit in E. coli, the authors were also unable to find an NIpE homologue in

P, aeruginosa. However (as will be described more extensively in the Appendix), combination
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searches of domains of E. coli NIpE’s N- and C-terminal domains using the UniProt database
protein basic local alignment search tool (Protein BLAST) with the structures available on the

AlphaFold protein structure database (https://alphafold.ebi.ac.uk/) reveals an uncharacterized

lipoprotein in P aeruginosa, PA1064, which possesses a domain resembling the C-terminal
domain of E. coli NIpE (Figure 4-13A). These two domains share a low percent identity of
approximately 18% (Figure 4-13B). PA1064 lacks a domain resembling the E. coli N-terminal
domain. Instead, the C-terminal domain-like fold is present at its N-terminus with a second
unknown domain present at its C-terminus. Important, the shared E. coli C-terminal domain-like
fold possesses an identical disulfide bond to the one present in E. coli NIpE (Figure 4-13C),
which was previously reported to be important for sensing redox state (Delhaye et al., 2019).
Although it is currently unknown if PA1064 forms a complex with OprF (AlphaFold3 predicts a
low confidence model between these two proteins not shown here), future studies of OmpA
homologues across bacteria will provide interesting and novel hypotheses about the function of
the NIpE-OmpA complex discussed here. Future studies in E. coli will also investigate the
contribution of the disulfide bonds of NIpE to signaling from the surface in conjunction with

OmpA.

The OmpA C-terminal domain is involved in signal transduction

We observed that overexpression of OmpA lacking the C-terminal domain results in low
level activation (less than two-fold) of the Cpx response independently of NIpE (Figure 4-9A).
The C-terminal globular domain of OmpA is involved in a number of different functions including
homodimerization (Marcoux et al., 2014) and cell wall binding (Park et al., 2012). Interestingly,
we found that, similar to deleting the C-terminal domain, mutating amino acids associated with
these functions leads to lower levels of Cpx activation and abolishes the dependence of the

remaining activation on NIpE (Figure 4-9). There is controversy around the exact conformation of
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OmpA in vivo; some studies suggest that switching between small pore (presumably with a
globular C-terminal domain) and large pore conformations is possible (Arora et al., 2000;
Zakharian and Reusch, 2005, 2003). Furthermore, portions of the OmpA C-terminal domain can
become surface exposed in Salmonella enterica (Singh et al., 2003). However, the fact that
altering functions associated with the globular C-terminal domain impacts signaling through
NIpE suggests that NIpE interacts with the small-pore, periplasmic domain-containing

conformation of OmpA rather than the larger pore form.

pCA-ompA pCA-ompA
pCA24N 0 mM IPTG 0.1 mM IPTG
75 kDa P OmpA
dimer
50 kDa »
37 kDa >
-— — — - - s | OmpA
DSS: - + - + - +

Figure 4-14. OmpA dimers are observed during OmpA overexpression.

Cultures of WT MC4100 containing the specified plasmids were subjected to in vivo crosslinking
with 0.5 mM DSS for 30 minutes. Samples were subjected to SDS-PAGE and Western blotting
with anti-OmpA antibody.

The molecular basis for how NIpE senses OmpA overexpression also requires further
study. It is possible that increased levels of OmpA may lead to higher levels of OmpA dimers
and/or OmpA bound to the cell wall, which may exclude interaction with NIpE. However, deletion
of ompA does not lead to significant changes in Cpx activation (Figure 4-4), suggesting that
“free” NIpE is not sufficient for NIpE signaling from the OM. Thus, it’s likely that OmpA
overexpression leads to a conformational change in OmpA which allows NIpE to signal through
the envelope in association with OmpA. This conformational change may involve OmpA
dimerization and PG binding, as OmpA dimerization and PG binding mutants show reduced
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ability to activate the Cpx response through NIpE when overexpressed (Figure 4-9).
Furthermore, we have observed putative crosslinked OmpA dimers only during OmpA
overexpression and not at native levels of expression (Figure 4-14), suggesting that OmpA
dimers are more significantly more abundant during overexpression. Molecular dynamics
simulation studies of OmpA suggest that OmpA dimerization alters how OmpA binds to the cell
wall, allowing the C-terminal domain to bind peptidoglycan at a distance from the OM (Samsudin
et al., 2016). Thus, overexpressing OmpA may increase the number of OmpA dimers bound to
the cell wall, altering the properties of the cell wall to allow signaling through it. Alternatively,
NIpE may bind to the same sites in the OmpA CTD as the cell wall such that mutating these sites
also impacts its interaction with NIpE, preventing signaling. The spatial characteristics of the
periplasm, namely the distance between the OM and IM, was previously shown to be a crucial
factor in allowing RcsF to signal across the envelope (Asmar et al., 2017). The association
between signaling proteins such as NIpE and PG-binding proteins such as OmpA may therefore
function to overcome the challenge of signaling across the cell wall by allowing OmpA to “guide”
OM-localized signaling proteins across the cell wall where they can access the IM. Further
investigation of PG-binding envelope proteins and their role in signal transduction may shed light

on how signals are communicated across physically segregated spaces in the envelope.

NIpE surface exposure and its implications

All of the above discussion on the signaling by NIpE from the OM is complicated by the
possibility that NIpE may become exposed on the surface of cells (Figure 4-8). Our results
indicate that both the N- and C-terminal domains of NIpE can become exposed on the surface of
cells. Surface crosslinking further supports the AlphaFold3 model that NIpE interacts with the
extracellular loops of OmpA. This conformation raises questions about NIpE’s role in sensing

redox. For example, if NIpE is exclusively periplasmic, its disulfide bond formation will be more
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tightly regulated by the Dsb system (Ito and Inaba, 2008). However, a surface exposed NIpE
would be subject to environmental factors impacting redox state. Surface exposed NIpE may
also suggest a signaling model where NIpE itself is the main molecular sensor of adhesion to
surfaces and OmpA serves as a signal transduction factor, perhaps through its C-terminal PG
binding domain. Surface exposed NIpE may also be directly involved in adhesion; indeed, Otto
and Silhavy (2002) report that nipE deletion strains are unable to attach to hydrophobic glass
beads. However, our results should be considered with several important caveats. Physical
evidence for surface exposed NIpE is also only present in experiments where NIpE was
expressed from a plasmid at higher than native levels. While exogenous expression of NIpE is
necessary because of its low level of expression natively, this approach does raise concerns

about whether the NIpE seen on the surface is a physiologically relevant phenomenon.

The AlphaFold3 model of E. coli NIpE-OmpA is also low confidence, with ipTM values
below the 0.6 threshold for possible false predictions. However, the model does align with other
findings, namely that the N-terminal domain of NIpE interacts with OmpA at the OM.
Interestingly, AlphaFold3 predicts that NIpE-OmpA pairs from other species, including those with
NIpE that resembles E. coli’s closely such as from Yersinia pseudotuberculosis and Salmonella
Typhimurium, form interactions at OmpA’s periplasmic C-terminal domain, not on its
extracellular loops (Figure 4-15). These alternative complexes suggest three possibilities. First,
the E. coli complex is a true structure but is an anomaly. Second, the AlphaFold3 model of E. coli
NIpE-OmpA is incorrect. Finally, it could suggest that NIpE-OmpA complexes may exist in
multiple conformations, with NIpE present both inside and outside of the cell. Unfortunately, the
above models are low confidence, either matching the confidence of E. coli NIpE-OmpA or being

substantially lower, making it difficult to draw confident conclusions.
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Figure 4-15. AlphaFold3 predicts that NIpE interacts with the C-terminal domain of OmpA

in other organisms.

