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ABSTRACT 

C. trachomatis effectors specifically modulate the landscape of the host cell.  

Jessica Sherry 

 

This thesis presents work toward understanding how the obligate intracellular pathogen, 

Chlamydia trachomatis, modulates the host cell to establish a protected replicative niche. 

In order to evade host-cell innate immune surveillance, internalized Chlamydia develop 

within a membrane-bound compartment referred to as the inclusion. Given that C. 

trachomatis relies on host-cell derived nutrients and energy, this bacterial pathogen must 

avoid globally inhibiting host-cell function while building what is essentially a novel 

organelle. Through strategic deployment of effectors into the host cytosol and inclusion 

membrane, C. trachomatis actively remodels host-cell structures from within the inclusion. 

This enables the bacteria to obtain the required metabolites and regulate specific 

organelle functions. This work focuses on: understanding which host proteins and cellular 

structures are repositioned around the growing inclusion; identifying which bacterial 

effectors are responsible for these modifications; and elucidating the mechanisms by 

which C. trachomatis calibrates organelle function to divert specific resources to the 

replicating bacteria while maintaining host viability. 

 

Previously, we identified several host proteins recruited to the inclusion membrane 

through interactions with specific C. trachomatis inclusion membrane-localized effectors 

(Incs) and characterized alterations to the host ubiquitin landscape induced by infection. 

Until recently, the host targets of only a few Incs had been identified. We utilized high-



 xii 

throughput affinity purification-mass spectrometry to comprehensively define the Inc-

human protein interactome, and discovered putative binding partners for 38/58 of the 

predicted C. trachomatis Incs.  Using confocal immunofluorescence microscopy, we 

screened ~200 of the 335 identified high-confidence Inc-human protein-protein 

interactions for localization at the inclusion membrane, and we identified the recruitment 

of many host proteins involved in host processes consistent with Chlamydia’s intracellular 

life cycle. Thus, Chlamydia effectors recruit distinct subsets of host proteins to the 

inclusion, and mediate precise changes to the landscape of the host cell.  

 

In the first project, we characterized an interaction between the host dynactin complex, 

and the C. trachomatis Inc CT192, hereafter named Dre1 for Dynactin Recruiting Effector 

1 (Chapter 2). In eukaryotes, dynactin is a ubiquitous and multifunctional protein complex 

that modulates the activity of the microtubule motor, dynein, at many different cellular 

structures. Using a combination of confocal immunofluorescence microscopy and 

biochemistry, we show that dynactin is recruited to the inclusion by Dre1 and that the 

Dre1:dynactin interaction modulates the positioning of specific host organelles, including 

the centrosome, mitotic spindle, and Golgi Apparatus around the inclusion. Deletion of 

Dre1 resulted in decreased C. trachomatis fitness in cell-based assays and in a mouse 

model of infection. By targeting particular functions of the host dynactin complex, Dre1 

facilitates re-arrangement of specific organelles around the growing inclusion. Thus, C. 

trachomatis employs a single effector to evoke large-scale changes in host cell organelle 

organization. 
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In the second project, I describe my pilot work using cross-linking mass spectrometry and 

cryo-electron microscopy to physically map the interaction between Dre1 and the host 

dynactin complex (Chapter 3). We report preliminary evidence that Dre1 binds along the 

Arp1 filament of the dynactin complex. Typically, the Arp1 filament mediates interactions 

with dynein and various adaptors that enhance processivity or specify cargo-binding of 

this tripartite complex. Given that Dre1 binds at this same position, we believe that further 

structural resolution will reveal the mechanism by which Dre1 is able to target particular 

functions or regulatory states of this omnipresent and versatile protein complex.  

 

In the third project, I describe my contributions to identifying a novel inhibitor of the type 

III secretion system, and show that C. trachomatis’ ability to assemble secretion 

machinery is essential for virulence (Chapter 4). The type III secretion system is a highly 

conserved, needle-like apparatus that many diverse pathogens use to inject effector 

proteins into the host cytosol. First identified through its inhibition of the Yersinia pestis 

type III secretion system, 4EpDN is a compound that appears to have broad efficacy 

against evolutionarily distant injectisome type III secretion systems. This compound does 

not, however, target the Salmonella flagellar type III secretion system, indicating that 

4EpDN specifically inhibits injectisome type III machinery. As an obligate intracellular 

pathogen, C. trachomatis is absolutely reliant on its injectisome type III secretion system 

to build the inclusion within the hostile environment of the host cytosol. We show that 

4EpDN inhibited C. trachomatis progeny production and reinfection, but not initial 

inclusion formation. This suggests that 4EpDN prevents assembly of de novo type III 

secretion machinery over the course of the Chlamydial intracellular life cycle, but does 
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not inhibit secretion by the assembled type III injectisomes that were pre-packaged in the 

bacteria prior to exposure to 4EpDN. We then utilized Chlamydia’s requirement for the 

type III secretion system to apply strong selective pressure to bacteria passaged in the 

presence of 4EpDN at MIC90 and isolate resistant mutants. We are currently sequencing 

mutants that escaped inhibition to determine the genes involved in resistance and to 

elucidate the mechanism by which 4EpDN targets injectisome type III secretion systems. 

As antibiotic-resistant bacteria are an emerging global health threat, new antimicrobials 

are urgently needed. Understanding how this compound targets the injectisome of 

multiple pathogens may help with the generation of novel therapeutics to treat recalcitrant 

infections.  

 

Together, this thesis work illustrates the importance of C. trachomatis effectors in 

constructing and maintaining infection in host cells, as well as the importance of 

Chlamydia’s ability to specifically modulate host functions that support bacterial growth 

without globally altering host fitness. The interdisciplinary nature of this work, which spans 

high-resolution microscopy, cell biology, chemistry, biochemistry, genetics, microbiology, 

and structural analysis, has revealed exciting insights into how C. trachomatis 

successfully establishes its intracellular replicative niche.   
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CHAPTER ONE 

INTRODUCTION 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

“The truth is we don’t know what we don’t know. 
We don’t even know the questions we need to ask in order to find out, 

But when we learn one tiny little thing, a dim light comes on in a dark hallway, 
And suddenly a new question appears. 

We spend decades, centuries, millennia,  
trying to answer that one question so that another dim light will come on.  

That’s science, but that’s also everything else, isn’t it?  
Try. Experiment. Ask a ton of questions.” 

-  Yaa Gyasi 



 

 2 

Most dangerous microorganisms that infect mammals are neutralized by a combination 

of innate and adaptive immune responses. Over time, certain pathogens have developed 

and refined strategies to replicate within the cells of host organisms as a mechanism to 

avoid immune surveillance. However, the intracellular environment is not free of threats 

to a developing pathogen. Intracellular pathogens often exhibit parasitic lifestyles, relying 

on host resources to survive as larger fractions of their genome become dedicated to 

modulating the hostile intracellular environment of the host cell.   

 

Host cell immune surveillance mechanisms include the activity of toll-like receptors and 

other pattern recognition receptors (PRRs) that recognize pathogen-associated 

molecular pattern molecules (PAMPs) such as lipopolysaccharide and peptidoglycan. 

Detection of PAMPs leads to activation of varied signaling pathways that typically lead to 

cell death via apoptosis or engulfment of the threat via autophagy and subsequent fusion 

of the autophagosome with degradative compartments (i.e. the lysosome) (Mogensen, 

2009). In order to escape detection by their host cell, intracellular pathogens have 

developed multiple strategies to subvert these innate immune responses.  

 

Many intracellular pathogens harness or mimic the endocytic machinery of the host cell 

to facilitate invasion and are internalized through actin-mediated processes that ultimately 

lead to envelopment of the microbe within a membrane-bound compartment (Walpole & 

Grinstein, 2020). Some pathogens, for example the bacteria Rickettsia and Listeria, lyse 

this compartment and reside within the cytosol, where they have developed mechanisms 

to specifically activate anti-viral innate immune responses that have an adverse effect on 
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the anti-bacterial immune responses, thus leaving the host more susceptible to lethal 

infection (Demiroz et al., 2021). Other pathogens, including Mycobacterium, Legionella, 

Salmonella, Coxiella, Toxoplasma, Anaplasma, and Chlamydia reside within their 

membrane-bound compartments (Moore & Ouellette, 2014). This compartment shelters 

encapsulated pathogens from detection by PRRs, however, it also provides a physical 

barrier separating the microbes from nutrients available in the host cell. To maintain 

access to these nutrients and to promote their growth and development, pathogens 

evolved strategies to specifically modify this compartment.  

 

As intracellular pathogens have co-evolved with their host cells, often over the course of 

hundreds of millions of years, many have lost the ability to grow outside of their host cells 

(Fields et al., 2011). These obligate intracellular bacteria require a viable host cell to 

obtain metabolites necessary for development and ultimately transmission to a new host 

cell, and therefore, must employ specificity in modulating and exploiting host cell 

functions. Examples of obligate intracellular pathogens include Chlamydia, Rickettsia, 

and Coxiella (McClure et al., 2017).  Despite the absolute reliance on host cells for growth, 

this class of pathogens has evolved distinct strategies that allow for colonization and 

spread throughout diverse tissues and cell types (Fields et al., 2011). Though infections 

with obligate intracellular pathogens may not be initially detrimental to the host cell, 

chronic or recurrent infections can lead to immune responses that damage tissues and 

that cause systemic health issues (Moore & Ouellette, 2014).  
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Chlamydiae are Gram-negative, obligate intracellular pathogens that are symbionts of 

varied organisms ranging from humans to amoebae (Bachmann et al., 2014). The 

Chlamydiaceae family is the best-characterized group in the Chlamydiae phylum, and it 

comprises 11 species that are pathogenic to humans or animals (Elwell et al., 2016). 

Some species that infect animals can be transmitted to humans (Bennett et al., 2020). 

Chlamydia trachomatis and Chlamydia pneumoniae are the major species that infect 

humans and are responsible for a wide range of diseases (Bennett et al., 2020; Malhotra 

et al., 2013). C. pneumoniae causes respiratory infections that account for ~10% of 

community-acquired pneumonia. It is linked to a number of chronic diseases including 

asthma, atherosclerosis, and arthritis (Bachmann et al., 2014; Bennett et al., 2020). 

Strains of C. trachomatis are divided into three biovars, which are defined as strain 

variants that differ physiologically and/or biochemically from other strains of a given 

species. The trachoma biovar infects the conjunctiva and is the leading cause of non-

congenital blindness in developing nations. The urogenital tract biovar is the most 

prevalent sexually transmitted bacterium. In women, nearly 80% of genital tract infections 

are asymptomatic; however, 15-40% ascend to the upper genital tract, where they can 

lead to serious sequelae, including pelvic inflammatory disease, infertility, and ectopic 

pregnancy (Malhotra et al., 2013). The lymphogranuloma venereum (LGV) biovar causes 

more aggressive infections that are capable of disseminating to regional lymph nodes 

and causing more systemic disease (de Vrieze & de Vries, 2014). Infection with C. 

trachomatis also facilitates the transmission of HIV, and has recently been associated 

with cervical and ovarian cancers (Malhotra et al., 2013; Smith et al., 2004; Zhu et al., 

2016). Thus, Chlamydia spp. are important causes of human disease, and while 
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infections are treatable with antibiotics, no effective vaccine currently exists (Murthy et 

al., 2014).  

 

In this work we focus on how C. trachomatis, an important public health threat, establishes 

a replicative niche within in the human cell. Despite its reduced genome size (Bachmann 

et al., 2014), C. trachomatis encodes a large number of effector proteins that are secreted 

into the host cytosol through the needle-like, type III secretion system. To understand 

how C. trachomatis utilizes this arsenal of effectors, we performed an affinity-purification 

mass spectrometry screen (AP-MS) to identify host targets of these effectors (Mirrashidi 

et al., 2015). We then determined which of these host targets were re-localized upon C. 

trachomatis infection. We demonstrate that certain host proteins exhibited large 

localization changes upon infection including proteins involved in vesicle trafficking and 

lipid acquisition (e.g. Syntaxin 18, Sorting Nexins 5 and 6, sphingomyelin synthetase,  and 

dynactin), though most proteins were not grossly re-localized during infection. 

Furthermore, we identified a number of effectors targeted host proteins involved in 

ubiquitylation pathways. Ubiquitylation is a post-translational modification that allows 

mechanistically diverse, reversible, and quantitative regulation of protein abundance, 

localization, and/or activity (Rape, 2018). Cellular processes modulated by ubiquitylation 

include proliferation, migration, PRR signaling, membrane trafficking, autophagy, as well 

as many others. We performed preliminary Ubiquitin Remnant Profiling (URP) to identify 

host proteins differentially ubiquitylated by C. trachomatis infection and to characterize 

how this pathogen alters the ubiquitin landscape of the host cell. We saw that, in terms of 

both host target re-localization and ubiquitylation, C. trachomatis effectors exhibit specific 
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effects, rather than global alterations that would affect host-cell viability. This is consistent 

with the notion that C. trachomatis requires a largely functional host cell in which to 

proliferate.  

 

Our AP-MS screen identified an interaction between the C. trachomatis effector CT192 

(homolog of CTL0444; hereafter referred to as Dre1) and the host dynactin complex 

(Mirrashidi et al., 2015). The 11-subunit dynactin complex is an essential cofactor for the 

primary microtubule (MT)-based retrograde motor, dynein, which transports cellular cargo 

(Reck-Peterson et al., 2018). Dynactin also localizes at the Golgi and centrosomes, where 

it anchors and organizes MTs (Corthésy-Theulaz et al., 1992; Rios, 2014; Sanchez & 

Feldman, 2017). At the centrosome dynactin also plays a role in positioning the spindle 

during cell division (Okumura et al., 2018). Using isogenic C. trachomatis mutant strains, 

we show that dynactin is recruited to the membrane-bound compartment encapsulating 

the bacteria (referred to as the inclusion) in a Dre1-dependent manner (Chapter 2). 

Furthermore, Dre1 appears to target specific sub-populations of dynactin (Chapter 2). We 

demonstrate that the Dre1-dynactin interaction is required for centrosome and Golgi 

recruitment to the inclusion, positioning of the inclusion at spindle poles during host cell 

division, and virulence in a murine model of upper genital tract infection (Chapter 2). 

These results suggest that the interaction between Dre1 and dynactin is critical for the C. 

trachomatis intracellular life cycle, and serves to modulate the positioning of specific host 

organelles to facilitate development of the C. trachomatis inclusion.  
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To understand the mechanism by which Dre1 targets specific dynactin functions or 

regulatory states, we designed cross-linking mass spectrometry experiments and 

mapped the interaction surface between Dre1 and dynactin (Chapter 3). We show that 

the C-terminus of Dre1 mediates binding to the actin-like filament of dynactin made up of 

eight Arp1 monomers (Chapter 3). Dynactin, dynein, and associated adaptor proteins 

interface with one another along the length of this filament (Urnavicius et al., 2015). An 

attractive hypothesis is that Dre1 binds the Arp1 filament to monitor the composition or 

structure of various dynactin-containing complexes. Dre1 might bind Arp1 to stabilize 

dynactin in complex with particular adaptors, or it may preferentially bind dynactin not 

associated with adaptors. Dre1 might also replace an adaptor to form a tripartite complex 

with dynein. Given that no known adaptors co-purify with Dre1 (Chapter 2, Mirrashidi et 

al., 2015), we favor the latter two models. Future cryo electron microscopy (cryo EM) and 

in vitro processivity studies will be aimed at determining if the addition of Dre1 to dynactin-

dynein complexes alters their structure, activity, or associated binding partners in any 

way.  

 

Together, these finding highlight how a single C. trachomatis effector, Dre1, targets 

specific sub-populations of a ubiquitous and multifunctional host protein complex in order 

to restructure particular organelles around the growing inclusion during infection. 

Combined with future structural studies, this work provides a blueprint for how pathogen 

effectors employ selectivity in modulating host proteins and processes in order to 

integrate the C. trachomatis inclusion within existing host cell pathways and processes 

and preserve host viability.  
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Given that C. trachomatis replicates within a membrane bound compartment, secreted 

effectors play an outsize role in the ability of this pathogen to modulate the host cell and 

acquire nutrients. Chlamydiae devote ~10% of their genome to virulence effectors (Betts-

Hampikian & Fields, 2010). These effectors are delivered through specialized secretion 

systems to the bacterial surface (type V), to the inclusion lumen (type II), or to the host 

cytosol by the type III secretions system (T3SS) (Fields, 2014). During C. trachomatis 

infection, the T3SS enables the direct injection of bacterial effectors into the host cytosol 

at various stages of infection. In this work we identified a cyclic peptomer that inhibits 

T3SS from a broad range of Gram-negative bacteria including Yersinia, Salmonella, and 

Chlamydia. We provide evidence that this compound prevents T3SS assembly (Chapter 

4, Lam et al., 2021). We leveraged C. trachomatis’ absolute requirement of the T3SS 

during infection to passage bacteria in the presence of this compound and isolate 

resistant mutants (Chapter 4). In future work, we will sequence these mutants to identify 

genes that mediate resistance, which will shed light on the compound’s mechanism of 

action.  

 

Overall, this thesis work demonstrates the importance of C. trachomatis effectors in 

establishing and maintaining infection in host cells, as well as the importance of 

employing selectivity in modulating host functions to support microbial growth while 

maintaining host fitness. Understanding how this medically important pathogen 

specifically targets host cell processes in order to survive the intracellular environment 

and to cause disease may shed light on the pathology of human infections and eventually, 

lead to the generation of desperately needed therapeutics. 
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CHAPTER TWO 

DRE1 INTERACTS WITH DYNACTIN TO REPOSITION  

HOST ORGANELLES DURING INFECTION 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

“Be more than men. Be steady to your purposes and firm as a rock.  
This ice is not made of such stuff as your hearts may be;  

it is mutable and cannot withstand you if you say that it shall not.” 
-  Mary Shelley 
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SUMMARY 

Chlamydia trachomatis is an obligate intracellular pathogen that replicates within a 

specialized membrane-bound compartment, the inclusion. Chlamydia species express a 

unique class of effectors, Incs, which are translocated from the bacteria by a Type III 

secretion system and are inserted into the inclusion membrane where they modulate the 

host-bacterium interface. C. trachomatis repositions specific host organelles during 

infection to acquire nutrients and evade host cell surveillance, however the bacterial and 

host proteins controlling these processes are largely unknown. Here, we identify an 

interaction between the host dynactin complex and the C. trachomatis Inc CT192 

(CTL0444), hereafter named Dre1 for Dynactin Recruiting Effector 1. We show that 

dynactin is recruited to the inclusion in a Dre1-dependent manner and that inactivation of 

Dre1 diminishes the recruitment of specific host organelles, including the centrosome, 

mitotic spindle, and Golgi to the inclusion. Deletion of Dre1 results in decreased C. 

trachomatis fitness in cell-based assays and in a mouse model of infection. By targeting 

particular functions of the versatile host dynactin complex, Dre1 facilitates re-arrangement 

of certain organelles around the growing inclusion. Our work highlights how C. 

trachomatis employs a single effector to evoke specific, large-scale changes in host cell 

organization that establish the intracellular replicative niche without globally inhibiting host 

cellular function. 
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INTRODUCTION 

Obligate intracellular pathogens must establish a replicative niche within host cells, which 

often necessitates the rearrangement and repurposing of host cellular structures (Moore 

and Ouellette, 2014). In particular, intracellular, pathogens that reside within a membrane-

bound compartment build what is essentially a novel organelle within a cell. As they 

require host-derived nutrients and energy, they must do so without globally inhibiting host 

cell trafficking and organelle function while at the same time evading the host cell’s 

immune surveillance pathways. Here we elucidate how Chlamydia trachomatis, an 

obligate intracellular pathogen with a dramatically reduced genome, interacts with a single 

ubiquitous and versatile host protein complex to facilitate the rearrangement of specific 

host organelles around its growing replicative niche.  

 

Chlamydia trachomatis is a gram-negative bacterial pathogen that is an important cause 

of disease in humans (Mandell et al., 2010). Specific C. trachomatis biovars can infect 

either the conjunctival epithelium that lines the inside of the eyelid, or the mucosal 

epithelial cells of the urogenital tract. Although infections can be treated with antibiotics, 

the majority of infections are asymptomatic and no effective vaccine exist, resulting in a 

high global prevalence of disease. The WHO estimates that over 131 million new C. 

trachomatis infections occur annually (Rey-Ladino et al., 2014; World Health 

Organization, 2016). Sequelae of untreated infection include blinding trachoma for ocular 

strains or complications from ascending urogenital infections such as pelvic inflammatory 

disease and infertility (Darville & Hiltke, 2010; Malhotra et al., 2013). Furthermore, C. 

trachomatis infections have recently been linked with the development of both cervical 
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and ovarian cancer (Smith et al., 2004; Zhu et al., 2016). Uncovering the mechanisms by 

which C. trachomatis establishes its intracellular niche may lead to a better understanding 

of how this pathogen causes disease and inform the development of targeted 

therapeutics.  

 

All Chlamydia species undergo a biphasic developmental cycle in which the infectious 

Elementary Body (EB) binds and enters non-phagocytic host cells through receptor 

mediated endocytosis, and once taken up by the host, transitions to the replicative form, 

the Reticulate Body (RB) (Bastidas et al., 2013; Chiarelli et al., 2020; Elwell et al., 2016). 

Following internalization, Chlamydia remains within a membrane bound compartment 

(the inclusion) that it actively modifies to block fusion with the lysosome (Elwell et al., 

2016; Moore & Ouellette, 2014). As EBs differentiate to RBs, the growing inclusion traffics 

along microtubules (MTs) in a dynein-dependent manner to the host centrosome 

(Grieshaber et al., 2003; Hackstadt et al., 1999). The centrosome is a non-membrane 

bound organelle attached to the nucleus. It serves as a microtubule organizing center 

(MTOC) by initiating the assembly of MT networks, and then anchoring and stabilizing 

these networks (Sanchez & Feldman, 2017). The MTOC, in turn, provides a template that 

specifies the position of other organelles within the host cell. The inclusion associates 

tightly with the centrosome throughout the remainder of the C. trachomatis replicative 

cycle. As a result, the centrosome is relocated away from the nucleus during inclusion 

expansion at late stages of growth (Brown et al., 2014; Grieshaber et al., 2003, 2006; 

Knowlton et al., 2011). Approximately 24-72 hours following initial infection, RBs 

differentiate back to EBs, the infectious forms. Mature EBs are released to infect 
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neighboring cells by either lysing the host cell or through an exocytosis-like mechanism 

called extrusion.  

 

Chlamydia lacks many essential biosynthetic pathways and must therefore interact with 

various host compartments such as the cytoskeleton, Golgi Apparatus, mitochondria, lipid 

droplets, and endoplasmic reticulum (ER) to acquire host-produced metabolites including 

ATP, sphingolipids, and cholesterol (Dickinson et al., 2019; Elwell et al., 2016). As many 

of these host cell structures are arrayed around the centrosome, tight association with the 

centrosome would provide the physical opportunity for the inclusion to interact with host 

compartments and obtain the nutrients required to facilitate intracellular growth. Indeed, 

Chlamydia selectively repositions actin, microtubules, the mitotic spindle, Golgi, ER, and 

lipid droplets around the developing inclusion during infection, though a detailed 

understanding of how bacterial and host proteins facilitate this massive host cell 

reorganization remains elusive (Andersen et al., 2021; C. Elwell et al., 2016).  

 

Chlamydia employs a needle-like Type Three Secretion System (T3SS) to secrete 

approximately 100 effector proteins into the host cytoplasm (Dehoux et al., 2011; Mueller 

et al., 2014). A large subset of these translocated effectors, known as Incs, are 

transcribed and inserted into the inclusion membrane (IM) at distinct times throughout the 

Chlamydia life cycle (Lutter et al., 2012; Moore & Ouellette, 2014; Weber et al., 2015). 

Incs are defined by their conserved topology; they are composed of two or more short 

membrane-spanning domains separated by a short loop region (Bannantine et al., 2000). 

Once inserted into the IM, Incs extend their N- and C-terminal domains into the host 
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cytoplasm (Rockey et al., 2002). Given that Incs are ideally positioned to mediate 

interactions with the host, we previously utilized an affinity-purification mass spectrometry 

(AP-MS) based strategy to systematically identify host binding partners of the Incs 

(Mirrashidi et al., 2015). This study identified a predicted interaction between the C. 

trachomatis Serovar D Inc, CT192 (homolog of CTL0444; hereafter referred to as Dre1), 

an early expressed Inc of unknown function (Almeida et al., 2012), and the host dynactin 

complex.  

 

Dynactin is critical for most functions of cytoplasmic dynein-1, the primary eukaryotic 

minus-end directed MT motor. Dynactin serves to link dynein to specific cargo and to 

enhance processivity of dynein along MTs, facilitating trafficking of various cargo 

throughout the cell (Holleran et al., 2001; Johansson et al., 2007; Kardon et al., 2009; 

King & Schroer, 2000; McKenney et al., 2014; Muresan et al., 2001; Reck-Peterson et 

al., 2018). Together, dynein and dynactin generate the force required to regulate the 

shape and positioning of various organelles and cellular structures. In addition, dynactin 

directly binds microtubules and functions to anchor and organize MTs arrayed at the 

centrosome and Golgi apparatus (GA) (Corthésy-Theulaz et al., 1992; Lele et al., 2018; 

Reck-Peterson et al., 2018; Torisawa & Kimura, 2020). Along with many viruses, C. 

trachomatis utilizes dynein to traffic toward the center of the host cell (Grieshaber et al., 

2003). In this work, we show that while Dre1 is not required for trafficking of the inclusion 

along MTs, Dre1 instead recruits dynactin to the inclusion to control the positioning of 

dynactin-positive organelles including the centrosome, mitotic spindle, and GA during 

infection. By binding a ubiquitous and multifunctional host protein complex, a single C. 
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trachomatis Inc, Dre1 (for Dynactin Recruiting Effector 1) specifically restructures the host 

cell interior to facilitate C. trachomatis growth without globally inhibiting host cellular 

functions.  
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RESULTS 

Dynactin interacts specifically with Dre1 during C. trachomatis infection. 

Our previous AP-MS screen, referred to here as the “Transfection Interactome”, predicted 

a high-confidence interaction between Dre1 transiently expressed in HEK293T cells 

(Figure 2.1A, B) and all 11 subunits of the mega-dalton sized host dynactin complex 

(Mirrashidi et al., 2015). Interactions were scored using MiST (Jager et al., 2012) and 

CompPASS (Sowa et al., 2009) algorithms, which prioritize interactions based on their 

reproducibility, abundance, and specificity. Three dynactin subunits that co-purified with 

Dre1 (CapZa, CapZb, and beta-actin) were not in the top 5% of MiST scores, likely 

because their specificity scores were penalized due to their interactions with actin 

filaments that are regulated by other Incs (Andersen et. al., 2021, Elwell et. al., 2016).  

 

Our previously published Transfection Interactome was performed with Inc proteins from 

C. trachomatis Serovar D, which are highly conserved in Serovar L2 (Dehoux et al., 2011; 

Lutter et al., 2012). Since Chlamydia genetics has been primarily developed for L2, we 

performed all subsequent studies with L2. To confirm that dynactin interacts with Dre1 in 

the context of C. trachomatis L2 infection and to potentially uncover additional Dre1-

interacting partners that may have been missed in our transfection interactome, we 

infected HeLa cells for 40 hours with L2 transformed with a plasmid constitutively 

expressing Dre1 fused to a FLAG tag (L2+pDre1FLAG), and performed affinity purification 

using anti-FLAG magnetic beads (Figure 2.1A). Cells infected with L2+pBOMBFLAG vector 

served as a control. Entire eluates were then subjected to MS without gel purification. All 

APs were performed in triplicate, and expression of Dre1 in the eluates was confirmed by 
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immunoblotting with an anti-FLAG antibody and by silver stain (Figure S2.1A). To 

generate a set of high-confidence Dre1 interacting partners, we measured enrichment of 

host peptides in Dre1 eluates compared to control eluates and then scored the 

reproducibility and abundance of these peptides using the SAINT algorithm (Table 1; Teo 

et. al., 2014). Next, we compared this data set to the high-confidence interactions 

predicted for Dre1 in the Transfection Interactome and selected Dre1-host PPIs in 

common to both data sets. This strategy generated a list of high confidence interactions 

specific to Dre1 that were also found during infection “Dre1 Infection Interactome” (Figure 

2.1A and 2.1B).  

 

Similar to the transfection interactome, all dynactin subunits except beta-actin were 

represented within the top 10% of scored interactions for Dre1 during infection (Figure 

2.1B), suggesting that they were among the most reproducible and abundant interacting 

partners of Dre1 during infection. p150glued, a dynactin subunit that scored highly in the 

Transfection Interactome, did not score as highly in the Dre1 Infection Interactome due 

to non-specific post-lysis cleavage, likely by the Chlamydial protease CPAF (Tan & 

Sütterlin, 2014). Notably, in both our transfection and infection interactomes, Dre1 did not 

co-purify with dynein or any of the known adaptors that regulate dynein or dynactin 

activity. 

 

We further confirmed the specificity of the interaction between Dre1 and dynactin during 

infection by infecting HeLa cells with C. trachomatis strains expressing either plasmid-

encoded Dre1FLAG or IncGFLAG (an unrelated Inc that should not bind dynactin) and 
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performing FLAG APs. Endogenous dynactin (p27 and Arp1a) co-purified with Dre1 but 

not with IncG (Figure S2.1B). Together, these data demonstrate that Dynactin interacts 

reproducibly and specifically with Dre1 and that this interaction occurs during C. 

trachomatis infection.  

 

Dre1 is required for the recruitment of dynactin to the inclusion during infection. 

Dynactin localizes at multiple sites in the cell, including MTs, the mitotic spindle, 

centrosome, nuclear envelope, Golgi apparatus, kinetochores, and the cell cortex 

(Tirumala & Ananthanarayanan, 2020). In HeLa cells infected with L2+pDre1FLAG, 

endogenous p150glued (a dynactin subunit) and Dre1 colocalize at the inclusion membrane 

(Figure S2.1D). Likewise, transfected GFP-Arp1a (another dynactin subunit) is recruited 

to the inclusion membrane at 24 hours post infection (hpi; Figure 2.1C). To determine if 

Dre1 is required to recruit dynactin to the inclusion, we utilized a chemically mutagenized 

strain of C. trachomatis L2 that contains a single nucleotide variant (SNV) in Dre1 that 

introduces a stop codon at amino acid 20 (Table 2; hereafter we refer to this mutant as 

L2∆dre1). Even if the 20 amino acid peptide is expressed and is stable, it is not predicted 

to bind dynactin (see Figure 2.2). Indeed, in HeLa cells infected with L2∆dre1, GFP-Arp1a 

is not recruited to the inclusion. To link loss of Dre1 with loss of dynactin recruitment, we 

complemented L2∆dre1 with a plasmid constitutively expressing Dre1 

(L2∆dre1+pDre1FLAG). Recruitment of the transfected GFP-Arp1a was restored in the 

complemented mutant (Figure 2.1C). Thus, Dre1 is necessary for recruitment of dynactin 

to the inclusion. Interestingly we did not observe an obvious defect in trafficking of 
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L2∆dre1 inclusions to the MTOC (Figure 2.1C), nor did we see a defect in number of 

inclusions compared to L2 infection (Figure S2.6A).  

 

Dynactin-binding domain targets Dre1 to the Centrosomal MTOC.  

To define the region in Dre1 necessary and sufficient to interact with dynactin, we 

transfected HEK293T cells with deletion mutants of Dre1. All constructs containing a 

fragment of the Dre1 C-terminal cytoplasmic domain (Dre1181-231) co-AP with endogenous 

dynactin (p150glued, p27), indicating that this region is required for the interaction with 

dynactin (labeled Dynactin Binding Domain, DBD, Figure 2.2 A, B). The construct 

encompassing the Dre1 C-terminal ~100 amino acids (Dre1134-231) was sufficient to 

interact with dynactin. Bioinformatic analysis of Dre1134-231 failed to reveal any known 

motifs, or any sequence homology to other proteins.  

 

Dynactin localizes to multiple compartments and structures in cells where it organizes 

MTs, facilitates vesicle trafficking, and positions organelles, suggesting that there may be 

functionally distinct sub-populations of dynactin (Schroer & Verma, 2021; Tirumala & 

Ananthanarayanan, 2020). Since C. trachomatis inclusions associate with centrosomes 

and the MTOC (Grieshaber et al., 2003, 2006; Hackstadt et al., 1999), we were 

particularly interested in the population of dynactin that localizes at the centrosome, 

where it anchors MTs and organizes MT arrays during interphase as well as mitosis 

(Askham et al., 2002; Quintyne et al., 1999; Quintyne & Schroer, 2002). Indeed, live-cell 

microscopy of HeLa cells showed that the transiently expressed C-terminal fragment of 

Dre1 (Dre181-231) fused to superfolder GFP (sfGFP) localizes specifically at the MTOC 
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(Figure 2.2C) and centrosome (Figure 2.2D), but not along MTs. Dre1 localization 

requires its dynactin-binding domain, as Dre181-180 fails to localize to the MTOC or 

centrosome (Fig 2.2C). Furthermore, Dre1 localization does not depend on an intact MT 

network, as Dre1 and dynactin continue to localize at the centrosome in HeLa cells that 

have been cold-treated with Nocodazole to disrupt microtubules (Figure S2.2A). Taken 

together, these data demonstrate that Dre1 specifically interacts with dynactin at 

centrosomes, and they suggest that the Dre1:dynactin interaction might be targeting 

dynactin sub-populations that are involved in organizing MTs nucleated by organelles 

rather than sub-populations actively involved in MT transport. 

 

Dre1 repositions centrosomes and primary cilia during infection. 

In addition to its role in MT organization at the centrosome, dynactin is also involved in 

centrosome positioning at the juxta-nuclear region within a cell (Burakov et al., 2003; 

Quintyne et al., 1999). During C. trachomatis infection, centrosomes are recruited away 

from their canonical juxta-nuclear position and instead, maintain a tight association with 

the inclusion membrane (Brown et al., 2014). This process is dependent on de novo 

bacterial protein synthesis, suggesting that a C. trachomatis effector(s) is involved 

(Grieshaber et al., 2003). We therefore tested whether Dre1 is necessary for C. 

trachomatis-mediated recruitment of centrosomes to the inclusion.  