AlphaFold3 predictions of NIpE-OmpA complexes from four Gram-negative species possessing
either type | (NTD and CTD containing) or type Il NIpE (NTD only). Type | examples include E.
coli (as shown in elsewhere in this chapter), (A) Yersinia pseudotuberculosis (ipTM = 0.32, pTM
= 0.42) (B) Salmonella enterica sv. Typhimurium (ipTM = 0.16, pTM = 0.36). Type Il examples
included here are from (C) Acinetobacter baumanii (ipTM = 0.13, pTM = 0.37) and (D) Vibrio
cholerae (ipTM = 0.18, pTM = 0.35).

With these caveats in mind, our results still raise a number of interesting considerations
about NIpE OM signaling. First, surface exposed lipoproteins in E. coli is not without precedent.
RcsF is thought to be a surface exposed lipoprotein (Konovalova et al., 2014), and its surface
exposure allows it to sense defects in lipopolysaccharide (Konovalova et al., 2016). RcsF,
however, appears to become exposed through OM B-barrel proteins such as OmpF, OmpC, and

OmpA, and thus biogenesis of these complexes is intrinsically tied to their insertion in the OM
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through BamA (Cho et al., 2014; Rodriguez-Alonso et al., 2020; Tata et al., 2021; Tata and
Konovalova, 2019). NIpE, however, can be surface exposed in the absence of OmpA. NIpE is
also structurally distinct from RcsF; the former is a dual-domain lipoprotein (Hirano et al., 2007)
whereas the latter consists of a simpler, single small globular domain attached to an N-terminal
unstructured region (Leverrier et al., 2011). Thus, while the small globular domain of RcsF can
insert itself into the barrel of BamA (Rodriguez-Alonso et al., 2020), it is unclear if NIpE would be

able to do the same.

Instead, the structure of NIpE bears stronger resemblance to a different class of surface
exposed lipoproteins: those brought to the surface by Slam. Slam (surface lipoprotein assembly
modulator) was identified in Neisseria spp. as an OM protein necessary for the display of
bacterial surface lipoproteins (SLPs) on the surface of the OM (Hooda et al., 2016). SLPs are
encoded by several Gram-negative organisms, functioning in nutrient acquisition and immune
evasion (Hooda et al., 2017b, 2017a). Many characterized SLPs possess small 3-barrel domains,
much like NIpE’s N-terminal domain and often contain multiple domains. However, surface
display of Neisserial SLPs in E. coli is only possible with concurrent Slam expression (Hooda et
al., 2016), and K12 strains of E. coli (used in this chapter and throughout this thesis) lack a Slam
homologue (personal communication, Trevor Moraes, University of Toronto). Interestingly, the C-
terminal domain was noted to have an oligonucleotide/oligosaccharide (OB) fold (Hirano et al.,
2007); surface exposed NIpE would have access, then, to a wide array of potential binding
partners outside the cell, possibly in parallel to the nutrient acquisition functions of SLPs in
Neisseria spp. Thus, while the mechanism of surface exposed lipoproteins in E. coli remains
unclear, it is possible that an undiscovered machinery may be responsible for the display of
lipoproteins such as NIpE in a manner analogous to Slam. Future work should solidify the

existence of surface exposed NIpE, especially at native levels of expression using assays such as
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proteinase K “shaving” assays or surface protein labelling (e.g. with 3H-palmitoyl labelling)
(Hooda et al., 2017b) and seek to identify if other E. coli lipoproteins which become surface

exposed.

Conclusions

Recent studies of RcsF clearly establish close links between outer membrane lipoprotein
and OMP biogenesis with significant consequences for bacterial envelope homeostasis (Cho et
al., 2014; Dekoninck et al., 2020; Hart et al., 2019; Konovalova et al., 2016, 2014; Rodriguez-
Alonso et al., 2020; Tata et al., 2021; Tata and Konovalova, 2019). Our findings show that RcsF is
not exceptional in this regard. The implication of OmpA in Cpx response signaling through NIpE
further expands our understanding of OmpA as a novel signal transduction factor that regulates
key adaptive systems and the complex interdependence of envelope biogenesis pathways that
facilitate stress adaptation. Further study of these envelope signaling complexes will be key to
understanding how bacteria respond to stress as well as sense and adapt to the environmental

cues essential for in vivo success.
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Materials and Methods

Bacterial strains, growth, and strain construction

The strains used in this study are listed in Table 2-1. All strains were grown in lysogeny
broth (LB) at 37°C with shaking at 225 RPM that was supplemented with the following
concentrations of antibiotics as appropriate: ampicillin (100 pg/ml), kanamycin (50 pg/ml),
chloramphenicol (25 pg/ml), tetracycline (12 pg/ml), and spectinomycin (25 pg/ml). To induce
expression from inducible promoters, 0.1 mM isopropyl 3-d-1-thiogalactopyranoside (IPTG) or
0.2% L-arabinose was added to cultures that were grown to an optical density of 0.4-0.6 (Asco)

for 0.5-2 hours depending on the experiment.

All whole gene deletion mutants were constructed by P1 transduction using lysates
derived from the corresponding mutants from the Keio library (Baba et al., 2006). Kan® cassettes
were removed using FLP-mediated recombination as previously described (Datsenko and
Wanner, 2000). nipE chromosomal mutants were created by allelic exchange. To create TR50
nipEacto, 1 kb up and downstream of nipE was amplified by PCR, and Gibson assembly (New
England Biolabs) was used to recombine these fragments into pRE112 digested with Xbal and
Pael. Gibson reaction products were transformed into OneShot PIR1 competent cells (Thermo
Fisher). Allelic exchange vectors were sequenced prior to conjugation (Molecular Biology
Facility, University of Alberta). Suicide vectors were then transformed into the donor strain
MFDApir and mated with the recipient TR50 strains on LB plates with 0.3 mM diaminopimelic
acid (DAP). Transconjugants were selected by plating on LB with chloramphenicol and
incubating overnight. To select for double crossovers, a chloramphenicol-resistant colony was
grown in LB with no antibiotics for 6 hours and plated onto LB without NaCl with 5% sucrose and
incubated at room temperature for two nights. Sucrose-resistant colonies were screened by
PCR to identify colonies with the correct mutation.
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Expression vector construction and site-directed mutagenesis

The plasmids used in this study are listed in Table 2-2. Overexpression plasmids were
created by restriction digest cloning utilizing standard procedures and the primers listed in Table
2-3. Site-directed mutagenesis was used to introduce deletions and substitutions into expression
vectors using the Q5 site-directed mutagenesis kit (New England Biolabs) and according to
manufacturer’s instructions. The primers used for site-directed mutagenesis are listed in Table 2-
3. For consistency, the numbering of amino acids in envelope proteins throughout this study
includes the amino acids of the signal peptide. The sequence of inserts/mutants were confirmed

by sequencing (Molecular Biology Facility, University of Alberta).