 

We performed immunofluorescence (IF) microscopy in HeLa cells infected with L2, 

L2∆dre1, or L2∆dre1+pDre1FLAG for 36 hours, and measured the distance between the 

centrosomes and the nearest nuclear face in three dimensions (Figure 2.3A, B). 
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Centrosomes were visualized using antibodies to endogenous g-Tubulin, which stains the 

pericentriolar material (PCM), or to centrin, which stains centrioles. Compared to 

uninfected cells, the average distance between the centrosome and the nucleus in was 

0.76µm, that distance increased to 7.34µm or 8.66µm in cells infected with L2 or 

L2∆dre1+pDre1FLAG, respectively. Importantly, in HeLa cells infected with L2∆dre1, the 

distance between the centrosome and the nucleus was significantly less (2.99µm). Thus, 

Dre1 contributes to centrosome repositioning during infection, though other C. 

trachomatis effectors may be involved.  

 

The primary cilium is a MT-based organelle involved in sensing and motility that originates 

from the centrosome. As Dre1 mediates the position of the centrosome during infection, 

we tested whether Dre1 is involved in positioning of cilia during C. trachomatis infection. 

For these experiments, we utilized A2EN cells, an immortalized human endocervical 

epithelial cell line that can be grown as a pseudo-polarized monolayer. We fixed and 

stained pseudo-polarized and infected A2EN cells for Arl13b (which is highly enriched on 

the ciliary membrane) and IncE (to delineate the inclusion membrane) at 24hpi. In L2-or 

L2∆dre1+pDre1FLAG-infected A2EN cells, one end of the cilium localizes on the 

inclusion membrane while in cells infected with L2∆dre1, the base of the cilium appears 

to be anchored near the nucleus (Figure S2.3B). Together these results demonstrate that 

Dre1 repositions the centrosome and primary cilium, a structure templated by the 

centrosome, at the inclusion membrane. 
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Dre1 expression increases centrosome spread during interphase and induces 

abnormal spindle formation during mitosis. 

In interphase, the centrosome is a single-copy organelle that serves as the primary MTOC 

in eukaryotic cells. The centrosome is duplicated concurrently with host DNA during S-

phase. During M-phase duplicated centrosomes separate from one another and form the 

two spindle poles that organize MT structures and mediate equal partitioning of host DNA 

to daughter cells (Bettencourt-Dias & Glover, 2007; Conduit et al., 2015). Migration of 

duplicated centrosomes depends on dynein and dynactin function (Robinson et al., 1999). 

Formation of a bipolar spindle is important to avoid chromosome segregation errors and 

genomic instability. Many cancer cells have supernumerary centrosomes, and in order to 

successfully produce progeny, these cells cluster excess centrosomes during interphase 

and mitosis to form pseudo-bipolar spindles via interactions between the centrosome and 

MT minus ends (Milunović-Jevtić et al., 2016; Pannu et al., 2014). 

 

C. trachomatis infection induces centrosome overduplication, in a process dependent on 

both the Chlamydia protease, CPAF, and on progression of the host centrosome 

duplication pathway (Brown et al., 2014; Grieshaber et al., 2006; K. A. Johnson et al., 

2009). In addition, C. trachomatis prevents clustering of these supernumerary 

centrosomes, which leads to abnormal spindle formation (Brown et al., 2014). To 

determine whether Dre1 plays a role in centrosome overduplication, we compared the 

number of centrosomes in uninfected and infected HeLa cells at 36hpi. While uninfected 

cells contained on average 2.08 centrosomes per cell, L2-, L2∆dre1- and 

L2∆dre1+pDre1FLAG -infected cells all exhibited a similar increase in the number of 
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centrosomes per cell (2.76, 2.64, 2.68, respectively, p < 0.05 compared to uninfected 

cells but p > 0.05 when all the C. trachomatis strains were compared to each other; Fig 

S3A). This data indicates that Dre1 is not required for C. trachomatis-mediated 

centrosome overduplication and is consistent with published results showing that while 

dynactin plays a role in centrosome homeostasis and function, dysregulation of dynactin 

does not result in centrosome copy number defects (Chen et al., 2015).  

 

We next determined whether Dre1 prevents clustering of supernumerary centrosomes by 

measuring centrosome spread and spindle polarity in HeLa cells infected with the 

isogenic Dre1 strains at 36hpi. Cells were stained with antibodies to g-Tubulin at 36hpi, 

and centrosome clustering was measured by determining the area of the convex hull that 

contains all centrosomes in a cell (Figure 2.3C). In L2- and L2∆dre1+pDre1FLAG -infected 

cells, centrosomes occupy an area of 52.9µm2 and 52.5µm2, respectively. In contrast, in 

L2∆dre1- infected cells, centrosomes occupy an area of 15.7µm2 (Figure 2.3D). Thus, the 

Dre1:dynactin interaction at centrosomes overrides the host cell’s usual clustering 

mechanisms and enables C. trachomatis to dictate centrosome positioning during 

interphase. 

  

Inhibition of centrosome clustering during interphase leads to the development of 

abnormal spindles during mitosis, which are associated with mitotic failure and/or 

genomic instability. In addition, dynactin dysregulation induces formation of multipolar 

spindles (Drosopoulos et al., 2014). We therefore tested whether Dre1:dynactin 

interaction contributes to the formation of aberrant spindles during infection. We used a 
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brief cold-shock to synchronize HeLa cells (Rieder & Cole, 2002), and then infected the 

synchronized cells with L2, L2∆dre1, and L2∆dre1+pDre1FLAG for 24 hours. We stained 

cells with antibodies to g-tubulin and p150glued to visualize spindles by IF. Uninfected 

mitotic cells nearly always formed bipolar spindles, while 47.4% and 52% of mitotic L2-

infected or L2∆dre1+pDre1-infected cells exhibited aberrant spindles, respectively 

(Figure 2.3E, 2.4A). Similar to uninfected cells, aberrant spindles were rarely observed in 

L2∆dre1-infected mitotic cells. These results are consistent with published work from that 

suggests that there are at least two effector pathways that work together to control 

number and positioning of centrosomes during infection. Our data support a model where 

Dre1 is involved in positioning of centrosomes during interphase and mitosis, but not in 

the dysregulation of centrosome copy number.  

  

Dre1 is required for inclusion localization at spindle poles during host cell division.  

Dynactin is recruited to the MT minus ends that congregate at spindle poles during mitosis 

(Hueschen et al., 2017). Given our data that demonstrates that Dre1 mediates association 

between the inclusion and centrosomes during interphase (Figure 2.3A,B), we next tested 

whether Dre1 maintains this association at spindle poles during mitosis. The C. 

trachomatis inclusion has been shown to localize at the center of the spindle where host 

chromosomes align for segregation; this localization is dependent on C. trachomatis 

translation (Greene, 2003; Sun et al., 2011) and may be a mechanism by which infection 

induces mitotic failure. Interaction with dynactin at the spindle pole might be the first step 

by which the inclusion positions itself within the host spindle to interfere with host mitosis.  
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We determined whether inclusions localize at spindle poles during infection by infecting 

cold-synchronized HeLa cells for 24 hours, and staining fixed cells for DNA, IncE (to 

delineate the inclusion membrane), and p150glued (to reveal the spindle architecture), and 

DAPI (to visualize chromosomes; Figure 2.4A). Indeed, L2 inclusions were localized at 

the spindle poles. In contrast, L2∆dre1 inclusions were displaced from the spindle pole, 

and were often found displaced from the spindle and metaphase plate. Localization of the 

inclusion at the spindle pole is restored in the complemented mutant. Interestingly, Dre1-

directed localization of the inclusion at the spindle pole often leads to displacement of 

host chromosomes from the metaphase plate (Figure 2.4A). 

 

Dre1 contributes to infection-induced multinucleation. 

C. trachomatis infection induces cytokinesis failure and multinucleation (Alzhanov et al., 

2009; Brown et al., 2012; Sun et al., 2016). We therefore tested whether C. trachomatis 

induced host cell multinucleation was Dre1-dependent. Uninfected HeLa cells had a 

multinucleation rate of 1.6% (Figure S2.4A), while 22.3% of L2 infected cells were 

multinucleated by 48hpi (Figure 2.4B). In contrast, only 8.3% of cells infected with 

L2∆dre1 were multinucleated, while L2∆dre1+pDre1FLAG-infected cells exhibited 

multinucleation rates similar to L2-infected cells (18.8%). Our results demonstrate that 

without Dre1, C. trachomatis-infected cells do not have mis-positioned centrosomes, 

aberrant spindles arising from un-clustered centrosomes, nor do they have an inclusion 

is positioned at the spindle pole. Thus, Dre1 contributes to infection-induced 

multinucleation.  
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Dre1 mediates GA recruitment to the inclusion membrane. 

Our work demonstrates that Dre1 binds dynactin and modulates the positioning of a 

MTOC (the centrosome) with respect to the inclusion membrane. In eukaryotic cells, the 

Golgi apparatus (GA) also functions as an MTOC, and dynein/dynactin regulates its 

structure as well as the perinuclear localization (Jaarsma & Hoogenraad, 2015; Rios, 

2014; Yadav & Linstedt, 2011). Disruption of dynactin causes GA fragmentation and 

dispersal (Palmer et al., 2009; Yadav & Linstedt, 2011). Dynactin can bind to MTs 

anchored at the GA, as well as to βIII spectrin on GA membranes through its Arp1 subunit 

(Holleran et al., 2001; Yadav & Linstedt, 2011). C. trachomatis infection fragments the 

GA into mini-stacks that are recruited around the inclusion, which enhances progeny 

production (Heuer et al., 2009). To test the hypothesis that Dre1 mediates recruitment of 

the GA to the inclusion through its interaction with dynactin, HeLa cells were infected for 

24 hrs with L2, L2∆dre1, and L2∆dre1+pDre1, fixed, and stained with anti-GM130 (a cis-

GA marker) (Figure 2.5A). 52.8% of the inclusion surface area is within 1µm of the GA in 

L2-infected cells, whereas only 23.3% of the IM in L2∆dre1-infected cells was within 1µm 

of the GA (Figure 2.5B). GA recruitment was restored to L2 levels (55.5%) in the 

complemented mutant strain. These data demonstrate that Dre1 contributes to GA 

recruitment at the inclusion membrane. 

 

Dre1 is required for efficient inclusion fusion at the centrosomal MTOC. 

In cells infected with multiple L2 bacteria, each bacterium is typically enclosed in a 

separate inclusion, which then traffics along MTs to the MTOC/juxta-nuclear region. Over 

a period of ~ 24 hrs, multiple MTOC-localized inclusions undergo homotypic fusion 
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(Richards et al., 2013). While many details of the homotypic fusion process remain to be 

elucidated, it is known that the inclusion membrane protein IncA, which encodes 2 

SNARE-like domains, is absolutely required for homotypic fusion (Cingolani et al., 2019; 

Weber et al., 2016). These fusion events are critical for pathogenicity (Geisler et al., 2001) 

and may be a mechanism for genetic exchange between RBs or a strategy to avoid 

competing for the same resources in the host cell. Given that inclusion fusion requires 

association with the centrosomal MTOC (Richards et al., 2013), we tested the hypothesis 

that Dre1-mediated interaction between multiple inclusions and centrosomal dynactin 

may facilitate inclusion fusion. This mechanism is analogous to the mechanism by which 

Rab GTPases tether vesicles to their target organelles prior to fusion. 

 

In cells infected with L2∆dre1 at a high MOI, we observed a significant delay in inclusion 

fusion compared to L2 (Figure 2.6A). By 24hpi, the average number of inclusions per 

infected cell was 1.07, indicating that the vast majority of cells had undergone fusion, 

whereas cells infected with L2∆dre1 had an average of 1.77 inclusions per cell (Figure 

2.6B). The complemented mutant had 1.27 inclusions per infected cell; demonstrating 

that fusion was restored to nearly wild type levels. By 48hpi, L2∆dre1 inclusions are nearly 

fully fused; thus, Dre1 contributes to efficient inclusion fusion but is not absolutely 

required. Furthermore, L2-infected cells containing multiple inclusions exhibited Dre1-

dependent GFP-Arp1a localization at the boundary membranes between unfused 

inclusions (Figure 2.6A). Importantly, loss of Dre1 does not affect IncA expression or 

localization (Figure 2.1C).  
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We observed that the rare L2∆dre1 inclusions that remained unfused at 48hpi were 

located on opposite sides of the nucleus from one another. We hypothesized that these 

non-fused inclusion events arose as a consequence of trafficking along MTs to minus 

ends that are not anchored at the primary MTOC. To test this notion, we performed 

coinfections using a GFP-expressing L2, which should localize at the centrosome, and 

L2∆dre1 (which was not fluorescent). HeLa cells were infected with a 1:1 mix of L2GFP 

and L2∆dre1 for 48 hours. Cells were fixed and stained using antibodies to g-Tubulin and 

IncA, and stained with Wheat Germ Agglutinin (WGA). Figure 2.6C shows that in the 

exceedingly rare cases that there are two L2GFP inclusions within the same cell, they are 

both found adjacent to the centrosome 100% of the time. In a cell containing one L2GFP 

inclusion and one L2∆dre1 inclusion, 90% of inclusions are on opposite sides of the 

nucleus. Furthermore, in cells harboring two L2∆dre1 inclusions, these inclusions are also 

found on opposite sides of the nucleus at similar rates as cells harboring both an L2GFP 

inclusion and an L2∆dre1 inclusion. We thus conclude that the relative defect in L2∆dre1 

inclusion fusion is at least in part a consequence of the failure of the inclusions to be 

juxtaposed at the primary MTOC. 

 

Dre1 is required for virulence in cell culture and a mouse model of upper genital 

tract infection.   

Given that L2∆dre1 was initially identified by its small plaque phenotype (Kokes et al., 

2015), and that loss of Dre1 expression during infection contributes to defects in 

repositioning host organelles around the inclusion, we tested the contribution of Dre1 to 

virulence in cell-based and a murine model of upper genital tract infection. First, we 
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quantified whether Dre1 is required for C. trachomatis progeny production in HeLa cells 

or in pseudo-polarized A2EN cells. L2 infections harvested at 48hpi in HeLa cells, when 

L2∆dre1 no longer exhibits a fusion defect, yielded an 8-fold greater amount of EBs 

compared L2∆dre1 infections (Figure 2.7B). Likewise, L2 EBs harvested at 48hpi in A2EN 

cells produces 6-fold more EBs than L2∆dre1 (Figure 2.7A). In both HeLa and A2EN cells 

L2∆dre1+pDre1FLAG produces comparable numbers of EBs as L2 infection (Figure 2.7A, 

B). Thus, Dre1 is required for efficient production of infectious progeny in two different 

cell lines, and this virulence defect is unlikely due to the delay in inclusion fusion. 

 

Finally, we tested whether Dre1 contributes to infection in a well-established mouse 

model of C. trachomatis-induced human genital tract disease (Sixt et al., 2017). Female 

C57BL/6 mice were pre-treated with progesterone for 2 weeks to synchronize their estrus 

cycles and were then transcervically infected with either L2 or L2∆dre1. This mode of 

inoculation mimics ascending infection. Mice were sacrificed on days 3 and 5 post 

infection, and bacterial burden in isolated genital tracts was measured in 5 mice per strain 

using qRT-PCR against Chlamydia 16s rRNA. At 5 days post infection, L2∆dre1 was 

mostly cleared from the mice, while there were 10-fold higher levels of bacteria in the 

mice infected with L2 (Figure 2.7C). This result is consistent with the progeny defect 

observed in cellulo. 
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DISCUSSION 

In order to evade host-cell innate immune surveillance, internalized Chlamydia develop 

within a membrane-bound compartment. Given that C. trachomatis relies on host cell-

derived nutrients and energy, this bacterial pathogen must avoid globally inhibiting host 

cell function while building what is essentially a novel organelle. Through strategic 

deployment of effectors into the host cytosol and inclusion membrane, C. trachomatis 

actively remodels host cell structures from within the inclusion. In this work, we identified 

and characterized an interaction between the Inc Dre1 (CT192) and the host dynactin 

complex during infection (Figure 2.1). We found that the dynactin-binding domain (DBD) 

of Dre1 specifically targets this effector to the centrosomal MTOC (Figure 2.2) and that 

Dre1 is required for infection-induced centrosome repositioning (Figure 2.3), as well as 

the repositioning of organelles templated by the centrosome including the primary cilium 

(Figure S2.3). Furthermore, we demonstrate that Dre1 prevents clustering (though not 

the generation) of supernumerary centrosomes in infected cells (Figures 2.3, S2.3), 

suggesting that, Dre1 overrides the host cell’s intrinsic mechanisms for determining 

centrosome positioning during infection through its interaction with dynactin. We show 

that Dre1 interacts selectively with dynactin stably associated with specific organelles in 

order to modulate their recruitment to the growing inclusion (Figures 2.3-2.5). Importantly, 

we determined that the Dre1:dynactin interaction is critical to the intracellular survival and 

pathogenesis of C. trachomatis infections (Figure 2.7). Thus, this single Inc selectively 

evokes large-scale changes in host cell organelle organization. Given that Chlamydia 

species encode anywhere from 25-100 Incs as well as dozens of additional secreted 
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effectors, it is not surprising that this pathogen is so effective at causing diverse and often 

devastating diseases. 