B-galactosidase assays

cpxP-lacZ activity was measured by quantifying B-galactosidase activity as previously
describe (Buelow and Raivio, 2005; Slauch and Silhavy, 1991). Briefly, E. coli TR50 (MC4100
cpxP-lacZ) were grown overnight in LB and then subcultured in 2 ml LB. Cultures were spun
down and cell pellets were resuspended in Z-buffer (Miller, 1972). The optical density (OD at
Asoo) was measured and then each culture was treated with chloroform and sodium dodecyl
sulfate (SDS) and vortexed to release B-galactosidase. B-galactosidase activity was quantified by
measuring the A4 of each culture 25 times at 30s intervals after the addition of 10 mg/ml ortho-
nitrophenyl B-galactoside (ONPG). cpxP-lacZ activity was calculated as the maximum slope of
the linear region of A0 measurements standardized to that culture’s OD. The statistical

significance was calculated using unpaired t-tests (Prism, Graphpad).

In vivo DSS crosslinking

In vivo crosslinking with the membrane permeable crosslinker disuccinimidyl suberate

(DSS; Thermo Scientific) was conducted as previously described with minor modifications (Lu et
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al., 2012). The optical density (Asoo) Of cultures was used to collect a standardized amount of
cells corresponding to an OD 2.0 in 200 pl. Cells were washed four times with phosphate
buffered saline (PBS) and then subjected to crosslinking with 0.5 or 1 mM DSS for 30 minutes at
room temperature. 5 ul of 1 M Tris-HCI was added to quench any excess crosslinking reagent for
5-10 minutes. Cells were then washed one more time with PBS. Cell lysates were prepared by
resuspending pellets in MilliQ H,O and 2xLaemmli sample buffer (Sigma) and heating at 95°C
for 5 minutes. SDS-PAGE and Western blotting was used to visualize crosslinked complex

formation.

Co-immunoprecipitation assays

Large volume cultures were growth to OD 1.0 at 37°C with shaking at 225 RPM. Cells
were harvested and washed once with PBS. The optical density was standardized across all
cultures at this stage (~OD 12 in 20 ml of PBS). Cells were gently lysed using the BugBuster
Master Mix reagent (EMD Millipore) with 1 tablet per sample of cOmplete Protease Inhibitor
Cocktail (Roche) for approximately 2 hours. Debris and unlysed cells were pelleted by
centrifugation at 15,000xg for 20 minutes. Lysates were then centrifuged at 43,000 RPM at 4°C
for 45 minutes to pellet membranes. Membrane pellets were solubilized in membrane
solubilization buffer (25 mM Tris-HCI pH 7.4, 150 mM NacCl, 0.5% Triton X-100) overnight with
gentle rotation. Co-immunoprecipitations were conducted with the Pierce Crosslink IP Kit
essentially according to manufacturer’s instructions. BCA assays (Pierce) were used to calculate
sample protein concentrations; 1 ug of membrane preparations was used in assays. Co-
immunoprecipitations were conducted overnight at 4°C with gentle rotation. Eluates from co-

immunoprecipitations were analyzed by SDS-PAGE and Western blotting.
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SDS-polyacrylamide gel electrophoresis and Western blotting

SDS-PAGE and Western blotting was conducted according to standard protocols. Where
indicated, protein concentrations of solutions were determined by BCA protein assay (Pierce)
following manufacturer’s instructions. Briefly, samples were separated on 8-12% SDS-PAGE gels
and transferred to nitrocellulose membranes using semi-dry transfer (BioRad Trans-Blot Semi-
Dry Transfer Cell). Membranes were blocked in 5% non-fat milk in Tris-buffered saline with 0.1%
Tween-20 (TBST) and probed with primary antibody overnight at 4°C in 2% BSA in TBST at the
following concentrations: anti-NIpE (rabbit polyclonal, this study, 1:8,000-40,000), anti-Hisx6
(mouse monoclonal, Invitrogen, 1:10,000-20,000), anti-OmpA (rabbit polyclonal, Antibody
Research Corporation, 1:5,000-10,000), anti-CpxA-MBP (rabbit polyclonal, (Raivio and Silhavy,
1997), 1:10,000) and anti-RNAP alpha subunit (mouse monoclonal, BioLegend, 1:5,000).
Chemiluminescent alkaline phosphatase (AP)-conjugated (BioRad) or fluorescent IRDye 800CW
(goat anti-rabbit) and 680RD (goat anti-mouse) antibodies were used to detect proteins.
Chemiluminescent signal was generated using the Immun-Star AP chemiluminescence kit
according to manufacturer’s instructions (BioRad). All blots were imaged using a BioRad
ChemiDoc imaging system. Where applicable, relative levels of protein bands were quantified

using ImageJ.

Whole cell dot blotting

Dot blot assays were conducted as previously reported (Konovalova et al., 2014). Briefly,
cell cultures grown to mid-log phase were concentrated to an OD of 1.0 in phosphate buffered
saline (PBS). Each standardized sample was split in half; one half was lysed using a sonicator
(cell lysate control) and spotted onto nitrocellulose membranes and the other half was spotted
directly onto nitrocellulose membranes. After spots were allowed to air dry, membranes were

blocked and probed as described above. Alkaline phosphatase conjucated secondary antibodies
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were used and images were developed using the Immun-Star AP chemiluminescence kit
according to manufacturer’s instructions (BioRad) and imaged using a BioRad ChemiDoc

imaging system.

Growth curves

Growth curves were conducted with cultures grown in 96-well plates. Briefly, 2 ml
subcultures of all strains were grown for 1 hour at 37°C with shaking at 225 RPM. At 1 hour, 0.1
mM IPTG was added to each culture and 200 ul was aliquoted into 96-well plates. This plate was
then grown in a Cytation5 plate reader (BioTek) at 37°C with continuous shaking. OD600 was

read every 30 minutes for 24 hours and curves were plotted in Prism (Graphpad).
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Tables

Table 4-1. Strains used in this study.

Strain Description Source
MC4100 | F_araD139 (argF-lac)U169 rpsL 150 (Casadaban, 1976)
(Strr) relA1 fibB5301 decC1 ptsF25
rbskR
TR50 MC4100 ARS88[cpxP*-lacZ] (Raivio and Silhavy,
1997)

VM36 TR50 AnipE Vincent Man
TC451 | TR50 AnipE ompA::kan This study
TC70 TR50 + pCA-nipE This study
TC209 | TR50 + pTrc-nipEwr This study
TC210 | TR50 + pTrc-nipEntp+L This study
TC211 | TR50 + pTrc-nipE.137 This study
TC212 | TR50 + pTrc-nipEntmo This study
TC213 | TR50 + pTrc-nipE1-101 This study
TC214 | TR50 + pTrc99A This study
TC322 | TR50 + pTrc-nipEcro+L This study
TC322 | TR50 + pTrc-nipEcto This study
TC453 | TR50 + pBAD18 This study
TC454 | TR50 + pBAD18-nipEwr This study
TC455 | TR50 + pBAD18-nIpEntosL This study
TC468 | TR50 + pBAD18-nlpEpp This study
TC469 | TR50 + pBAD18-nipEntpL+pp This study
TC272 | TR50 + pCA24N This study
TC273 | TR50 + pCA-ompA This study
TC274 | TR50 + pCA-ompF This study
TC275 | TR50 + pCA-ompC This study
TC276 | TR50 + pCA-lamB This study
TC277 | VM36 (TR50 AnipE) + pCA24N This study
TC278 | VM36 + pCA-ompA This study
TC279 | VM36 + pCA-ompF This study
TC280 | VM36 + pCA-ompC This study
TC281 | VM36 + pCA-lamB This study
TC375 | TR50 + pCA-ompX This study
TC376 | TR50 + pCA-ompW This study
TC377 | TR50 + pCA-ompT This study
TC378 | VM36 + pCA-ompX This study
TC379 | VM36 + pCA-ompW This study
TC380 | VM36 + pCA-ompT This study
TC408 | TR50 + pCA-ompAncto This study
TC414 TR50 + pCA-OmpAp1gsSTop This study
TC415 | TR50 + pCA-0mpAkziaa This study
TC416 VM36 + pCA-OmpAp1gsSTop This study
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TC417 | VM36 + pCA-0mpAkaiaa This study
TC462 | TR50 + pCA-ompAerc1 This study
TC463 | TR50 + pCA-ompAerc: This study
TC464 | TR50 + pCA-ompArc This study
TC465 | VM36 + pCA-0mpAepci This study
TC466 | VM36 + pCA-ompAec2 This study
TC467 | VM36 + pCA-ompAec This study
TC352 | TR50 AompA This study
TC427 | TC352 + pCA24N This study
TC428 | TC352 + pCA-ompA This study
TC429 | TC352 + pCA-ompAacto This study
TC430 TC352 + pCA-OmpAP1gssTop This study
TC431 TC352 + pCA-ompAkaiaa This study
TC478 | TC352 + pCA-ompAeci This study
TC479 | TC352 + pCA-ompAec: This study
TC480 | TC352 + pCA-ompAec’ This study
TC494 | TC492 + pBAD18-nIpEwr This study
TC495 | TC492 + pBAD18-nIpEnto+L This study
TC472 | OneShot PIR1 + pRE112-nIpEnto+L This study
TC493 | MFDpir + pRE112-nipEnto-L This study
TC496 | TR50 nipEacto This study
TC498 | TC496 + pCA24N This study
TC499 | TC496 + pCA-ompA This study
TC564 | TC561 + pCA24N This study
TC565 | TC561 + pCA-ompA This study
TC561 TR50 n/pE|ock(E11gc+T134C) This study
TC556 | TR50 nipEcxs This study
TC492 | TR50 Ipp::kan This study
TC494 | TC492 + pBAD18-nIpEwr This study
TC495 | TC492 + pBAD18-nIpEnto+L This study
VM34 | TR50 AfonB Vincent Man
TC531 | VM34 pCA24N This study
TC532 | VM34 pCA-ompA This study
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Table 4-2. Plasmids used in this study.

Plasmid Description Source
pCA24N Empty ASKA library vector (Kitagawa et
al., 2006)
pCA-nipE NIpE expression, IPTG-inducible, ASKA library (Kitagawa et
(GFP-) al., 2006)
pCA-ompA OmpA expression, IPTG-inducible, ASKA library (Kitagawa et
(GFP-) al., 2006)
pCA-ompF OmpF expression, IPTG-inducible, ASKA library (Kitagawa et
(GFP-) al., 2006)
pCA-ompC OmpC expression, IPTG-inducible, ASKA library (Kitagawa et
(GFP-) al., 2006)
pCA-lamB LamB expression, IPTG-inducible, ASKA library (Kitagawa et
(GFP-) al., 2006)
pCA-ompX OmpX expression, IPTG-inducible, ASKA library ((Kitagawa et
(GFP-) al., 2006)
pCA-ompW OmpW expression, IPTG-inducible, ASKA library ((Kitagawa et
(GFP-) al., 2006)
pCA-ompT OmpT expression, IPTG-inducible, ASKA library (Kitagawa et
(GFP-) al., 2006)
pCA-ompAacto Expresses OmpAaigs-a40; based on pCA-ompA This study
PCA-0mMpAp19sstop Expresses OmpA.197; based on pCA-ompA This study
PCA-0mpAkaisa Expresses OmpAxz13a; based on pCA-ompA This study
pPCA-0mpAec+ Expresses OmpAnze2a; based on pCA-ompA This study
pCA-ompAerc2 Expresses OmpArz77»; based on pCA-ompA This study
pCA-ompAec Expresses OmpAnzs2a+rer7a; based on pCA-ompA This study
pTrc99A Empty expression vector, IPTG-inducible (Amann et al.,
expression from frc promoter 1988)
pTrc-nipEwr NIpEwr expression vector; C-terminal 6xHis tag This study
pTrc-nlpEnrp+L NIpEnto+L €xpression vector; C-terminal 6xHis tag This study
pTrc-nipE 137 NIpE.1s7 expression vector; C-terminal 6xHis tag This study
pTrc-nipEnto NIpEnto expression vector; C-terminal 6xHis tag This study
pTrc-nipE 1101 NIpE.101 expression vector; C-terminal 6xHis tag This study
pTrc-nlpE «cto NIpEcro+L expression vector; C-terminal 6xHis tag This study
pTrc-nipEcrmo NIpEcto expression vector; C-terminal 6xHis tag This study
pBAD18 Empty expression vector, arabinose-inducible (Guzman et
al., 1995)
pBAD18-nipEwr NIpEwr expression vector; C-terminal 6xHis tag This study
pBAD18-nIpEntosL NIpEnto+L expression vector; C-terminal 6xHis tag This study
pBAD18-nipEpp Full length NIpE with +2/3 DD Lol avoidance This study
sequence expression vector; C-terminal 6xHis tag
pBAD18-niIpEnoL+pp NIpEnmo+L With +2/3 DD Lol avoidance sequence This study
expression vector; C-terminal 6xHis tag
pJW1 Vector encoding cpxP-lux transcriptional reporter | (Price and
Raivio, 2009)
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Table 4-3. Primers used in this study.

Primer Name

Sequence

Notes

CGCA CCATGG TG AAA AAA GCG ATA GTG

Forward primer for cloning nipE

GTG

nlpE_Ncol_F ACA G into pTrc99A
GCA GAATTC ATG GTG AAA AAA GCG ATA Forward primer for cloning nlpE
nipE_EcoRI_F into pBAD18

nlpE_WT_His_Hindlll_R

TGCC AAGCTT TTA GTG GTG GTG GTG GTG
GTG CT CGA GCT GCC CCA AAC TAC TGC
AAT C

Reverse primer for cloning full
length nipE with C-term His tag
into pTrc99A and pBAD18

nipE_NTDL_His_Hindlll_R

TGCC AAGCTT TTA GTG GTG GTG GTG GTG
GTG CT CGA GCG GCG TCA TAG GTA AAC
TGG A

Same as above but for nipE
A146-236 (NTD+L)

nlpE_NTD_His_Hindlll_R

TGCC AAGCTT TTA GTG GTG GTG GTG GTG
GTG CT CGA GCA TCT CCA GCG CAT CGC
CTT T

Same as above but for nipE
A138-236 (NTD)

nipE120_His_Hindlll_R

TGCC AAGCTT TTA GTG GTG GTG GTG GTG
GTG CT CGA GCG CTT CCA GCG TAT AGT
TGA A

Same as above but for nipE
A120-236 (1-120)

nlpE101_His_Hindlll_R

TGCC AAGCTT TTA GTG GTG GTG GTG GTG
GTG CT CGA GGG TTA ATA CCA GCT TGT
CAG C

Same as above but for nipE
A102-236 (1-101)