 

Our work underscores the nuances of dynactin regulation and may prove useful in further 

dissecting its diverse cellular functions. Dynactin is an adaptor for the minus-end directed 

MT motor dynein; many intracellular pathogens interact with dynein (Henry et al., 2006) 

but our work identifies C. trachomatis as one of the few pathogens to interact directly with 

dynactin. Although C. trachomatis is known to traffic along MTs in a dynein-dependent 

manner to reach the host MTOC, we show that Dre1 is not required for trafficking from 

the cell periphery to the juxtanuclear position. This observation could be explained if 

another effector can fulfill this role. Indeed, the Inc CT850 has been shown to interact with 

dynein (Mital et al., 2015). Furthermore, disruption of dynactin by overexpression of its 

dynamitin (p50) subunit does not affect trafficking of the inclusion to the centrosome 

(Grieshaber et al., 2003). Dre1 could function to stabilize the dynactin complex in the face 

of perturbations, such as dynamitin overexpression, to employ redundancy in ensuring 

that the inclusion localizes at the centrosomal MTOC. However, given that Dre1 is one of 

the few pathogen effectors that specifically target dynactin rather than dynein, and that 

Dre1 does not AP with any known adaptor proteins that enhance dynein processivity 

(Table 1), we speculate that the primary role of the Dre1:dynactin interaction might be to 

target the MT-binding and MT-organizing functions of dynactin (which are not impeded 

by dynamitin overexpression), rather than targeting actively trafficking dynactin/dynein 

complexes (Eckley et al., 1999; Jacquot et al., 2010; Melkonian et al., 2007; Wittmann & 

Hyman, 1998).  
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An attractive model for the role of the Dre1:dynactin interaction is that Dre1 targets 

subpopulations of dynactin that function to anchor MTs at organelles, which would then 

allow C. trachomatis to recruit these organelles to the inclusion, thereby modulating their 

position, structure, or function. Indeed, our work demonstrates that Dre1 specifically 

localizes to the centrosomal MTOC (Figure 2.2) and that Dre1 is necessary for C. 

trachomatis to specifically disrupt positioning of MTOC-associated structures, including 

the centrosome, mitotic spindle, and primary cilium (Figures 2.3-2.5). In eukaryotic cells 

the GA can serve as a MTOC, and dynactin plays a role in anchoring MTs at this organelle 

(Yadav & Linstedt, 2011). During C. trachomatis infection the GA is recruited around the 

inclusion, which facilitates lipid acquisition by C. trachomatis and enhances progeny 

production (Heuer et al 2009). We demonstrate that Dre1 contributes to GA recruitment 

to the inclusion, although it is not exclusively required. Indeed, several other C. 

trachomatis effectors, including InaC/CT813 and ChlaDub1, have also been shown to 

mediate GA fragmentation and recruitment to the inclusion (Kokes et al., 2015; Pruneda 

et al., 2018; Wesolowski et al., 2017). Thus, multiple host organelles with dynactin-

mediated MT organizing capacity are repositioned during infection by Dre1. Furthermore, 

Dre1 appears dispensable for positioning of organelles that lack stable pools of dynactin, 

such as mitochondria (Figure S2.5). 

 

Our finding that Dre1 recruits of centrosomes away from the nucleus to the inclusion and 

prevents clustering of supernumerary centrosomes was striking (Figure 2.3). 

Interestingly, the degree of centrosome-inclusion association during infection amongst 

different species of Chlamydia correlates with conservation of Dre1. Only species with 
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Dre1 homologues have been shown to reposition centrosomes, and the extent of 

repositioning is highest in the species where Dre1 is most conserved (Brown et al., 2014; 

Mital & Hackstadt, 2011; Stephens et al., 1998). Our observation that Dre1 is not required 

for centrosome overduplication (Figure S2.3) is consistent with published work that links 

this process to the Chlamydia secreted protease, CPAF (Brown et al., 2014; K. A. 

Johnson et al., 2009; Knowlton et al., 2011). However, our work does suggest that Dre1 

is required to cluster supernumerary centrosomes during interphase and mitosis (Figures 

2.3, 2.4). In non-cancerous cells, the presence of supernumerary centrosomes activates 

checkpoints that induce cell death, given that centrosome overduplication leads to the 

formation of aberrant mitotic spindles, chromosome segregation errors, and aneuploidy. 

Centrosome overduplication is frequently observed in aggressive cancers, though cancer 

cells cluster extra centrosomes to achieve a seemingly normal bipolar division which 

allows for proliferation.  

 

Our results suggest a mechanism whereby C. trachomatis induces centrosome 

overduplication, and through the activity of Dre1, overrides the host’s centrosome 

positioning pathways (Figure 2.3) which results in construction of abnormal spindles 

(Figures 2.3, 2.4). Abnormal spindles interfere with cytokinesis and induce 

multinucleation, which is a hallmark of C. trachomatis infected cells. We demonstrate that 

loss of Dre1 decreases levels of infection-induced multinucleation (Figure 2.4), though it 

does not completely return multinucleation to levels seen in uninfected cells (Figure S2.4), 

a finding consistent with work showing that CPAF, and potentially other effectors, 

contribute to multinucleation during C. trachomatis infection (Alzhanov et al., 2009; Brown 
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et al., 2014). We speculate that cytokinesis failure might be a mechanism by which C. 

trachomatis avoids giving up resources and “real estate” to a daughter cell, which is 

consistent with work showing that multinucleated cells have an increased GA content. 

Taken together, our data suggest that the Dre1:dynactin interaction positions the inclusion 

close to organelles that provide essential nutrients (such as the GA) and circumvents the 

threat of losing half of the cell’s resources to a daughter during mitosis. Thus, Dre1 is 

important for maintaining the unique intracellular niche for the inclusion. 

 

The ability of Dre1 to induce centrosome and mitotic abnormalities could be the key to 

explaining the role of C. trachomatis as a co-factor, along with human papilloma virus 

(HPV), in the development of cervical cancer (Smith et al., 2004; Zhu et al., 2016), the 

fourth leading cause of cancer deaths among women (Arbyn et al., 2020; Jemal et al., 

2011). As centrosome de-clustering agents have been identified as promising targeted 

cancer therapeutics (Liu & Pelletier, 2019), Dre1 may be an attractive candidate for future 

studies. We note that since our experiments thus far have been performed in transformed 

cell lines, it will be important to test the downstream consequences of Dre-mediated 

centrosome and mitotic abnormalities in primary cells, or in an animal model.  It will be of 

even greater interest to define the effects of infection with L2 compared to L2∆dre1 in 

models of HPV infection. 

 

A unique aspect of C. trachomatis infection is that in cells infected with multiple bacteria, 

individual inclusions traffic to the MTOC and undergo homotypic fusion. These fusion 

events are critical for pathogenicity; rare, clinical isolates that are non-fusogenic are 
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associated with less severe genital tract infection compared to WT infections (Geisler et 

al., 2001). IncA, which possesses two SNARE-like domains, is absolutely required for 

inclusion fusion, but the role of other effectors and host cell components, is incompletely 

understood (Cingolani et al., 2019; Weber et al., 2016).  Our data demonstrate that Dre1 

contributes to efficient fusion of inclusions within the same cell and that dynactin may be 

recruited to the site of membrane fusion (Figure 2.6). We hypothesize that this is another 

example of Dre1 binding dynactin to position organelles – this time the organelle in 

question is the inclusion itself. Dre1 does not affect IncA expression or localization, nor 

does it affect inclusion trafficking to the centrosome. Rather, our work suggests that Dre1, 

by binding dynactin at the centrosome, which is a single-copy organelle during interphase, 

is critical to juxtaposing inclusions to allow the C. trachomatis- encoded fusion machinery 

to engage. This idea is further supported by our observations that inclusions in 

L2:L2∆dre1 co-infected cells fail to fuse if they are localized on opposite sides of the 

nucleus. Without Dre1, inclusions may not efficiently discriminate between local MT minus 

ends and the centrosomal MTOC of the host cell.  

 

We performed the majority of our experiments in HeLa cells, where the MTOC forms at 

the centrosome, however, C. trachomatis typically infects polarized epithelial cells where 

there are multiple non-centrosomal MTOCs during interphase. Determining how Dre1 

perturbs cells where the function of centrosome and the MTOC are separated and may 

provide insight into the relationship between various classes of MTOC. We observed a 

more severe replication defect in L2∆dre1-infected pseudo-polarized A2EN cells 
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compared to HeLa cells (Figure 2.7) and we speculate that distinguishing between these 

two structures may be important for C. trachomatis intracellular growth.  

 

An important question for the future is how Dre1 interacts with dynactin at a molecular 

level. One possible model is that Dre1 functions as a mimic for one or more adaptor 

proteins associated with the dynactin-dynein complex. Most identified adaptors that 

specify cargo-binding or modulate processivity of the dynactin-dynein complex contain 

long coiled-coil domains (Reck-Peterson et al., 2018). While we have not yet addressed 

this question, we note that bioinformatic analysis of Dre1 failed to reveal any sequence 

or structural homology to known proteins, including known adaptors. Second, we 

delineated the C-terminal 100 residues of Dre1 as being necessary and sufficient to bind 

dynactin and demonstrated that this domain targets ectopically expressed Dre1 to the 

centrosomal MTOC (Figure 2.2). Thus, rather than functioning as a cargo mimic, Dre1 

may target specific subpopulations of dynactin that are associated with MT minus ends. 

Future structural analyses to determine if Dre1 can distinguish and selectively interact 

with dynactin in complex with particular adaptors and to determine whether association 

with Dre1 alters the regulatory state or activity of dynactin will be required to address 

these important biological questions.   

 

In summary, we have identified a C. trachomatis effector that binds host dynactin, not to 

facilitate intracellular transport of the pathogen, but rather to reposition organelles 

including the centrosome and GA around the growing inclusion. We hypothesize that 

Dre1 binds dynactin complexes stably associated with organelles that nucleate and 
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organize MTs, and that Dre1 might be targeting dynactin subpopulations that are 

specifically involved in mediating organelle positioning within the cell. This selectivity 

would allow C. trachomatis to override host mechanisms for organelle positioning and 

create a replicative niche without globally altering trafficking or organelle function. Our 

work further highlights how a single pathogen effector can facilitate large scale changes 

in host cell architecture by interacting with a single, ubiquitous host protein complex. 

Future elucidation of the molecular basis of Dre1:dynactin interaction may provide insight 

into the regulation and activities of this essential host protein complex and will have broad 

implications throughout biology.  
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MATERIALS AND METHODS  

Cell Culture and Bacterial Propagation. 

HeLa 229, Vero, and A2EN cells were obtained from American Type Culture Collection 

(ATCC). HeLa cells were cultured and maintained in Eagle’s Minimum Essential Medium 

(MEM; UCSF Cell Culture Facility) supplemented with 10% (v/v) fetal bovine serum (FBS) 

from Gemini at 37ºC in 5% C02. HEK293T cells (a generous gift from NJ Krogan, UCSF) 

and Vero cells were cultured and maintained in Dulbecco’s modified Eagle’s Medium 

(DMEM, UCSF Cell Culture Facility) supplemented with 10% (v/v) FBS at 37ºC in 5% 

C02. A2EN cells were cultured and maintained in Keratinocyte Media (Gibco) 

supplemented with 50µg/mL Bovine Pituitary Extract (Gibco), 0.5ng/mL Human 

Recombinant EGF (Gibco), and 10% (v/v) FBS at 37ºC in 5% C02. Cells were routinely 

tested for mycoplasma (Molecular Probes, M-7006). C. trachomatis serovar L2 (434/Bu) 

and derivative strains used in these studies are listed in Table S3. C. trachomatis was 

routinely propagated in either HeLa 229 epithelial cell monolayers or Vero cell monolayers 

as previously described (Elwell et al., 2011). HeLa cells were used for all experiments 

unless otherwise specified. StellarTM chemically competent cells (Takara) were used to 

produce constructs for ectopic expression in mammalian cells, while dam-/dcm- 

chemically competent Escherichia coli (NEB) were used to produce unmethylated 

constructs for transformation into C. trachomatis.  

 

Plasmid construction.  

The Dre1 gene and various deletion derivatives used for ectopic expression in 

mammalian cells were PCR amplified from genomic C. trachomatis L2 (434/Bu) DNA and 
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subcloned into the EcoRI and NotI sites in pcDNA4.0/2xStrepII (Jager et. al. 2011) using 

the primers indicated (Table S2). Dre1 constructs were verified by forward and reverse 

sequencing. Superfolder (sf) GFP was amplified from a construct kindly provided by Dr. 

Ron Vale (HHMI, UCSF) and cloned into each Dre1 truncation strain as a C-terminal 

fusion. Centrin-2 and Mito-7 tagged with mCherry or mEmerald, respectively, were 

obtained from the Center for Advanced Light Microscopy (Nikon Imaging Center, UCSF). 

GFP-hARP1a was obtained from the Dumont lab (UCSF). To express epitope-tagged 

Dre1 during C. trachomatis infection, Dre1 was amplified from genomic C. trachomatis L2 

(434/Bu) DNA and subcloned into the NotI and SalI sites in the E. coli/Chlamydia 

pBOMB4 shuttle vector generously provided by Drs. Ted Hackstadt and Mary Weber 

(Bauler & Hackstadt, 2014). The p2TK2-mCherry E. coli/Chlamydia shuttle vector 

encoding pTet-IncG-FLAG was previously generated in collaboration with the Derré lab 

(Mirrashidi et al., 2015).  

 

Generation of C. trachomatis strains. 

Rifampin-resistant C. trachomatis L2 (434/Bu) was mutagenized using EMS to generate 

a library of nearly 1000 mutants (Nguyen & Valdivia, 2012). Pooled sequencing identified 

a mutant strain with a SNV that introduces an early stop codon at amino acid 20 of Dre1 

(R20*). This mutant was plaque purified (CTL2-M0463, hereafter referred to as L2∆dre1), 

and subjected to whole genome sequencing as previously described (Kokes et al., 2015).  

Its DNA sequence was compared to that of the L2 RifR parental strain to identify other 

SNVs in L2∆dre1 (Table S2). Importantly, L2∆dre1 contains no other nonsense 

mutations, and was re-sequenced periodically to confirm that stocks retained the R20* 
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mutation. Plasmid DNA was isolated from dam-/dcm- E. coli or C. trachomatis was 

transformed into C. trachomatis L2 RifR  or C. trachomatis L2∆dre1 as previously 

described with slight modifications (C. M. Johnson & Fisher, 2013; Wang et al., 2011). 

Briefly, 10µg of plasmid was mixed with 1 x 107 IFUs of C. trachomatis L2 and 1X 

Transformation Buffer (10 mM Tris pH 7.4 in 50mM CaCl2) in 200 µl and incubated at 

room temperature for 30 minutes. The entire transformation mix was added to Vero cells 

seeded in 6-well plates (33.3µl/well). At 12 hpi, 5 mg/mL Ampicillin (Sigma) was added to 

select for transformed Chlamydia. After 3 initial passages, Ampicillin was increased to 50 

mg/mL until transformed Chlamydia was expanded. Clonal populations of transformants 

were isolated under selection by plaque assay in Vero cells. C. trachomatis L2 RifR 

(parental strain) and L2∆dre1 were each transformed with empty vector. L2∆dre1 was 

transformed with pBOMB4-Dre1-FLAG for complementation. The C. trachomatis L2 RifR 

parental strain was transformed with pBOMB4-Dre1-FLAG to generate an 

overexpression strain (see Table S2 for a list of constructed C. trachomatis strains).   

 

FLAG immunoprecipitations. 

To generate the Dre1 infection interactome, 8 x 6-well plates of 80% confluent HeLa cells 

were infected with either wild-type C. trachomatis expressing plasmid-encoded Dre1FLAG 

or empty vector at a MOI of 5 for 36 hours. For all other FLAG immunoprecipitations, 3 x 

6-well plates of 80% confluent HeLa cells were infected with the indicated C. trachomatis 

strains expressing a FLAG-tagged Inc for 36 hours. 10µM MG132 was added 4 hours 

prior to lysis, and cells were lysed on the plates for 30 minutes at 4ºC in Lysis Buffer 

(50mM Tris-HCl pH 7.5, 150mM NaCl, 1mM EDTA, 0.5% NP-40, PhosStop, Roche 
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Complete Protease Inhibitor). Lysates were clarified by centrifugation at 13,000rpm, 4ºC 

for 15 minutes. Supernatants were then incubated 30µl anti-FLAG magnetic beads 

(Millipore Sigma) rotating overnight at 4ºC. Beads were washed three times in Wash 

Buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 1mM EDTA, 0.05% NP-40) and then once 

in Final Wash Buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 1mM EDTA). Samples were 

eluted in 45µl of Elution Buffer (100µg/mL FLAG peptide in Final Wash Buffer; Millipore 

Sigma) for 25 minutes at room temperature with continuous gentle agitation. All 

purifications were performed in triplicate and assayed by anti-FLAG immunoblot using 

enhanced chemiluminescence (Amersham Biosciences) or by silver stain (Pierce). For 

FLAG immunoprecipitations not analyzed by MS, eluates were analyzed by immunoblot 

analysis with the following antibodies: anti-FLAG, anti-MOMP, anti-GAPDH, and anti-p27. 

 

Sample preparation and mass spectrometry.  