Q5SDM_CTD_F

ATG ACC CTG CGG GGC ATG

For generating pTrc-nipEcto

Q5SDM_CTD_R

CCG ATT ATT ACA TCC CAT CAG AGT AAA
GAG

For generating pTrc-nipEcto

Q5SDM_CTDL_F

CTC GAT CGT GAA GGC AAT C

For generating pTrc-nipEL+cto

Q5SDM_CTDL_R

CCG ATT ATT ACA TCC CAT CAG

For generating pTrc-nipEL+ctp

Q5SDM_K213A_F

AGT ACA GAC CGC GCA CTT CAC TCT GAA
GTC TGA CGT TCT G

For generating pCA-ompAk213a

Q5SDM_K13A_R

TCC GGT GCC GGA GCT GGA

For generating pCA-ompAk213a

Q5SDM_delCTD_F

GTA ACT CAG CCG CAG GCT

For generating pCA-ompAacTo

Q5SDM_delCTD_R

CTG ACC GAA ACG GTA GGA AAC

For generating pCA-ompAactop

Q5SDM_OmpAPG1_F

GGG TTA CAC CGC CCG CAT CGG TT

For generating pCA-ompAerc1

Q5SDM_OmpAPG1_R

AGA ACA ACT ACG GAA CCG TCT TTC

For generating pCA-ompArc1

Q5SDM_OmpAPG2_F

GTC CGA GCG CGC CGC TCA GTC TG

For generating pCA-ompApc2

Q5SDM_OmpAPG2_R

AGA CCC TGG TTG TAA GCG

For generating pCA-ompArc2

Q5SDM_NIpEDD_F

GAT GGG ATG TGA TGA TCG GGC CGA AG

For generating pBAD18-nlpEob,
nipEntoL+pp

Q5SDM_NIpEDD_R

AGA GTA AAG AGG CTG ATT ACA G

For generating pBAD18-nlpEbb,
nlpEnToL+DD

GIB_NTDL_UP_F

GAG CTC GAT ATC GCA TGC GGC GAA AGT
AAG CGC CTT TG

For generation of suicide vector
to delete NIpEctp (upstream
fragment)

GIB_NTDL_UP_R

ACG GGT TAC GGC GTC ATA GGT AAA CTG
GA

See above

GIB_NTDL_DWN_F

GAC GCC GTA ACC CGT CTT GAG ACA GAA
ACA AAC G

For generation of suicide vector
to delete NIpEctp (downstream
fragment)

GIB_NTDL_DWN_R

CGA TCC CAA GCT TCT TCT AGA CTG TTT
CTC CCC AGC TTT CTT TTA CT

See above

pTrc99A F GTT CTG GCA AAT ATT CTG AAA For checking inserts in pTrc99A
pTrc99A R ATT TAA TCT GTA TCA GGC TGA For checking inserts in pTrc99A
For checking ompA
ompA_F TCT CTT CTG TAA ATT GTC GCT chromosomal locus
For checking ompA
ompA_R GCA AAA AAT CGA TCG ATC TGG chromosomal locus
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Overall Conclusions

The envelope is an essential and complicated structure that is carefully constructed,
monitored, and protected. As the global antimicrobial resistance crisis deepens (Murray et al.,
2022), efforts to understand how bacteria combat stress to this layer are critical. Envelope stress
responses such as the CpxRA system play an essential role in the cell’s overall strategy to
preserve the integrity of the envelope. This protection, however, extends beyond model
organisms such as laboratory strains of E. coli. The Cpx response has long been noted for its
role in the pathogenesis and colonization of several key Gram-negative bacteria (Flores-Kim and
Darwin, 2014; Hews et al., 2019; Raivio, 2005). Deleting the CpxRA system in organisms such as
Citrobacter rodentium and mouse commensals strains of E. coli is sufficient to completely

prevent colonization in vivo (Lasaro et al., 2014; Thomassin et al., 2017, 2015).

In Chapter 2 of this thesis, we (with our long-time collaborators in Dr. Mark Glover’s lab)
investigate the periplasmic domain of CpxA and how it regulates signaling in this system. This
domain, while adopting a rather common sensory PAS fold, is unique in that it arranges them in
a dimer not seen in other sensor kinases. The study initially characterizing several hyper-active
cpxA* mutations in the periplasmic domain of CpxA was published over 20 years ago (Raivio
and Silhavy, 1997). Our model of CpxA provides a compelling molecular basis for these
historical alleles, answering decades old questions about why so many mutations in this region
of CpxA hyper activate it and render it blind to inducing signals. Furthermore, this model
contributes to our understanding that sensor kinases utilize diverse sensor domains (Bhate et al.,
2015; Cheung and Hendrickson, 2010; Gao and Stock, 2009). While sensor kinases possess use
many different folds as sensor domains, our study reports that CpxA uses a common fold in a

unique and creative way. Given the breadth of signals that sensor kinases recognize, it is
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unsurprising that even common domains, such as PAS domains, can be evolved to be used in

“unorthodox” ways, perhaps allowing sensor kinases to sense an even more set of stimuli.

From a more practical angle, the results of this study may facilitate efforts to target CpxA
via novel therapeutics. Recent studies have isolated compounds that lead to aberrant CpxA
activation and attenuate the virulence of uropathogenic E. coli in a mouse model (Dbeibo et al.,
2018; Fortney et al., 2022; Li et al., 2019; van Rensburg et al., 2015). Several other studies note
that aberrant activation of the CpxA response strongly represses the virulence of organisms
such as Haemophilus ducreyi and Salmonella Typhimurium (Humphreys et al., 2004; Spinola et
al., 2010); thus, hyper-activation of CpxA may be a viable strategy for anti-virulence drugs (T. H.
S. Cho et al., 2023a). Because our structure focuses on the activation of CpxA, this structure and
our model of CpxA activation will be a useful tool for targeted studies of CpxA as a drug target

going forward.

In Chapters 3 and 4, we explore the outer membrane lipoprotein NIpE in detail, especially
focusing on how it signals in the Cpx response. The emerging picture over about 20 years of
study is that NIpE is a versatile lipoprotein sensor that plays roles in sensing lipoprotein
biogenesis defects, surface sensing, metals, and periplasmic redox state (Delhaye et al., 2019;
Grabowicz and Silhavy, 2017a; Gupta et al., 1995; May et al., 2019; Otto and Silhavy, 2002;
Shimizu et al., 2016; Snyder et al., 1995). We expand on the molecular mechanisms of NIpE
signaling at the inner membrane via interacting with CpxA and suggest that cells may regulate
NIpE signaling by controlling its stability. Furthermore, we report a novel role for it’s C-terminal
domain in activating CpxA from the outer membrane and report the molecular details of how
NIpE interacts with the major OMP OmpA. In particular, OmpA’s ability to bind the cell wall is
critical for signaling from the outer membrane, suggesting that NIpE signaling in the envelope is

coordinated with OMP (via OmpA) and cell wall biogenesis/structure.
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Like with CpxA, understanding the mechanisms of NIpE signaling has several practical
applications. Biofilms are a key contributor to antimicrobial resistance (Singh et al., 2017). The
NIpE homolog of Acinetobacter baumanii is highly induced in a multi-drug resistant strain that is
a strong producer of biofilms (Siroy et al., 2006). Thus, study of NIpE and OmpA signaling in the
Cpx response is highly relevant for understanding how bacteria sense surfaces and form
biofilms. NIpE’s inner membrane signaling role is also significant in light of emerging and
established antimicrobials that target lipoprotein biogenesis (Nickerson et al., 2018; Olatunji et
al., 2020). Work implicating NIpE in sensing and resisting stress caused by metals such as
copper (Gupta et al., 1995; May et al., 2019) is especially relevant given the importance of
copper in human innate immune strategies against bacterial pathogens (Besold et al., 2016;

Chaturvedi and Henderson, 2014; Dupont et al., 2011; Festa and Thiele, 2012).

Understanding the mechanisms of sensing and transducing signals in the Cpx response
is essential to our overall understanding of this system; to effectively counter damage to the
envelope, the CpxRA system must first detect relevant signals and transduce them before
activating a global transcriptional response. This thesis significantly contributes to our
understanding of how the sensor kinase CpxA becomes activated and how the outer membrane
lipoprotein NIpE functions as an activator of CpxA in several contexts. Continued studies of
these proteins will expand our understanding of how bacteria sense signals in their envelopes
and how we can leverage this knowledge to face future challenges surrounding antimicrobial

resistance and bacterial disease.
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Appendix — Evolution of NIpE across bacterial species

Appendix Results and Discussion

Type | and Il variants of NIpE

Throughout our studies of the outer membrane lipoprotein NIpE, we have always been
intrigued by the observation that NIpE homologs differ significantly across Gram-negative
bacteria. The original structural study noted that NIpE homologs fell into two broad categories
(Hirano et al., 2007). The first are those that possess both N- and C-terminal domains in a similar
configuration to NIpE in E. coli (named type | NIpE). Interestingly, all the identified type | variants
of NIpE in this study hailed from species in Order Enterobacterales (e.g. from genera such as
Escherichia, Yersinia, Salmonella, and Shigella). In contrast, Hirano and colleagues (2007)
noticed that several species possessed a truncated variant of NIpE lacking the C-terminal
domain. These variants were named type Il NIpE, and included homologs from species such as
Vibrio cholerae, Shewanella oneidensis, Acinetobacter sp., Bordatella parapertussis, and
Bacteroides fragilis. These species are found in a much broader range of bacterial taxa, differing
from up to the phylum level between Bacteroides fragilis (Phylum Bacteroidota) and all other

species (which belong to Phylum Pseudomonadota).

The relevance of this diversity in NIpE domain organization is unknown. Part of the
mystery comes from lack of studies of NIpE in species outside of Enterobacteriaceae.
Acinetobacter baumanii’s type Il NIpE homolog is produced at higher-than-normal abundance in
a multi-drug resistant strain that also strongly produces biofilms (Siroy et al., 2006), and a recent
study in a different strain reports that NIpE is upregulated in response to exogenous sulfide

(Walsh et al., 2020). However, the Cpx response of A. baumanii has not been characterized (if it
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even possesses a homologous system at all) so it’s difficult to know if NIpE in this species

functions similarly to enterobacterial NIpE.

Figure 0-1. Type | and Il variants of NIpE.

Representative structures of the N-terminal domains of (A) type | (from E. coli) (from the
AlphaFold database) and (B) type Il (from Shewanella oneidensis) NIpE (PDB 3LHN) variants of
NIpE. (C) shows the N-terminal domain of the type Il Acinetobacter baumanii NIpE. The

universally conserved CXXC disulfide motif is shown in yellow.

AlphaFold models predict that, despite relatively low sequence conservation, type | and I
homologues of NIpE, adopt highly similar folds (Appendix Figure 0-1). Coincidentally, we found
that the crystal structure of the type Il NIpE from Shewanella oneidensis was deposited to the
Protein Data Bank (PDB code 3LHN). This crystal structure again confirms that N-terminal
domains across type | and || homologs adopt similar B-barrel folds (Appendix Figure 0-1). An
expanded alignment of type | and Il NIpE is shown in Appendix Figure 0-2. These alignments
show that the most universally conserved features (outside of the acylated N-temrinal cysteine)

are two sets of disulfide bonds, one per domain.
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Figure 0-2. Expanded alignment of type | and Il NIpE sequences.

Protein sequences of NIpE (CutF) homologs in multiple Gram-negative species were aligned

using Clustal Omega. The organisms used here are: Type I-containing (blue) - Proteus mirabilis,

Xenorhabdus bovienii, Enterobacter asburiae, Klebsiella pneumoniae, Escherichia coli, Shigella

sonnei, Salmonella enterica, Salmonella bongori, Pectobacterium parmentieri, Edwardsiella

piscicida, Serratia marcescens, Yersinia enterocolitica, Yersinia pseudotuberculosis, and Type II-

containing (Red) - Campylobacter showae, Moraxella catarrhalis, Shewanella putrefaciens,

Acinetobacter indicus, Acinetobacter baumanii, Vibrio cholerae, Vibrio vulnificus, Vibrio

parahaemolyticus, Vibrio alginolyticus. Universally conserved Cys21 is highlighted in red and

disulfide bond forming cysteines in blue.
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Figure 0-3. R93 is only conserved in C-terminal domain containing NIpE.

TSDDNRSFFESGTWSLSKDKLTLTNSYGEK-—--——==————-——— SYYLPREDKLVMLDI 115

AKNEENTFFETGHWIKSGKKIDLTHEDGKK-—-————=——————— SYYQMKGENLVMLDTI 122
VK-EPSSFATYGTWARTAEKLVLTDTSGEK-——————=—===—=——~ TFFRAKGEGMEMLDR 120
ARREPSSFASYGTWARTADKLVLTNSKGEK-—-——————==———— SYFRAKGDKLEMLDR 121
AREEPSSFASYGTWARTADKLVLTDSKGEK-—-—————-——————— SYYRAKGDALEMLDR 122
AREEPSSFASYGTWARTADKLVLTDSKGEK-————————=—=————— SYYRAKGDALEMLDR 122
VREEPSSFASYGTWARTADKLVLTDSNGEK-—-————=——————— SYYRAKGNELEMLDR 122
VREEPSSFASYGTWARTADKLVLTDSNGEK-—-———————————— SYYRAKGDALEMLDR 122
TQPGENVFSSYGQWRRTADKLVLTERSGEK-——————————=——— HYFRPVVKGLELLDE 116