Eluates were digested with trypsin for LC-MS/MS analysis. Samples were denatured and 

reduced in 2M urea, 2mM DTT, 10mM NH4HCO3 for 30 min at 60° C, then alkylated with 

2mM iodoacetamide at room temperature for 45 minutes. Trypsin (Promega) was added 

at a 1:100 enzyme: substrate ratio and digested at 37° C overnight. Following digestion, 

samples were then concentrated using C18 ZipTips (Millipore Sigma) according to 

manufacturer’s instructions. Desalted samples were evaporated to dryness, and 

resuspended in 0.1% formic acid for MS analysis. Digested peptide mixtures were 

analyzed by LC-MS/MS on an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher 

Scientific) equipped with an Easy-nLC 1200 HPLC (Thermo Fisher Scientific). Peptides 

were directly injected onto an analytical column (360 µm O.D. x 75 µm I.D.) with an 
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integrated emitter (New Objective) that was packed with 25cm of ReproSil Pur C18 AQ 

1.9 µm particles (Dr. Maisch). The HPLC system delivered a gradient from 4% to 30% 

ACN in 0.1% formic acid over 43 min, followed by an increase to 80% ACN over 5min, 

and lastly a hold at 80% ACN for 20min.  Peptides were introduced into the mass 

spectrometer by electrospray ionization in positive mode (1980V) with a transfer tube at 

300° C. MS1 scans were performed with orbitrap detection in profile mode at a resolution 

of 120K, a scan range of 400-1600 m/z, a maximum in injection time of 100ms, and AGC 

target of 200K ions, 1 microscan, an S-Lens RV of 60. Peptides with peptide isotopic 

distribution patterns (MIPS = on) of charge state 2-7 were selected for data-dependent 

MS2 fragmentation, with a dynamic exclusion time of 20s, a single selection being 

allowed, a +/- 10ppm mass tolerance, and a minimum signal of 5K.  Peptides selected for 

MS2 were fragmented by beam-type collisional activation (HCD), with a 1.6 m/z isolation 

window, a first mass of 100 m/z, a collision energy of 30, detection in the ion trap at a 

rapid scan rate in centroid mode, a 35 ms maximum injection time, and AGC target of 

10K, inject ions for all available parallelizable time was activated. 

 

Proteomics data analysis. 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository (Perez-Riverol et al., 2019). All raw data 

was searched against both the Dre1 protein sequence and the canonical isoforms of the 

uniport human proteome (downloaded June 21, 2021) using MaxQuant (version 1.6.12.0) 

(Cox & Mann, 2008). Default search parameters were used to with the exception that 

match between runs was activated with a matching time window of 0.7 min. The default 
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parameters included trypsin specificity, a maximum of two missed cleavages, a 1% false-

discovery rate at the peptide and protein level, a variable modification of oxididation on 

methionine, a variable modification of acetylation on the protein N-terminus. Finally, 

protein-protein interaction scoring of the identified proteins was performed with 

SAINTexpress, and high confidence protein-protein interactions were defined as those 

with a false discovery rate (BFDR) of less than 10% percent (Teo et al., 2014). We also 

included previously published high-confidence PPIs for Dre1 with a BFDR < 20% 

(Mirrashidi et al., 2015).  

 

Strep affinity purifications. 

For Strep affinity purifications, approximately 6 x 106 HEK293T cells were seeded in each 

of three 10 cm2 plates, and were transfected using Avalanche-Omni Transfection 

Reagent (EZ Biosystems), following manufacturer’s instructions. At 48 h after transfection 

cells were detached with 10 mM EDTA/D-PBS, washed with PBS, and lysed with 1mL of 

ice-cold Lysis Buffer at 4ºC for 30 minutes while rotating. Lysates were incubated with 30 

uL of Strep-Tactin Sepharose beads (IBA) in 1 mL of Final Wash Buffer and incubated 

overnight, rotating at 4°C. Beads were washed three times in 1 mL of Wash Buffer and 

once in 1 mL of Final Wash Buffer. Samples were eluted in 45 µl of 10 mM D-desthiobiotin 

(IBA) in Final Wash Buffer for 25 minutes at room temperature with continuous gentle 

agitation. Eluates were immunoblotted with anti-p150glued, anti-Strep, and anti-GAPDH 

antibodies.   
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Fluorescence imaging.  

HeLa cells were grown on glass coverslips in 24-well plates and infected with the 

indicated C. trachomatis strains (MOI ~ 1). Bacteria suspended in MEM supplemented 

with 10% FBS were centrifuged onto cell monolayers at 3500 RPM for 30 minutes at 4°C. 

C. trachomatis-infected HeLa cells were incubated at 37°C in 5% CO2 for 1 hour, infection 

media aspirated, and fresh media added. Cells were then incubated at 37°C in 5% CO2 

for 24, 36, or 48 hours as indicated in the figure legends. For expression of tagged 

constructs, HeLa cells were transfected with the indicated constructs using Effectene 

(QIAGEN) for 24 hours prior to infection, according to manufacturer’s instructions. 

Experiments requiring inclusion quantitation were performed at a low MOI (~0.2) to 

minimize cells with multiple inclusions. Experiments assaying efficiency of inclusion fusion 

were performed at a high MOI (~10) to maximize cells with multiple inclusions. When 

imaging centrosomes or cytoskeletal elements (including dynactin), cells were fixed in 

100% ice-cold methanol for 6 minutes. For imaging the GA or transfected fluorescent 

fusion proteins, cells were fixed in 4% PFA in PBS for 15 minutes at room temperature 

and then permeabilized in pre-warmed 1X PBS containing 0.1% Triton X-100 for 5 

minutes at room temperature. Cells were blocked in 1X PBS containing 1% BSA or 2% 

BSA (anti-Centrin-2) for 1.5 hrs, and stained with the indicated primary and fluorophore-

conjugated secondary antibodies in blocking buffer for 1 hr each. Centrosomes were 

detected with anti-centrin to observe centrioles and anti-γ-Tubulin to observe 

pericentriolar material. MTs and mitotic spindles were stained with anti-β-tubulin or anti-

p150glued. Of note, we were unable to find a Dre1 antibody that detected endogenous 

levels by immunofluorescence microscopy. Coverslips were mounted in Vectashield 
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mounting media containing DAPI (Vector Laboratories) to identify bacteria and host cell 

nuclei. When quantitating number of nuclei or inclusions per cell, cells were stained with 

wheat-germ agglutinin 647 to delineate the plasma membrane. To assay Dre1 localization 

upon Nocodazole treatment, HeLa cells were grown on glass coverslips in 24-well plates, 

transfected with Dre1-sfGFP truncations for 24 hours and then treated with 100ng/mL 

Nocodazole or equivalent concentration DMSO for 3 hours, and then cold-shocked for 

30min on ice. Cells were then immediately fixed in 4% PFA in PBS for 15 minutes at room 

temperature, permeabilized in pre-warmed 1X PBS containing 0.1% Triton X-100 for 5 

minutes at room temperature and then stained with the indicated antibodies. 

 

For co-localization of transfected Dre1-sfGFP truncation constructs and either (i) the 

MTOC (stained with the dye SiR-Tubulin 647; Cytoskeleton, Inc) or (ii) the centrosome 

(co-transfected with mCherry-Centrin2), HeLa cells were seeded on 24-well glass-bottom 

plates (MatTek, P24G-1.0-13-F) and transfected using Effectene (QIAGEN). At 24 hours 

post-transfection, cells were incubated with 100 nM SiR-Tubulin 647 dye in MEM for two 

hours at 37°C in 5% CO2. Cells were then stained with 20nM PureBlu Hoescht (BioRad, 

135-1304) in MEM for 15 minutes at 37°C in 5% CO2. Cells were then washed with PBS, 

and incubated in phenol-free DMEM (UCSF Cell Culture Facility) at 37°C and 5% CO2 

and imaged with a spinning disc confocal microscope (as described below).  

 

Microscopy. 

Single Z slices or 0.3 μm-thick Z-stack images were acquired using Yokogawa CSU-X1 

spinning disk confocal mounted on a Nikon Eclipse Ti inverted microscope equipped with 
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an Andora Clara digital camera and CFI APO TIRF 60x or 100x oil or PLAN APO 40x 

objective. Images were acquired by NIS- Elements software 4.10 (Nikon). For each set 

of experiments, the exposure time for each filter set for all images was identical. Images 

were processed with Nikon Elements, or Fiji Software. 

 

A2EN pseudo-polarization. 

Glass coverslips were placed in 24-well plates and submerged in 500µl of Type 1 collagen 

diluted to 30µg/mL in 20mM Acetic Acid in ddH2O for 5 minutes at room temperature. 

Following aspiration, coverslips were washed with Keratinocyte media to remove residual 

acetic acid. Approximately 3.5 x 105 A2EN cells were seeded per well on collagen-coated 

coverslips. Cells were grown for 48 hours at 37˚ in 5% CO2. The media was aspirated to 

remove non-adherent cells and fresh media placed for 24 hours.  Cells were infected with 

C. trachomatis by centrifuging bacteria diluted into 200µl of media per well onto cells at 

500g for 5 minutes at room temperature.  Infections were aspirated and cells were refed 

with warm media and incubated for 24 or 48 hours before fixation in either ice-cold MeOH 

or 4% PFA (see above for further detail).  

 

Quantitation of inclusion formation.  

HeLa cells, infected with the indicated C. trachomatis strain for 24 hours, were fixed with 

ice cold methanol or 4% PFA and visualized by confocal microscopy with anti-MOMP and 

fluorescent secondary antibodies. Images were acquired using a 40X objective and Nikon 

Elements pre-assigned image acquisition mode for 6 x 6 fields, creating a minimum of 30 

usable fields per coverslip x 3 technical replicates, for a total of ~90 fields per condition 
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in which to enumerate inclusions. Data are mean ± SD of 3 independent biological 

replicates. To quantify production of infectious progeny, infected HeLa or A2EN cells were 

osmotically lysed in ddH2O at 24, 36, or 48 hours post infection (hpi). 5-fold serial dilutions 

of harvested bacteria were used to infect fresh HeLa monolayers. At 24 hpi, inclusion 

formation was quantified as above. 

 

Antibodies and reagents. 

Primary antibodies were obtained from the following sources: mouse anti-p150glued (BD 

Biosciences, 610473), mouse anti-FLAG (Millipore, F3165), rabbit anti-FLAG (Millipore, 

F7425), mouse anti-GAPDH (Millipore, MAB374), mouse anti-GM130 (BD Biosciences, 

610823), mouse anti-centrin (Millipore, 04-1624), mouse anti-dynein, 74 kDa intermediate 

chains (Millipore, MAB1618), rabbit anti-p27 (DCTN6, Proteintech, 16947-1-AP), rabbit 

anti-γ-tubulin (Sigma, T3559), rabbit anti-Arl13b (Proteintech, 17711-1-AP), goat anti-

MOMP L2 (Fitzgerald, 20C-CR2104GP), rabbit anti-Strep TagII HRP (Novagen, 71591–

3), mouse anti- β-tubulin (Sigma, T4026). Mouse anti-IncA and rabbit anti-IncE antibodies 

were kindly provided by Dan Rockey (Oregon State University) and Ted Hackstadt (Rocky 

Mountain Laboratories), respectively. Secondary antibodies for immunofluorescence 

were derived from donkey and purchased from Life Technologies: anti-goat Alexafluor 

647, anti-mouse Alexafluor 647, anti-rabbit Alexafluor 647, anti-mouse Alexafluor 568, 

anti-rabbit Alexafluor 568, anti-goat Alexafluor 488, anti-mouse Alexafluor 488, anti-rabbit 

Alexafluor 488. Nocodazole was purchased from Sigma (M1404). SiR-tubulin 647 was 

purchased from Cytoskeleton, Inc. Wheat-germ agglutinin 647 was purchased from Life 

Technologies (W32466). Heparin sodium salt was purchased from Sigma (H3393). (S)-
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MG132 was purchased from Cayman Chemicals (10012628). Type 1 Collagen 

(ThermoFisher, A1048301).  

 

Quantitation of centrosome recruitment and centrosome spread during interphase.  

In images of acquired for HeLa cells infected for 36 hours, the centrosome to nucleus 

distance was calculated using Fiji to create 3D reconstructions of Z-stacks. A line was 

drawn from the centrosome (stained with anti-γ-Tubulin) to the nearest nuclear face 

(stained with DAPI) to calculate the centrosome-nucleus distance. Centrosome spread in 

infected HeLa cells was calculated at 36 hpi by using Fiji to generate maximum intensity 

projections of 3D image stacks of non-mitotic cells (defined as having uncoiled DNA and 

lacking spindles). The spread of centrosomes in these projections was calculated using 

the Fiji to draw a polygon encapsulating all centrosomes and then measuring the area of 

the convex hull corresponding to the polygon. Centrosome spread was calculated in > 40 

cells per condition over three independent biological replicates, the average of the three 

replicates ± SD is overlaid on the individual measurements of centrosome spread. 

 

Quantitation of aberrant spindles and multinucleation. 

HeLa cells infected for 24 hours with the indicated C. trachomatis strains were fixed with 

100% ice-cold MeOH and stained with antibodies to p150glued and γ-Tubulin to visualize 

mitotic spindles. The percent of mitotic cells containing aberrant spindles (defined as 

spindles with > 2 spindle poles) was calculated. For each condition > 45 mitotic cells 

across 3 independent biological replicates were counted and the average of the three 

replicates ± SD are represented. Multinucleation rates in infected cells were calculated at 
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36hpi by staining cells with WGA 647 to delineate the plasma membrane, and the fraction 

of infected cells containing > 1 nucleus (stained with DAPI) was determined. For each 

condition > 300 infected cells across 3 independent biological replicates were counted 

and the average of the three replicates ± SD are represented. 

 

Quantitation of Golgi Apparatus (GA) recruitment. 

To calculate GA recruitment to the inclusion membrane, HeLa cells were infected for 24 

hours with the indicated C. trachomatis strains, fixed with 4% PFA, and stained with 

antibodies to GM130 (a cis-GA marker) and IncE. Fiji was used to generate maximum 

intensity projections from Z-stacks captured for each condition. Inclusion membrane 

signal in these 2D projections was traced to form a polygon, which was subsequently 

fitted to a circle that approximates the inclusion. A second, concentric circle was drawn 

with a radius 1 µm longer than the inclusion membrane circle to specify the region within 

the cell that is within 1 µm of the inclusion. The arc length of inclusion membrane 

corresponding to regions where GA signal falls between the outer and inner circles was 

transformed to an angle measurement using the angle tool in Fiji, and this value was 

divided by 360° (see Figure 4.5B). For each condition > 100 infected cells across 3 

independent biological replicates were counted and the average of the three replicates ± 

SD are represented. 

 

Murine Infection Model. 

All experiments with mice were approved by the Institutional Animal Care and Use 

Committee of Duke University. Duke University maintains an animal care and use 
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program that is fully accredited by the Association for the Assessment of Accreditation of 

Laboratory Animal Care, International (AAALAC). Female C57BL/6J mice (Jackson 

Laboratory) were treated with 2.5 mg medroxyprogesterone (TEVA Pharmaceuticals) 

subcutaneously to synchronize their estrous cycles. Seven days later, 20 mice were 

infected transcervically with 1 x 107 EBs per mouse using an NSET Embryo Transfer 

device (ParaTechs). Mice were sacrificed at  3- and 5-days post infection, and the upper 

genital tracts were excised and trimmed of adipose tissue and immediately homogenized 

in 1 mL PBS (Gibco). DNA was extracted using a DNeasy kit (Qiagen) from 80 µL of 

homogenate following procedures recommended by the manufacturers.  

 

RT-qPCR. 

Quantitative PCR was performed on an a StepOne Plus Real Time PCR Systems 

(Applied Biosystems) using Power UP SYBR Green (ThermoFisher Scientific). 

Quantification of C .trachomatis 16S rRNA and mouse GAPDH were performed in 

triplicate and based on standard curves from dilutions of purified C. trachomatis and 

mouse DNA. Mouse PCR targets and primers used were: GAPDH (5’-

ACTGAGCAAGAGAGGCCCTA-3’, 5’-TATGGGGGTCTGGGATGGAA-3’), and C. 

trachomatis PCR targets and primers used were: 16S rRNA (5’-

GGAGGCTGCAGTCGAGAATCT-3’, 5’-TTACAACCCTAGAGCCTTCATCACA-3’) (Sixt 

et al., 2017).  

 

 

 



 

 56 

Statistical analysis. 

For each experiment 3 or more independent biological replicates were performed and the 

results are plotted individually or combined and represented as mean ± SD, as described 

in figure legends. For experiments with naturally high variability due to the asynchronous 

nature of C. trachomatis infections, Superplots were used to represent the data (Figures 

2.3B, 2.7A, 2.7B, and 2.7C; Lord et al., 2020). Briefly, all individual data points from all 

replicates are represented as small circles and color coded according to replicate number. 

Average values of each replicate were also color coded, and represented with triangles. 

The black bars represent the average of all replicates ± SD. All statistical analyses were 

performed using GraphPad Prism 9.0. All assays were analyzed using a one-way ANOVA 

with a two-tailed Welch’s t-test. Chlamydia growth in the murine infection model used a 

two-tailed Mann–Whitney U-test. 
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FIGURE 2.1 
 

 
 
 
FIGURE 2.1. Dre1 recruits host dynactin to the inclusion during infection. 
 
(A) Schematic of orthogonal AP-MS screens (“Transfection Interactome” and “Dre1 
Infection Interactome”) to identify host binding partners of Dre1.  
 
(B) List of dynactin subunits that co-purified with transfected Dre1 in HEK293T cells and 
scored in the top 5% of all MiST scores (descending order; Transfection Interactome) and 
of dynactin subunits that co-purified with Dre1 during C. trachomatis infection and scored 
in the top 10% of SAINT scores (Infection Interactome). Host protein scores marked with 
an asterisk are outside the top 5% or 10% of scores by MiST or SAINT respectively, but 
are indicated because they were present in Dre1 eluates.  
 