SRDGDQSFAEYGRWQRTADRLVLIGSDGE RYFRPVGNDMRLLDA 115

SKDGDQTFADYGKWARTADKLVLTD. RYFRPVGKSLEMLDR 115

SKEGDQAFAEYGKWARTADKLVLTTGO! RYFRPVGKNLVMLDQ 11°¢

TKDGDQTFAEYGKWARTADKLVLTNGQGEK-—-===========~ RYFHPVDKSLVMLDQ 115
KIA--QRELQTGIYEIEGNTLRVTNQYREKLNFEISGDTLRQISNQNSFIKENFAQERIY 144
KPN--GQVTTQGTYDINGVDNQYVLLHPND----———-— HADTPPYLIYMDKDSVQFRDL 152
KDE--KIFKVTGTAVWDAQGQKITLADG-——=======—=————-' TQYLVGENQLIMLDT 128

RANG-QESKITGTFEFDPNDPAVIILDQAA---————-—==N--| NRKFFVGENFIEARDV 135

KGDA-NPFETHGKFTFDKDNTSVITLDDKA----——=====Q-— NRKFFIGENTATALDM 140
KQD--GTFKSEGHFNWDESGSVVTLEGE-G-—-——-—-——=§—— LNQYFVGENVLMMLDI 150
--PNQYFVGENMLMMLDM 155
—-PNQYFVGENVLMKLDM 159

N
Q
KEG--EPFASQGTFVWNEAGNIVTLQTGDQ-————-----— T--GRQFMVGENTLSHLDM 144
S
KED--GKFKSEGHFTWDENGSTVTLTDE-D-—-————==——, A

A

KED--GQSKSEGQFTWDANGSIVTLTNE-D-—-————-——-,

R93 is highlighted in cyan and neighbouring K97 is highlighted in blue (both numbered based on

residues in E. coll).

In Chapter 3, we reported that the positively charged arginine 93 residue is critical for

activating CpxA at the inner membrane. This residue was also independently reported as the key

residue for NIpE-CpxA interactions by others (Marotta et al., 2023). Interestingly, we find that this

critical residue is only conserved in type | homologs of NIpE that also possess a C-terminal

domain (Appendix Figure 0-3). This is somewhat puzzling as the C-terminal domain is

completely dispensable for the ability of NIpE to alert CpxA to defective lipoprotein biogenesis;

the C-terminal domain does not appear to physically interact with CpxA, nor is it required to

activate CpxA when NIpE is mislocalized to the inner membrane (see Chapter 3 of this thesis

and (Delhaye et al., 2019; May et al., 2019)). If the N-terminal domain’s ancestral function is to

activate CpxA at the inner membrane, why is this key residue not conserved in all N-terminal

domain containing species?
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Figure 0-4. AlphaFold3 modeling of NIpE-CpxA complexes across species.

Low confidence models of NIpE-CpxA complexes are shown in (A) V. cholerae (ipTM = 0.18,
pTM = 0.43) and (B) Shewanella oneidensis (ipTM = 0.15, pTM = 0.4). Higher confidence models
of complexes in (C) E. coli (ipTM = 0.75, pTM = 0.73), (D) Yersinia sp. (ipTM = 0.75, pTM = 0.72),
and (E) Klebsiella sp. (ipTM = 0.72, pTM = 0.73) are also shown.

It's possible that the N-terminal domain of type Il NIpEs still interact with the CpxA
homologs in their respective species, but just by different residues. However, preliminary
investigations do not bear this out. AlphaFold3 does not confidently predict interactions between
CpxA and NIpE in two organisms with type Il NIpE (V. cholerae and Shewanella oneidensis)
(Appendix Figure 0-4AB) with interface predicted template modeling (ipTM) scores of less than
0.2, significantly below the 0.6 value score for potentially failed predictions. In contrast,

AlphaFold3 provides relatively confident predictions for NIpE-CpxA complexes in Yersinia pestis
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and Klebsiella pneumoniae that are essentially identical to complexes predicted for E. coli
homologs (Appendix Figure 0-4CDE). Furthermore, studies of the Cpx response in V. cholerae
report that overexpression of V. cholerae’s NIpE does not activate CpxA in that organism (Slamti
and Waldor, 2009). This is in contrast to E. coli and closely related organism Salmonella enterica
serovar Typhimurium where overexpression is a strong inducing signal (Humphreys et al., 2004;
Snyder and Silhavy, 1995). Overall, these results suggest that the ability of NIpE to activate CpxA

at the inner membrane is limited to a relatively specific subset of Gram-negative bacteria.
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Figure 0-5. Overexpression of type | but not type Il NIpE activates CpxA in E. coli.
(A) Ability of type | and Il NIpE to activate CpxA in E. coli as measured by cpxP-lacZ reporter

activity. Shown are means of three replicates with standard deviation. Data were analyzed with
Tukey HSD post-hoc test (ns = nonsignificant, *p<0.05). Type | NIpE are: KP = Klebsiella
pneumoniae; ST = Salmonella typhimurium; YP = Yersinia pseudotuberculosis. Type Il NIpE are:
AB = Acinetobacter baumanii; MC = Moraxella catarrhalis; VC = Vibrio cholerae. (B) shows a
Western blot with anti-Hisx6 antibody to detect the expression levels of the tested NIpE variants.

RNAPa was used as a loading control.

To further examine the ability of type | and Il NIpE to activate CpxA, we ordered gene

fragments (Twist Bioscience) of three non-E. coli type | nipE (Klebsiella pneumoniae, Salmonella
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Typhimurium, and Yersinia pseudotuberculosis) from and three type Il nipE (Acinetobacter
baumanii, Moraxella catarrhalis, and Vibrio cholerae). All gene fragments encode for a C-
terminal Hisx6 tag and were cloned into expression vector pTrc99A as described in other
chapters. Expression vectors were then transformed into E. coli TR50 and expression of NIpE
variants was induced with IPTG before cpxP-lacZ activity was quantified as described previously.
Here, we found that overexpression of any type | NIpE is able to activate CpxA in E. coli
(Appendix Figure 0-5A). However, none of the type Il variants activated CpxA. All variants were

stably expressed (Appendix Figure 0-5B).

This evidence, while very preliminary, implies that NIpE’s ancestral function was not to
activate CpxA at the inner membrane as a sensor of lipoprotein biogenesis defects. Instead, we
hypothesize that NIpE evolved to interact with CpxA at the inner membrane only in a specific
subset of species, namely those that possess a C-terminal domain that signals to the Cpx
response. We showed in Chapter 4 that the C-terminal domain of NIpE transduces an outer
membrane associated signal to the Cpx response, and work from the Collet group has shown
that NIpE’s C-terminal domain disulfide bonds are involved in activating CpxA in the presence of
redox stress in the envelope (Delhaye et al., 2019). Because these signaling roles are associated
with the outer membrane, we propose that NIpE only evolved to activate CpxA at the inner
because it has an important signaling role at the outer membrane. In species that lack a domain
capable of signaling from the outer membrane to CpxA, there is likely little selective pressure to
accumulate mutations that allow for NIpE-CpxA interactions at the inner membrane, hence why
type Il variants do not appear to interact with or activate CpxA in their respective organisms

(Slamti and Waldor, 2009).

261



N-terminal
domain

Figure 0-6. AlphaFold3 model of Salmonella Typhimurium LT2 NIpE with a truncated C-

terminal domain.

How might have the type | and Il divergence have occurred? The simplest and most likely
explanation is that type Il NIpE arises from a deletion of the C-terminal domain in an ancestral
type | NIpE. Such events can be observed in modern strains; NIpE in Salmonella Typhimurium
strain LT2 contains a frameshift mutation that causes it to express a truncated version of NIpE
without an intact C-terminal domain, while other strains of Salmonella spp. carry intact NIpE
(Appendix Figure 0-6) (Humphreys et al., 2004). We have noticed that overexpression of the C-
terminal domain of NIpE in E. coli alone is quite toxic to cells (data not shown), which may
underly the selective pressure to lose this domain in some species. Interestingly, we have also
found a study that reports that NIpE may be present on mobile genetic elements such as large
plasmids in some species, which may facilitate the evolution of NIpE across species (Marathe et

al., 2022).
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The diversity of NIpE homologs across Kingdom Bacteria

Escherichia Acinetobacter Bauldia Ignavibacteriaceae Chitinophaga Pseudomonas Nitrospira
coli baumanii litoralis sp. ginsengisegetis aeruginosa Jjaponica
(Type I) (Type 1) (CTD) (NTD+DUF306) (NTD+UNKW) (CTD+UNKW) (NTD+CTD+DUF306)

DUF306

Unknown

Figure 0-7. NIpE homologs across bacterial species possess diverse domain architecture.

Structures of representative NIpE types found by bioinformatic searches were pulled from the
AlphaFold database. NTD = domain resembling E. coli’s N-terminal domain; CTD = domain
resembling E. coli’s C-terminal domain; UNKW = unannotated domains; DUF306 = domain of

unknown function 306.

The fact that NIpE homologs comes in at least two variants raised an important question:
if type Il variants can arise from (the presumed) loss of the C-terminal domain in an ancestral
type I-like variant, is it possible that other homologs of NIpE possess other combinations of
domains? To investigate this, we used both the structures published on the AlphaFold database
and the protein basic local alignment search tool (BLASTp) on the UniProt database to conduct
searches for NIpE variants across bacterial species. Specifically, we started with the sequences

of the E. coli N- and C-terminal domains separately and then searched for proteins containing
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similar domains via BLASTp. Predictably, many type | and |l variants of NIpE came up in these
searches. To our surprise, however, we found several homologs of NIpE that contained extra
domains (Appendix Figure 0-7). These searches revealed that NIpE homologs are not limited to
just type | and Il variants but instead comprise a diverse family of proteins that contain E. coli-like
N-terminal and/or C-terminal domains and several domains of unknown function. Altogether, we
identified at least seven different variants of NIpE across species possessing these domains in
different combinations. Many of these NIpE homologs are from species that are outside of
Phylum Pseudomonadota (AKA Proteobacteria). Strikingly, we noticed that several homologs of
NIpE are predicted to encode for three domains, with the third domain being either an

unannotated domain of unknown function (DUF) or a DUF306/Meta/HslJ domain.

Figure 0-8. DUF306/HslJ-like domains in NIpE homologs.

(A) The AlphaFold model of Alkalimonas amylolytica’s HslJ (which possesses domains

resembling NIpE from E. coli). (B) NMR structure of the globular domain of HslJ (PDB 2KTS).

Three domain NIpE with a DUF306 are particularly interesting (Appendix Figure 0-8A). All
examples that we could identified had the same order of domains: NTD-CTD-DUF306. Literature

on this particular domain is scarce. E. coli encodes for HslJ outer membrane lipoprotein that is
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solely composed of this domain. While initially identified as a potential heat shock protein
(Chuang and Blattner, 1993), later studies disproved that its involvement in heat shock but
instead found it to be involved in increasing resistance to the antibiotic novobiocin (Lilic et al.,
2003). The structure of HslJ was solved by nuclear magnetic resonance (NMR) and deposited to
the Protein Data Bank (PDB code 2KTS) (Appendix Figure 0-8B); however, no subsequent
manuscript was published on this structure, leaving its function and mechanism shrouded in
mystery. While its structure is superficially similar to the C-terminal domain of NIpE, with a partial
B-barrel capped by an a-helix, it does not share the same disulfide bond as the C-terminal

domain, making it unlikely that these structures are derived from one another.

Figure 0-9. YbaY/YcsW/pilotin-like domains in NIpE homologs.
AlphaFold models of (A) Niveibacterium umoris NIpE/HslJ/YbaY-like lipoprotein, (B) E. coli’s

YbaY, and (C) Yersinia pseudotuberculosis YscW.
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Digging further into these results reveals even more bizarre variants of NIpE. One
example is an NIpE variant that contains four independently folding domains from the
Betaproteobacterial Niveibacterium umoris (Appendix Figure 0-9A). This protein contains an
extra domain inserted before the E. coli-like N-terminal domain. This domain is annotated as a
putative lipoprotein YbaY-like domain. Its overall domain architecture from this domain
resembles the three domain NIpE discussed previously: YbaY-NTD-CTD-DUF306. Interestingly,
YbaY is annotated in the same family of proteins as pilotin lipoproteins such as YscW and ExsB
(Burghout et al., 2004; Perdu et al., 2015). AlphaFold models predict that the YbaY domain of the
four-domain NIpE in Niveibacterium umoris, YbaY from E. coli, and YscW all resemble each
other (Appendix Figure 0-9). Pilotins such as YscW are lipoproteins that facilitate the assembly of
secretins, which form the outer membrane channels of secretion systems such as the type Il and
lll secretion systems, into the outer membrane (Gu et al., 2012; Koo et al., 2012; Silva et al.,
2020). While the function of YbaY in E. coli is unknown, the presence of a pilotin-like domain in

NIpE homologues may suggest an ancestral role for NIpE in facilitating protein folding.

Taken together, NIpE appears to be a highly modular protein that serves as the platform
for many different domains, some of which may be involved in stress response or envelope
protein folding. The domains contained in these homologs differ across species but tends to
follow a generally conserved domain organization. Significantly, all the NIpE homologs we
studied which possess E. coli-like N- and C-terminal domains order these domains in the same
way as they are in E. coli. Other domains appear to be added and removed from NIpE over
evolutionary time and across bacterial species, leading to the diverse array presented here. It is
also significant that while these domains are not found on the NIpE in E. coli, genes encoding
other lipoproteins with the domains explored here (such as HslJ or YbaY) exist elsewhere in the

genome. Thus, it’s tempting to speculate that these lipoproteins may still be functionally linked to
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NIpE in E. coli, just not as members of the same unit; future studies should examine if any such

connection exists. Overall, our foray into the impossibly vast landscape of protein homologues

across bacterial species, facilitated by advances in protein structure prediction and the

availability of predicted structures on the AlphaFold database, may help generate novel

hypotheses about the function of NIpE in our model organism, E. coli.

Appendix Tables

Table 0-1. Strains used in this study

Strain Description Source
TR50 MC4100 ARS88[cpxP*-lacZ’] (Raivio and Silhavy,
1997)

VM36 | TR50 AnipE Vincent Man
TC772 | VM36 + pTrc99A This study
TC773 | VM36 + pTrc-nipEss This study
TC777 | VM36 + pTrc-nipEvc This study
TC775 | VM36 + pTrc-nipEwc This study
TC778 | VM36 + pTrc-nipEve This study
TC776 | VM36 + pTrc-nipEst This study
TC774 | VM36 + pTrc-nipExe This study
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