(C) Dre1 is required for recruitment of transfected GFP-Arp1a to the inclusion. HeLa cells 
infected for 24 hours with the indicated strains were fixed, and stained with anti-IncA 
(outlines inclusion membrane), transfected GFP-Arp1a (a dynactin subunit), and DAPI (to 
visualize nucleus and bacteria). Shown are single Z slices. N, nucleus. *, Inclusion. Scale 
bar, 10µm. 
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FIGURE 2.2 
 
 

 
 

 
 
 
FIGURE 2.2. The C-terminal 50 amino acids of Dre1 are required for dynactin 
interaction and for recruitment of Dre1 to the centrosomal MTOC.  
 
(A) Schematic of Dre1Strep constructs and summary of whether they interact with p150glued. 
Transmembrane (TM) domain, grey. Dre1 Dynactin binding domain, (DBD), dark green.  
 
(B) Immunoblot of Dre1Strep APs. HEK293T cells were transiently transfected with the 
indicated Dre1Strep constructs. Lysates were affinity purified with anti-Strep beads, and 
immunoblotted with the indicated antibodies. Input represents 0.02% of lysates. Cells 
transfected with empty vector serve as a negative control. Data shown are representative 
of three independent biological experiments.  
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(C, D) The C-terminus of transfected Dre1 is necessary for co-localization with Tubulin 
and Centrin 2. HeLa cells were transiently transfected with the indicated Dre1 constructs 
fused to superfolder GFP (sfGFP) and (C) stained with SiR-Tubulin dye to visualize  MTs, 
or (D) co-transfected with mCherry-Centrin2 to visualize the centrosome (indicated with 
white arrows). Single Z slices acquired by live cell imaging are shown. Scale bar, 10µm.  
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FIGURE 2.3 
 

 
 

 
 
FIGURE 2.3. C. trachomatis modulates centrosome positioning during infection 
through Dre1. 
 
(A) HeLa cells were infected for 36 hours with the indicated strains or left uninfected (UI), 
fixed and analyzed by confocal microscopy for the localization of endogenous Centrin 
(centrosome marker; magenta), IncE (inclusion membrane marker, green), and DAPI. 
Shown are single Z slices, arrows indicate centrosome position. Scale bar, 10 µm.  
 
(B) Centrosome to nucleus distance in C. trachomatis-infected cells at 36 hpi was 
calculated from 3D reconstructions of Z-stacks. Data are represented as individual values 
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for centrosome:nucleus distance for each strain (small colored circles) and average 
distance for each of three independent biological replicates are represented as triangles 
(color coded by replicate). Overall average ± SD amongst biological replicates are 
represented as black bars. 300 cells per condition were counted over three biological 
replicates.  
 
(C) Schematic depicting measurement of centrosome spread. Centrosome spread in 
HeLa cells infected for 36 hours was calculated by generating maximum intensity 
projections of 3D image stacks of non-mitotic cells, drawing a polygon connecting all 
centrosomes and then measuring the area of the convex hull generated from that 
polygon.  
 
(D) Quantitation of centrosome spread. HeLa cells infected with the indicated strains for 
36 hours were stained with antibodies to Centrin or γ-Tubulin and IncE. Centrosome 
spread was calculated in > 40 cells per condition, over three independent biological 
replicates. Data are represented as mean ± SD.  
 
(E) Quantitation of percentage of mitotic cells with abnormal spindle formation. HeLa cells 
infected with the indicated strains for 36 hours were stained with antibodies to p150glued 
and γ-Tubulin to visualize spindles. Spindles with > 2 poles were scored as abnormal. 50 
mitotic spindles were analyzed per condition, over three independent biological replicates. 
For infected samples, only cells with inclusions were quantified. Data are represented as 
mean ± SD. *p<0.05, **p<0.01, ***p<0.001, Welch’s ANOVA. 
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FIGURE 2.4 
 
 

 
FIGURE 2.4. Dre1 positions the inclusion at spindle poles during host division and 
contributes to C. trachomatis-induced multinucleation. 
 
(A) HeLa cells were infected with the indicated strains or left uninfected (UI) for 24 hours 
and analyzed by confocal microscopy for the localization of endogenous p150glued to 
visualize spindle poles (magenta), IncE to visualize the inclusion membrane (green), and 
DAPI. Shown are single Z slices. Scale bar, 10µm.  
 
(B) Quantitation of multinucleation. HeLa cells were infected for 48 hours with the 
indicated C. trachomatis strains, and subsequently analyzed by confocal microscopy for 
the localization of MOMP (to visualize bacteria), DAPI (to visualize nuclei) and WGA 647 
(to delineate the plasma membrane). 3D-reconstructions of 75 infected fields were scored 
for cells containing >1 nucleus for each strain over three replicates. Data are represented 
as individual percentages for each field (small colored circles) and average percentage 
for each of three independent biological replicates are represented as triangles (color 
coded by replicate). Overall average ± SD amongst biological replicates are represented 
as black bars. **p<0.01, Welch’s ANOVA.  
 
  



 

 79 

FIGURE 2.5 
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FIGURE 2.5. The Golgi Apparatus is recruited to the inclusion by Dre1. 
 
(A) HeLa cells were infected with the indicated strains or left uninfected (UI) for 24 hours 
and analyzed by confocal microscopy for the localization of endogenous GM130 to 
visualize the GA (magenta), IncE to visualize the inclusion membrane (green), and DAPI. 
Shown are single Z slices. Scale bar, 10µm.  
 
(B) Schematic depicting quantitation of GA recruitment to the inclusion. Maximum 
intensity projections were generated from Z-stacks and a circle was fitted to the inclusion 
membrane signal. A second, concentric circle was drawn with a radius 1 µm greater than 
the inclusion circle. The arc length of inclusion membrane corresponding to regions where 
GA signal falls between the outer and inner circles was determined, and this value was 
divided by 360°.   
 
(C) Quantitation of GA recruitment in infected cells described in (A). For each condition > 
100 infected cells across 3 independent biological replicates were counted and the 
average of the three replicates ± SD are represented. *p <0.05, **p<0.01, Welch’s 
ANOVA. 
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FIGURE 2.6 
 

 
 
FIGURE 2.6. Dre1 is required for efficient inclusion fusion at centrosomal MTOCs. 
 
(A) HeLa cells were infected with the indicated strains for 48 hours and analyzed by 
confocal microscopy for the localization of transfected GFP-Arp1a, endogenous IncA to 
visualize the inclusion membrane (magenta), and DAPI. Shown are single Z slices. Scale 
bar, 10µm.  
 
(B) Quantitation of fusion defect. HeLa cells infected with the indicated strains were fixed 
at 24 or 48 hpi and stained with an antibody to IncA (to demarcate inclusions), WGA 647 
(to identify plasma membrane), and DAPI. 120 cells were analyzed per condition, over 
three biological replicates. Data are represented as mean ± SD.  
 
(C) HeLa cells were coinfected with L2+pGFP and L2∆dre1 for 48 hours and analyzed by 
confocal microscopy for the localization of GFP, IncA (magenta), and DAPI. Shown are 
single Z slices. Scale bar, 10µm.  
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(D) Quantitation of infected cells described in (C). 3D-reconstructions of 25 infected fields 
for each condition over three replicates were scored for cells containing multiple 
inclusions found on opposite sides of the nucleus from one another. Overall average ± 
SD amongst biological replicates are represented as black bars. *p<0.05, **p<0.01, 
****p<0.0001, Welch’s ANOVA.  
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FIGURE 2.7  
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FIGURE 2.7. Dre1 is required for virulence in cell culture and a mouse model of 
upper genital tract infection 
 
(A and B) Quantitation of infectious progeny at 48 hpi in pseudo-polarized A2EN cells (A) 
or in HeLa cells (B) infected with the indicated C. trachomatis strains. Confluent 
monolayers were infected with the indicated strains for 48 hours. EBs were extracted and 
used to infect fresh HeLa monolayers to enumerate infectious particles produced over the 
course of the primary infections. Data are mean ± SD from ≥ 4 independent experiments 
presented as a scatter plot where all measures (dots) and averages of each biological 
replicate (triangles) are color coded. *p<0.05, **p<0.01, ***p<0.001, Welch’s ANOVA.  
 
(C) Dre1-deficient bacteria are cleared faster from the mouse genital tract, as measured 
at 3- and 5- days post infection. Data are presented as a scatter plot with technical 
replicates (dots) and average value for each mouse (triangles) are color coded, n=5, 
Mann-Whitney U test. 
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FIGURE S2.1 
 

 
 
 
FIGURE S2.1. Dre1 interacts specifically with dynactin during infection.  
 
(A) Silver stain and anti-FLAG immunoblot of HeLa cells infected with L2+pDre1FLAG or 
vector alone. Arrows indicate Dre1FLAG bands.  
 
(B) FLAG immunoprecipitations of HeLa cells infected for 36 hours with C. trachomatis 
strains transformed with pDre1FLAG, pIncGFLAG, or uninfected. Eluates and total lysates 
were immunoblotted with the indicated antibodies.  
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(C) HeLa cells were infected with L2+pDre1FLAG or L2 for 24 hours and analyzed by 
confocal microscopy for the localization of endogenous dynein (DIC 74.1kDa), IncE, and 
DAPI.  
 
(D) HeLa cells or (E) pseudo-polarized A2EN cells were infected with L2+pDre1FLAG for 
24 hours and analyzed by confocal microscopy for the localization of endogenous 
p150glued (a dynactin subunit), FLAG, and DAPI. All IF panels are single Z slices. Scale 
bar, 5µm. 
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FIGURE S2.2 
 

 

    
 
FIGURE S2.2. Dre1 localization at the centrosome does not depend on an intact MT 
network.  
 
HeLa cells were transfected for 24 hours with binding (amino acids 84-231) or non-binding 
(amino acids 84-180aa) variants of Dre1sfGFP,  exposed to nocadazole (100 ng/mL) or 
DMSO for three hours, cold-shocked for 30 min on ice, and immediately fixed with 4% 
PFA, and stained with antibodies to endogenous γ-Tubulin, p150glued, or β-tubulin 
(magenta), and DAPI. Untransfected HeLa cells (UT) were treated with nocodazole, fixed 
and stained for β-tubulin to confirm MT depolymerization. Shown are single Z slices. 
Scale bar, 10µm.  
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FIGURE S2.3 
 

 
 
FIGURE S2.3. Dre1 modulates the position of primary cilia during infection, but is 
not involved in C. trachomatis-induced dysregulation of centrosome duplication.  
 
(A) HeLa cells were infected with the indicated C. trachomatis strains for 36 hours and 
fixed. Centrosomes were visualized with antibodies to γ-Tubulin, Centrin, MOMP (major 
outer membrane of C. trachomatis), and DAPI. The average number of centrosomes in 
cells ± SD (n=3) is reported. 100 cells per condition per replicate were scored.  
 
(B) Pseudo-polarized A2EN cells were infected with the indicated C. trachomatis strains 
for 24 hours, fixed, and stained with anti-Arl13b (magenta, to visualize primary cilia), anti-
IncA (green, to visualize the inclusion membrane), and DAPI. Shown are single Z slices. 
Scale bar, 10µm.  
 
(C) The percentage of cilia anchored at the inclusion membrane from the four different 
conditions is shown. 25 ciliated cells per condition were analyzed, over two biological 
replicates. Data are represented as mean ± SD. *p<0.05, **p<0.01, ***p<0.001, Welch’s 
ANOVA.  
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FIGURE S2.4 
 
 

 
 
 
FIGURE S2.4. Basal rate of multinucleation in uninfected HeLa cells.  
 
HeLa cells were seeded on coverslips and 48 hours later fixed and stained with DAPI to 
visualize nuclei and WGA 647 to delineate the plasma membrane. Approximately 1.5% 
of uninfected HeLa cells contained more than one nucleus. 120 cells were analyzed, over 
three biological replicates. Data are represented as mean ± SD.  
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FIGURE S2.5 
 

 
 
 
FIGURE S2.5. Dre1 does not alter mitochondrial position during infection.  
 
HeLa cells were transfected with mEmerald-Mito7 (a mitochondrial marker) and then 
infected for 24 hours with the indicated strains, fixed, and stained with anti- IncE 
(magenta, to visualize inclusion membrane)) and DAPI (to visualize nuclei). N, nucleus. 
*, inclusion. Shown are single Z slices. Scale bar, 10µm. 
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FIGURE S2.6 
 
 

 
 
FIGURE S3.6. C. trachomatis L2∆dre1 exhibits a growth defect at later stages of the 
infectious cycle.  
 
(A and B) Quantitation of (A) inclusion number and (B) inclusion area relative to L2-
infections at 24hpi in HeLa cells. For (A) 35 fields per replicate for each condition were 
counted. For (B) 3D reconstructions for 35 inclusions per replicate for each condition were 
generated and measured using Fiji. Data are mean ± SD of three independent 
experiments.  
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(C and D) Quantitation of infectious progeny at 24, 36, and 48 hpi in (C) pseudo-polarized 
A2EN cells or in (D) HeLa cells infected with the indicated C. trachomatis strains. Relative 
IFUs for 24, 36, and 48 hpi are expressed as a fraction of L2. Data are mean ± SD from 
4 independent experiments. *p<0.05, **p<0.01, ***p<0.001, Welch’s ANOVA. 
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ADDITIONAL SUPPLEMENTAL MATERIAL 
 
SUPPLEMENTARY FILE 2.1 
Scoring for all PPIs identified through AP-MS (Transfection and Infection 
Interactomes). Related to Figure 2.1 and S2.1. 
Worksheet 1, Transfection Interactome (all). Summary of MiST and CompPASS scores 
from Dre1Strep-prey PPIs detected by AP-MS as well as individual MiST scores for 
abundance, reproducibility, and specificity. From Mirrashidi et. al., 2015.  
Worksheet 2, Transfection Interactome (HC). Same as Worksheet 2, except that it only 
contains data for the high-confidence Dre1-host PPIs (as defined in Mirrashidi et. al., 
2015.)  
Worksheet 3, Infection Interactome (all). Spectral counts and SAINT scores with 
associated Bayesian False Discovery Rate scores (BFDR) for all Dre1FLAG-host 
interactions identified during C. trachomatis infection.  
 
SUPPLEMENTARY FILE 2.2 
Whole genome sequencing identifying SNVs in C. trachomatis L2∆dre1 and parental 
strain compared to the published C. trachomatis L2 434/Bu genome sequence (accession 
no. AM884176).  
 
SUPPLEMENTARY FILE 2.3 
List of primers and strains used in this study. 
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CHAPTER THREE 

STRUCTURAL ANALYSIS OF DRE1 IN COMPLEX  

WITH HOST DYNACTIN 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“Just a conspiracy of cartographers, then?” 
- Tom Stoppard 
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SUMMARY  
 
Chlamydia trachomatis is an obligate intracellular pathogen that resides in a membrane-

bound compartment, the inclusion. The bacteria secrete a unique class of proteins, Incs, 

which insert into the inclusion membrane and modulate the host-pathogen interface. We 

previously demonstrated that the C.trachomatis Inc, Dre1, binds host dynactin and 

through this interaction, recruits specific organelles associated with stable pools of 

dynactin to the inclusion membrane during infection. Furthermore, though dynactin is 

broadly distributed at various subcellular localizations, ectopically expressed Dre1 

localizes specifically to the centrosomal MTOC. This result suggests that Dre1 targets 

centrosomal dynactin which is required for normal microtubule anchoring and/or focusing. 

In order to illuminate how Dre1 might discriminate different subpopulations of dynactin, 

we developed a cross-linking mass spectrometry (XL-MS) strategy that allowed us to map 

the binding interface between Dre1 and host dynactin. We present preliminary evidence 

that Dre1 binds along the Arp1 filament of the dynactin complex. Given that this 

subcomplex of dynactin mediates interaction with the motor protein dynein, as well as 

various adaptors, we speculate that binding at this interface might allow Dre1 to monitor 

or influence complex assembly. Furthermore, we demonstrate by negative stain electron 

microscopy (EM) that Dre1 co-purifies intact dynactin complexes. Combining the power 

of cryo EM and XL-MS during infection to elucidate the structure of Dre1 bound to the 

dynactin complex will undoubtedly provide new insights into dynactin regulation. This 

work underscores the power of using pathogens to further our understanding of disease-

related cell biology.  
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INTRODUCTION 

Motor proteins convert the chemical energy of ATP to mechanical energy, and thereby 

generate forces that are essential for a wide variety of cellular processes including cell 

motility, cell division, organelle positioning, and long-range transport of intracellular cargo 

(Tirumala & Ananthanarayanan, 2020). These proteins move processively along MTs, 

carrying cargo and organelles towards either the plus or minus ends of these polarized 

cytoskeletal filaments (Reck-Peterson et al., 2018). While mammalian cells encode nearly 

40 plus-end directed kinesin motors, a single dynein motor is responsible for nearly all 

minus end directed trafficking in the cytoplasm (Reck-Peterson et al., 2018). Thus, an 

important area of investigation is elucidating how a single motor can transport such a 

diverse array of cargoes and how this process is regulated.  

 

Dynactin was one of the earliest identified regulators of dynein activity. It was found to be 

required for vesicle movement along MTs (Gill et al., 1991; Schroer & Sheetz, 1991), and 

its interaction with dynein is enhanced in the presence of the adaptor, BICD2 (Splinter et 

al., 2012). Recent work has demonstrated that this adaptor, which is predominantly 

composed of long stretches of coiled coils, enhances processivity of the dynein/dynactin 

complex along MTs and facilitates cargo-binding (McKenney et al., 2014). In fact, most 

identified adaptors that specify cargo-binding or modulate processivity of the dynactin-

dynein complex contain long coiled-coil domains (Reck-Peterson et al., 2018). Many 

intracellular pathogens target dynein to facilitate transit through the host cytosol (Ortiz 

Flores et al., 2019), however comparatively few pathogens target dynactin. Those that do 

include, Classical swine fever virus, which binds dynactin to facilitate localization at early 
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endocytic compartments, and foot and mouth disease virus, though phenotypic 

consequences of this interaction remain uncharacterized (Borca et al., 2019; Gladue et 

al., 2014). We speculate that the identified interaction between dynactin and Dre1 may 

be targeting a different cellular function of dynactin than its most commonly studied role 

as an activator for dynein processivity.  

 

Dynactin is a large and complex assembly of proteins that is approximately 1.1 MDa in 

size. It contains more than 20 subunits, corresponding to 11 different proteins (Urnavicius 

et al., 2015). Dynactin is built around a filament composted of the actin-related protein, 

Arp1. This filament has polarity – and each end is capped by a different protein complex; 

either CapZa/b at the barbed end, or p62, p27, and p25 at the pointed end (Figure 3.2, 

Urnavicius et al., 2015). The shoulder domain sits on top of this filament and comprises 

two copies of p150glued, four copies of p50/dynamitin, and two copies of p24 ((Reck-

Peterson et al., 2018). Both p150glued and p50 extend peptides out from the body of the 

complex, and the p150glued extended domain has been implicated in MT binding 

(Waterman-Storer et al., 1995). We have shown that the C. trachomatis Inc, Dre1, co-

purifies with all of these subunits during infection (Chapter 2).  

 

Dynactin is required for most types of dynactin-based motility in vivo. Beyond its role in 

intracellular transport, it has been shown to be involved in MT binding, MT anchoring at 

organelles, organelle positioning, and even in binding specific cargo even in the absence 

of dynein (Schroer & Verma, 2021). Dre1 does not interact with any known 

dynein/dynactin adaptors, nor does it interact with any proteins that share structural 
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features with known adaptors (e.g. extended coiled-coil domains; Chapter 2, Mirrashidi 

et al., 2015)). Furthermore, we have shown that Dre1 is not required for trafficking of the 

inclusion from the cell periphery to the juxtanuclear position (Chapter 2). Given this 

evidence, we hypothesize that the primary role of the Dre1:dynactin interaction might be 

to target the MT-binding and MT-organizing functions of dynactin. Indeed, we observe 

that Dre1 localizes specifically at the centrosomal MTOC where there is a stable pool of 

dynactin throughout all stages of the cell cycle (Quintyne et al., 1999; Quintyne & Schroer, 

2002) and that Dre1 mediates repositioning of multiple host organelles with dynactin-

mediated MT organizing capacity.  

 

In order to determine the molecular basis for the selectivity employed by Dre1 in targeting 

particular subpopulations of dynactin, we mapped the binding interface between Dre1 

and dynactin. Given the complexity of the dynactin complex and associated binding 

partners, traditional methods (e.g. yeast two-hybrid, directed co-APs) that identify the 

direct binding partner(s) of Dre1 would require testing a prohibitively large number of 

combinations. Over the past fifteen years, cross-linking mass spectrometry (XL-MS) has 

developed into a robust and flexible tool that provides structural information in a wide 

variety of contexts (O’Reilly & Rappsilber, 2018). The cross-linking reaction covalently 

links proximal residues, providing a map of where proteins are in close contact. In this 

work we use the chemical DSSO (disuccinimidyl sulfoxide) to cross-link eluates 

containing purified Dre1 and host binding partners (Figure 3.1). We show preliminary 

evidence that Dre1 binds along the Arp1-filament of dynactin. Structural studies recently 

demonstrated that this dynactin subcomplex binds along the entire length of the dynein 
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light and intermediate chains, and that coiled-coil adaptors stabilize dynactin-dynein by 

associating along the boundary of this extended interface (Urnavicius et al., 2015). 

Binding at this nexus would allow Dre1 to monitor or dictate the composition of various 

dynactin-containing complexes.  

 

We have shown that Dre1CTD-Strep ectopically expressed in mammalian tissue culture 

cells interacts with all known dynactin subunits. Here, we demonstrate by negative stain 

EM that these complexes are intact. Thus, Dre1 might be a powerful tool enabling a 

simpler purification strategy for this large complex that doesn’t require preparing samples 

from animal organs. In future work, we will use these purified complexes to perform higher 

resolution cryo EM, and to more confidently assess the interaction interface between Dre1 

and dynactin. Combined with experiments aimed at performing cross-linking in C. 

trachomatis infected cells (Kaake et al., 2014), we hope to determine if Dre1 can 

distinguish and selectively interact dynactin in complex with particular adaptors or 

whether association with Dre1 alters the regulatory state or activity of dynactin. Taken 

together, this work will highlight the utility of pathogens in uncovering new information 

about host cell biology.  
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RESULTS 

Dre1 binds the Arp1 filament of dynactin.  

The structural details of the Dre1:dynactin interaction were characterized by chemical 

cross-linking mass spectrometry (MS) and integrated structural modeling. Here, 

disuccinimidyl sulfoxide (DSSO), a MS-cleavable, bifunctional amine-reactive small 

molecule, was used to cross-link proximal lysine residues of Dre1CTD-Strep in complex 

with host dynactin. Cross-linked peptides were trypsin digested and resulting peptides 

analyzed by specialized LC-MS3 experiments for identification of cross-linked residues. 

Application of this pipeline identified intra- and inter-linked peptides corresponding to 226 

unique cross-linked residues (Supplementary Table 3.1). Lysine residues from Dre1 are 

involved in a total of 14 inter-subunit cross-links. Importantly, most of these cross-links 

are made between Dre1 and the Arp1 subunits that make up the actin-like filament of 

dynactin (Arp1, CapZa, and Arp10; Figure 3.2). Given that XL-MS captures structural 

information from a conformationally heterogeneous population of protein complexes that 

exist in solution, these links were mapped to a published 4.0 angstrom-resolution cryo 

EM structure of dynactin (Urnavicius et al., 2015). Segments of the published structure 

that are disordered were unable to be resolved, and thus, nearly half of the identified 

cross-links in our data set could not be matched onto a structure. Of the cross-links that 

fall within the protein domains structurally resolved and published, 83% of cross-links are 

satisfied, meaning that we have purified and cross-linked a dynactin complexes that 

match fairly well with the published structure (Supplementary Table 3.2). Discrepancies 

may indicate conformational changes in dynactin induced by Dre1, or they could be a 

function of the inherent flexibility of the dynactin complex. Repeating this experiment to 
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obtain higher coverage of the complex will distinguish between these possibilities. Here 

were present a model of the putative binding interface between Dre1 and the Arp1 

filament of dynactin (Figure 3.2).  

 

Dre1 co-purified intact dynactin complexes by NS-EM.  

To further resolve the structure of Dre1 in complex with dynactin, we turned to cryo EM. 

After several failed attempts to purify various Dre1-Strep truncations and associated 

dynactin complexes from E. coli due to solubility issues (Figure 3.3), we turned to a 

mammalian-cell expression system. Dre1CTD (aa 84 – 231; see Figure 2.2 for domain 

architecture of Dre1) was selected due to its lack of transmembrane domains, its high 

expression levels in 293T cells, and its high-affinity interaction with dynactin as 

determined by western blot analysis using antibodies to endogenous dynactin (p150glued, 

p27 subunits). Purified Dre1CTD-Strep:dynactin complex from suspension HEK293 cells 

yielded high concentrations of solubilized protein (~1 µM), with discrete bands imaged by 

Coomassie that match published band patterns for dynactin purified from pig brains 

(Urnavicius et al., 2015). We performed negative stain EM (NS-EM) to assess the 

formation and stability of purified Dre1:dynactin complexes. In preliminary images, we 

observe that these complexes match fairly well with published structures of dynactin, and 

do not exhibit aggregative behaviors (Figure 3.3). We resolved electron density that 

corresponds to the Arp1 filament of dynactin, as well as to the shoulder domain. Given 

that these complexes appear to assemble appropriately on grids, we will next perform 

cryo EM to gain a higher resolution map of where Dre1 binds within these complexes and 

determine the direct binding partner of Dre1.  
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DISCUSSION 

Structural analysis is a powerful tool for elucidating protein function and regulation. Here 

we utilize a two-pronged strategy to map the binding interface between Dre1 and 

dynactin. We combined the techniques of cross-linking mass spectrometry and cryo 

electron microscopy and present preliminary evidence that Dre1 binds along the Arp1 

filament of dynactin. We demonstrate that Dre1 purifies intact, assembled dynactin 

complexes that are stable enough to resolve by negative-stain electron microscopy. 

These data provide a solid foundation from which to probe the molecular details of 

Dre1:dynactin complex assembly. 

 

We report that Dre1 cross-links along the Arp1 filament of dynactin. Though nearly 50% 

of identified intra- and inter- molecular cross-links map to regions of dynactin that have 

not been structurally resolved, 83% of the cross-links that map to regions of dynactin that 

have been structurally resolved matched the published dynactin cryo EM structure 

(Urnavicius et al., 2015). In the future we will perform additional experiments, with cross-

linkers that covalently link diverse amino acids to one another, in order to build a higher 

coverage map of the Dre1:dynactin interaction surface. Furthermore, we will perform 

analogous experiments in the context of infection (Figure 3.1) in order to determine 

whether inclusion membrane localized Dre1:dynactin complexes exhibit altered 

interactions, or whether they associate stably with additional binding partners. 

 

Given that the Arp1 filament of dynactin modulates binding with dynein and a host of 

coiled-coil adaptor proteins, we were intrigued to see that Dre1 also appears to bind at 



 

 103 

this busy interface. We speculate that this may be a mechanism by which Dre1 monitors 

or regulates complex assembly, and may be the molecular basis for how Dre1 

distinguishes between different functions of dynactin. Future cryo EM experiments will be 

aimed at elucidating the how Dre1 modulates the Arp1 filament.   

 

We have also begun to test whether association of Dre1 with dynactin stabilizes or 

displaces various adaptors and associated proteins. By immunoprecipitating dynactin in 

the presence or absence of Dre1, and analyzing the resulting proteomes by MS, we will 

begin to uncover which dynactin complexes Dre1 is targeting. As Dre1 does not co-purify 

with any known adaptors (Chapter 2; Mirrashidi et al., 2015), we speculate that Dre1 

association may displace and/or replace certain adaptor functions. We will further assay 

how Dre1 modulates dynactin behavior by determining whether Dre1 added to processive 

dynein:dynactin:adaptor assemblies alters processivity along immobilized MTs, and 

whether Dre1 displaces dynein or adaptors from dynactin. Given our data that Dre1 

localizes specifically at the centrosomal MTOC (Chapter 2) and not along MTs, it is 

possible that Dre1 stabilizes MT minus end-binding functions of dynactin. This could 

explain the ability of C. trachomatis to selectively reposition centrosomes and the GA 

(Chapter 2), which both have clusters of MT minus ends that are anchored by the MT 

binding function of dynactin p150glued (Jaarsma & Hoogenraad, 2015; Quintyne et al., 

1999). Together, these studies will determine the molecular mechanism by which a 

pathogen effector selectively targets or alters the regulation of dynactin functions.  
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Recent work has highlighted dynactin cellular functions that are independent of motor 

binding. Dynactin contributes to MT anchoring at sites where MT minus-ends converge, 

such as the centrosome. Furthermore, dynactin is able to cross-link microtubules to 

various cellular components. This functionality is dependent on the MT binding and cargo-

binding capability of dynactin (Schroer & Verma, 2021). Dre1 might be specifically target 

this tethering function of dynactin to position the inclusion appropriately with respect to 

various cellular structures during infection.  

 

The survival of an intracellular pathogen depends in large part on its ability to hijack 

established host protein machinery. Taken together, these experiments aim to resolve 

the molecular details and functional consequences of the interaction between Dre1 and 

dynactin. Understanding the role of a C. trachomatis effector in regulating the host 

dynactin complex provides specific information about how normal host processes are 

repurposed or used against the host during infection. Resolving these events may provide 

new targets for new therapeutics, as well as novel insights into fundamental eukaryotic 

processes. 
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MATERIALS AND METHODS 

Cell Culture and Bacterial Propagation. 

HeLa 229 and Vero cells were obtained from American Type Culture Collection (ATCC). 

HeLa cells were cultured and maintained in Eagle’s Minimum Essential Medium (MEM; 

UCSF Cell Culture Facility) supplemented with 10% (v/v) fetal bovine serum (FBS) from 

Gemini at 37ºC in 5% C02. HEK293T cells (a generous gift from NJ Krogan, UCSF) and 

Vero cells were cultured and maintained in Dulbecco’s modified Eagle’s Medium (DMEM, 

UCSF Cell Culture Facility) supplemented with 10% (v/v) FBS at 37ºC in 5% C02. Cells 

were routinely tested for mycoplasma (Molecular Probes, M-7006). C. trachomatis 

serovar L2 (434/Bu) and derivative strains used in these studies are listed in Table S4. 

C. trachomatis was routinely propagated in either HeLa 229 epithelial cell monolayers or 

Vero cell monolayers as previously described (Elwell et al., 2011). HeLa cells were used 

for all experiments unless otherwise specified. StellarTM chemically competent cells 

(Takara) were used to produce constructs for ectopic expression in mammalian cells, 

while dam-/dcm- chemically competent Escherichia coli (NEB) were used to produce 

unmethylated constructs for transformation into C. trachomatis.  

 

Plasmid construction.  

The Dre1 gene and various deletion derivatives used for ectopic expression in 

mammalian cells were amplified from genomic C. trachomatis L2 (434/Bu) DNA and 

subcloned into the EcoRI and NotI sites in pcDNA4.0/2xStrepII (Jager et. al. 2011) using 

the primers indicated (Table S4). Dre1 constructs were verified by forward and reverse 

sequencing. Dre1 deletions were also subcloned into the EcoRI and BamHI sites in T789 
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(a pet28a variant with N-terminal 2xStrep-SNAP and C-terminal 10xHis tags; kindly 

provided by Ron Vale; UCSF). To express epitope-tagged Dre1 during C. trachomatis 

infection, Dre1 was amplified from genomic C. trachomatis L2 (434/Bu) DNA and 

subcloned into the NotI and SalI sites in the E. coli/Chlamydia pBOMB4 shuttle vector 

generously provided by Drs. Ted Hackstadt and Mary Weber (Bauler & Hackstadt, 2014).  

 

Generation of C. trachomatis L2+pDre1FLAG. 

C. trachomatis L2 (434/Bu) was plaque purified. Plasmid DNA was isolated from dam-

/dcm- E. coli or C. trachomatis was transformed into C. trachomatis L2 as previously 

described with slight modifications (Johnson & Fisher, 2013; Wang et al., 2011). Briefly, 

10µg of plasmid was mixed with 1 x 107 IFUs of C. trachomatis L2 and 1X Transformation 

Buffer (10 mM Tris pH 7.4 in 50mM CaCl2) in 200 µl and incubated at room temperature 

for 30 minutes. The entire transformation mix was added to Vero cells seeded in 6-well 

plates (33.3µl/well). At 12 hpi, 5 mg/mL Ampicillin (Sigma) was added to select for 

transformed Chlamydia. After 3 initial passages, Ampicillin was increased to 50 mg/mL 

until transformed Chlamydia was expanded. Clonal populations of transformants were 

isolated under selection by plaque assay in Vero cells. The p2TK2-mCherry E. 

coli/Chlamydia shuttle vector encoding pTet-IncE-FLAG was previously generated in 

collaboration with the Derré lab (referred to herein as C. trachomatis L2+pIncEFLAG; 

Mirrashidi et al., 2015). (see Table S1 for a list of constructed C. trachomatis strains).   
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Strep affinity purifications. 

For Strep affinity purifications, approximately 6 x 106 HEK293T cells were seeded in each 

of 20 x 10 cm2 plates, and were transfected using Avalanche-Omni Transfection Reagent 

(EZ Biosystems), following manufacturer’s instructions. At 48 h after transfection cells 

were detached with 10 mM EDTA/D-PBS, washed with PBS, and lysed with 10 mL of ice-

cold Lysis Buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 1mM EDTA, 0.5% NP-40, 

PhosStop, Roche Complete Protease Inhibitor) at 4ºC for 30 minutes while rotating. 

Lysates were incubated with 30 uL of Strep-Tactin Sepharose beads (IBA) in 1 mL of 

Final Wash Buffer and incubated overnight, rotating at 4°C. Beads were washed three 

times in 1 mL of Wash Buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 1mM EDTA, 0.05% 

NP-40) and then once in Final Wash Buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 1mM 

EDTA). Samples were eluted in 45 µl of 10 mM D-desthiobiotin (IBA) in Final Wash Buffer 

for 25 minutes at room temperature with continuous gentle agitation. Eluates were stained 

with Instant Blue (Expedeon) and immunoblotted with anti-p150glued, anti-Strep, and anti-

GAPDH antibodies.   

 

Alkyne-A-DSBSO based cross-linking mass spectrometry analysis (XL-MS) during C. 

trachomatis infection.  

8 x 6-well plates of 80% confluent HeLa cells were infected with either C. trachomatis 

L2+pDre1FLAG or C. trachomatis L2+pIncEFLAG at a MOI of 1.5 for 40 hours. At 36 hpi, 10 

µM MG132 (Cayman) was added to infected cells. Cells were washed gently with PBS, 

and the cross-linker Alkyne-A-DSBSO (A-Bis; Burke et al., 2015) diluted to 2 mM in PBS 

was added to infected cells directly on the plates. 400 µl of A-Bis was added to each well, 
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and cells were incubated at 37ºC, 5% CO2 for 1 hour under gentle agitation. Cross-linker 

was exchanged three times for fresh cross-linker. Cross-linking reaction was stopped 

after 1 hour by adding 0.125M glycine to the wells and incubating for 5 minutes at room 

temperature. Glycine and cross-linker was then aspirated from cells. Cells were lifted in 

10mM EDTA/PBS for 10 minutes, and pelleted at 400g, 4ºC for 3 minutes. Cells were 

lysed in 8M Urea Lysis Buffer (8M urea, 5mM DTT, 150mM NaCl, 50mM Tris-HCl pH 7.5, 

1% SDS, PhosStop, Roche Complete Protease Inhibitor) for 10 min on ice, and then 

sonicated on setting 3 with 3x5 second pulses with ~15 second rests in between, on ice.  

 

FLAG immunoprecipitations. 

Lysates were diluted to 2M urea using Final Wash Buffer, and were then incubated with 

60µl anti-FLAG magnetic beads (Millipore Sigma) rotating overnight at 4ºC. Beads were 

washed six times in Wash Buffer, changing tubes each time, and then twice in Final Wash 

Buffer. Samples were eluted in 45µl of Elution Buffer (100µg/mL FLAG peptide, 1% 

Rapigest in Final Wash Buffer; Millipore Sigma) for 25 minutes at room temperature with 

continuous gentle agitation. All purifications were performed in triplicate and assayed by 

anti-FLAG immunoblot using enhanced chemiluminescence (Amersham Biosciences) or 

by silver stain (Pierce). For FLAG immunoprecipitations not analyzed by MS, eluates were 

analyzed by immunoblot analysis with the following antibodies: anti-FLAG, anti-MOMP, 

anti-GAPDH, and anti-p27. 

 

DSSO-based cross-linking mass spectrometry analysis (XL-MS).  
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Individual preparations of Dre1:dynactin were cross-linked using increasing molar ratios 

of DSSO (Thermo Fisher Scientific), for 5, 10, or 30 minutes at 4 or 37ᵒC. Cross-linked 

proteins were separated on 4–20% TGX gradient SDS-PAGE gels (Bio-Rad), stained with 

MS-safe AcquaStain (Bulldog Bio), and cross-linked product bands excised and 

submitted for in gel reduction, alkylation, and trypsin digestion. Extracted peptides were 

separated online by Thermo Easy nLC 1000 by reverse-phase HPLC (75 μm × 30 cm 

fused silica packed with 1.9-μm Reprosil-Pur C18 AQ resin (Dr. Maisch-GmbH) column), 

running a linear gradient of 5–30% B in 50min, 35–95% B in 5 min, and 95% B for 4 min 

at a flow rate of 300 nL/min (buffer A: 100% H2O/0.1% FA; buffer B: 100% ACN/0.1% 

FA). For each sample, XL-MS3 data was acquired on Thermo Orbitrap Elite using two 

similar data dependent acquisition experiments where a single acquisition cycle consisted 

of: 1) one full MS1 scan (350–1500 m/z, 120,0000 resolution, AGC target of 1×106); 2) 

top two data-dependent MS2 scans (15,000 resolution, AGC target of 5×104, normalized 

collision energy = 22%); and 3) top three (or four) MS3 scans (ion count target 104, 

normalized collision energy = 35%). Precursor ions (charge state ≥4+) were dynamically 

excluded for 20 seconds (tolerance of 10 ppm). Charge state and dynamic exclusion were 

applied to MS2 but turned off for MS3 acquisition. 

 

Raw data was extracted to MGF format using MSConvert51, with MS3 data used for 

protein and peptide searches. Searches were performed by batch-tag feature of a locally 

installed version of Protein Prospector (v. 5. 19. 1, University of California San Francisco), 

with DSSO remnant mass modifications set as variable modifications (e.g. Alkene, 

Sulfenic-acid, and Thiol). Peptide reports were generated using the Search Compare 
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feature of Protein Prospector, and dead-end, intra-linked, and inter-linked peptides 

identified by in-house software program XL-Discoverer (part of new XLTools suite). 

Summarization and confidence assignment of inter-linked peptides was performed by in 

house scripts that reduce ambiguous assignments and distribute redundant counts. 

 

Protein purification from E. coli. 

Dre1 constructs containing N-terminal 2xStrep and SNAP tags were fused to a C-terminal 

10xHis-MBP tag for expression in E. coli. Cells were grown in TB at 37ºC overnight, 

diluted 1:100 and grown to OD600 of 0.4 - 0.6. Temperatures were reduced to 18ºC and 

expression was induced with 1 mM IPTG, incubated overnight at 18ºC, shaking at 

200rpm. Cells were pelleted for 15mn at 4000g at 4ºC and lysed by sonication. Lysates 

were clarified by centrifugation for 30min at 20,000g, 4ºC. Proteins were purified using 

100 µl of a 50% slurry of Ni-NTA resin 2X (Sigma). Proteins were eluted 3X with 100µl 

elution buffer (2.5X PBS, 50mM imidazole). SDS-PAGE gel was run and stained with 

Coomassie to assess solubility.  

 

Negative stain electron microscopy. 

Eluates from Strep affinity purified Dre1CTD-Strep in complex with dynactin (in Final Wash 

Buffer) were negatively stained with uranyl formate (pH ~6.0) on thin-carbon layered 400-

mesh copper grids (Klim Verba) that were glow discharged before sample was applied. 

Samples were imaged using a 76 Tecnai T12 Spirit TEM (FEI) operated at 120 keV. 

Micro- graph images were acquired with ∼1.5-μm defocus on a 4k × 4k CCD camera 

(Gatan) at a magnification of 67,000× with a pixel size of 1.73 Å. 
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Antibodies and reagents. 

Primary antibodies were obtained from the following sources: mouse anti-p150glued (BD 

Biosciences, 610473), mouse anti-FLAG (Millipore, F3165), rabbit anti-FLAG (Millipore, 

F7425), mouse anti-GAPDH (Millipore, MAB374), rabbit anti-p27 (DCTN6, Proteintech, 

16947-1-AP), goat anti-MOMP L2 (Fitzgerald, 20C-CR2104GP), rabbit anti-Strep TagII 

HRP (Novagen, 71591–3). Nocodazole was purchased from Sigma (M1404). SiR-tubulin 

647 was purchased from Cytoskeleton, Inc. Wheat-germ agglutinin 647 was purchased 

from Life Technologies (W32466). Heparin sodium salt was purchased from Sigma 

(H3393). (S)-MG132 was purchased from Cayman Chemicals (10012628). Type 1 

Collagen (ThermoFisher, A1048301). Rapigest was purchased from Waters 

(186001860).  
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FIGURE 3.1 

 

FIGURE 3.1. Two methodologies for using cross-linking MS to map the binding 
interface of Dre1 and dynactin. 
 
(A) Dre1CTD-Strep (residues 84 – 231, see Figure 2.2A) is ectopically expressed in 
adherent HEK293T cells for 48 hours. Dre1 and host binding partners are affinity purified 
using Strep-Tactin Sepharose beads. With a yield of ~1 µM of protein per experiment. 
Eluates are cross-linked using a 1:500 molar ratio of protein:DSSO. Cross-linked eluates 
are then subjected to an in-solution trypsin digest, and analyzed by MS. As Dre1 and host 
targets are isolated from the cell/lysates prior to cross-linking, a higher fraction of cross-
linker is available to link Dre1 to host targets. 
 
(B) HeLa Cells are infected with L2+pDre1FL-FLAG for ~36 hours. Cell-permeable cross-
linker (2.0 mM Alkyne-A-DSBSO) is added for 1 hour at 37°C, 5% CO2. Cross-linked cells 
are lysed and affinity purified using magnetic-FLAG beads. Eluates are then subjected to 
an in-solution trypsin digest, and analyzed by MS. As cells are cross-linked during 
infection, interactions with transiently associated proteins may be stabilized and identified. 
Furthermore, this strategy generates interaction maps that occur at the inclusion 
membrane in the context of infection. A higher concentration of cross-linker is required as 
its activity is distributed throughout all proteins in the cell.   
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FIGURE 3.2 

 

  
FIGURE 3.2. Dre1CTD-Strep binds along the Arp1 filament of dynactin.  
 
Dre1CTD-Strep and the host dynactin complex were affinity purified from HEK293T cells, 
cross-linked with DSSO, and analyzed by LC-MS3. Resulting cross-links were mapped 
onto the published 4.0 angstrom-resolution cryo-EM dynactin-dynein structure 
(Urnavicius et al., 2015). Dynactin subcomplexes are labeled, and regions of the structure 
that cross-link to Dre1 are indicated by blue spheres. 50% of Dre1 cross-links map to 
regions of subunits missing from the structure, likely because these regions of the 
complex are more flexible. 82% of the Dre1 cross-links to sections of the published 
dynactin structure were able to be successfully mapped. Dre1 cross-links to dynactin 
along the extended Arp1 filament.  
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FIGURE 3.3 

 

 
FIGURE 3.3. Performing cryo electron microscopy (EM) on Dre1Strep eluates to 
elucidate the structure of dynactin in complex with Dre1.  
 
(A) Purification of 2xStrep-SNAP-Dre1-10xHis tagged Dre1 from E. coli for in vitro 
studies, including cryo electron microscopy (cryo-EM). BL-21 cells expressing the 
indicated deletion constructs of Dre1 were lysed, lysates were clarified, and immobilized 
to Ni-NTA resin. Beads were washed extensively, and the complexes were subjected to 
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SDS-PAGE and visualized by Coomassie blue staining. Arrow, Dre1. Molecular weight 
markers are indicated. Dre1 constructs were largely insoluble. 
 
(B) Dre1CTD-Strep (residues 84-231) was expressed for 48 hours in 20x10cm2 plates of 
adherent HEK293T cells or in 30 mL of suspension-grown Expi293 cells. Cells were 
pelleted, lysed, and affinity purified using Strep-Tactin Sepharose beads. Purified 
complexes were subjected to SDS-PAGE and visualized by Coomassie blue staining. 1% 
of lysates were loaded in each lane. Dre1 and associated dynactin components are more 
concentrated in the 30 mL preps of suspension cells. This purification strategy will be 
used to isolate complexes for cryo-EM.  
 
(C) Negative stain EM of eluates generated in (B) to screen for dynactin complex 
assembly. Right-angle light-scattering traces of ~100µg of total protein. Negatively-
stained Arp1 filaments (red arrow) are clearly resolved, and the shoulder region (blue 
dynactin subunits in figure 3.2, blue arrow) can be detected. Inset is a higher magnification 
view of the boxed region.   
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CHAPTER FOUR 

A NOVEL TYPE-THREE SECRETION SYSTEM INHIBITOR DIMINISHES  
CHLAMYDIA VIRULENCE 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

“If you surrendered to the wind, you could ride it.” 
- Toni Morrison 
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SUMMARY  
 
Antibiotic-resistant bacteria are an emerging global health threat. New antimicrobials are 

urgently needed. The injectisome type III secretion system (T3SS), required by dozens 

of Gram-negative bacteria for virulence but largely absent from nonpathogenic bacteria, 

is an attractive antimicrobial target. We previously identified synthetic cyclic peptomers, 

inspired by the natural product phepropeptin D, that inhibit protein secretion through the 

Yersinia Ysc and Pseudomonas aeruginosa Psc T3SSs but do not inhibit bacterial 

growth. Here, we describe the identification of an isomer, 4EpDN, that is 2-fold more 

potent (50% inhibitory concentration [IC50] of 4 μM) than its parental compound. 

Furthermore, 4EpDN inhibited the Yersinia Ysa and the Salmonella SPI-1 T3SSs, 

suggesting that this cyclic peptomer has broad efficacy against evolutionarily distant 

injectisome T3SSs. Indeed, 4EpDN strongly inhibited intracellular growth of Chlamydia 

trachomatis in HeLa cells, which requires the T3SS. 4EpDN did not inhibit the unrelated 

twin arginine translocation (Tat) system, nor did it impact T3SS gene transcription. 

Moreover, although the injectisome and flagellar T3SSs are evolutionarily and structurally 

related, the 4EpDN cyclic peptomer did not inhibit secretion of substrates through the 

Salmonella flagellar T3SS, indicating that cyclic peptomers broadly but specifically target 

the injectisome T3SS. 4EpDN reduced the number of T3SS needles detected on the 

surface of Yersinia pseudotuberculosis as detected by microscopy. Collectively, these 

data suggest that cyclic peptomers specifically inhibit the injectisome T3SS from a variety 

of Gram-negative bacteria, possibly by preventing complete T3SS assembly.  
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INTRODUCTION 

Antibiotic resistance is of great concern to global public health. Bacterial pathogens have 

evolved numerous mechanisms to survive treatment with clinically available antibiotics 

(Santajit & Indrawattana, 2016). Alternative therapies against multidrug-resistant strains 

of so-called ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and 

Enterobacter species) are urgently needed. Various strategies have been explored to 

avoid the so-called antimicrobial apocalypse (Ma et al., 2020). One promising approach 

is to inhibit bacterial virulence mechanisms to disarm pathogens without affecting 

nonpathogenic members of the microbiota or environmental bacteria (Calvert et al., 2018; 

Duncan et al., 2012). This approach has the potential to not only control infection but to 

do so in a way that preserves the integrity of the microbiome, which is beneficial for human 

health and is often the source of antibiotic resistance genes (Mohajeri et al., 2018; Relman 

& Lipsitch, 2018). 

 

The type III secretion system (T3SS), a needle-like injectisome apparatus, is required for 

virulence in many Gram-negative pathogens, including Salmonella, Yersinia, Chlamydia, 

and the ESKAPE pathogen P. aeruginosa. The T3SS is largely absent from commensal 

bacteria, making it a good target for virulence blocker antimicrobials. Based on 

phylogenetic analysis of core T3SS proteins, T3SSs were classified into seven families 

(Abby & Rocha, 2012; Diepold & Armitage, 2015). However, T3SSs have many highly 

conserved structural components (Diepold & Wagner, 2014). T3SS genes are typically 

encoded on virulence plasmids or pathogenicity islands, indicative of horizontal gene 
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transfer (Gophna et al., 2003); therefore, phylogeny of T3SSs does not follow organismal 

phylogeny. Phylogenetic analysis suggests that the injectisome T3SS evolved from the 

flagellar system (Abby & Rocha, 2012; Diepold & Armitage, 2015). Indeed, the flagellar 

basal body is a secretion system, referred to as the flagellar T3SS, that secretes flagellin 

and other cargo into the extracellular space in order to build the flagellar filament to power 

motility. The flagellar and injectisome T3SSs share several conserved basal body and 

export apparatus components (Diepold & Wagner, 2014). However, the injectisome T3SS 

does not mediate motility, but instead delivers effector proteins into target host cells. 

 

The T3SS is one of the most complex protein assemblies in prokaryotes involving multiple 

proteins assembled in an ordered manner. All T3SSs are composed of an external, hollow 

needle attached to a basal body made up of the outer membrane secretin SctC (Wagner 

& Diepold, 2020) and the inner membrane component SctD (YscD in Yersinia) (Diepold 

et al., 2010), as well as the export apparatus SctRSTUVJ (Diepold et al., 2011). Following 

the formation of the two SctC and SctD membrane rings, the cytosolic complex composed 

of YscKQLNO associates with the membrane rings and export apparatus to make an 

active secretion system (Diepold et al., 2010). The early substrates, such as SctF (called 

YscF in Yersinia), are then secreted (Diepold et al., 2012), allowing SctF to polymerize to 

form the T3SS needle. The middle substrates, the needle tip protein SctA and 

translocators SctE and SctB, are then secreted and make contact with host cells to trigger 

secretion of the late substrates, the effector proteins that alter host defenses (Wagner & 

Galán, 2020). A number of regulators of the T3SS have been described in different 

bacteria, including those whose secretion by the T3SS alters their cytoplasmic 
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concentration and therefore their activity. One example is Pseudomonas ExsE, which 

sequesters the T3SS master regulator EsxA through a partner switching mechanism, until 

host cell contact is made and ExsE is secreted, relieving ExsA repression and potentiating 

an increase in T3SS gene transcription (Rietsch et al., 2005; Urbanowski et al., 2005). 

 

A number of small molecules, antibodies, and vaccines have been studied for T3SS 

targeted therapies (Fasciano et al., 2019). Despite showing promising effects on the 

T3SS in vitro and in animal models, only one antibody-based therapy has entered clinical 

trials. A bispecific antibody, MEDI3902, against the P. aeruginosa T3SS needle tip protein 

PcrV (SctA) and the Psl exopolysaccharide is effective against both acute and chronic 

infection models and is in phase II clinical trials for prevention of ventilator-associated 

pneumonia (DiGiandomenico et al., 2014; Tabor et al., 2018). However, antibodies must 

be administered intravenously, so chemical inhibitors of the T3SS are needed. 

 

As narrow-spectrum antimicrobials require more precise diagnostics, broad-spectrum 

T3SS inhibitors would be more valuable clinically than those only able to target one 

bacterial species. In addition, most mammalian pathogens that utilize a T3SS require their 

T3SS only during growth within, but not outside, the host animal. However, the 

Chlamydiae, which cause lung, genital, and eye infections, are obligate intracellular 

bacteria, and their T3SS is strictly required for their growth (Häcker, 2018). Interestingly, 

the Chlamydia T3SS belongs to its own T3SS family (Abby & Rocha, 2012; Diepold & 

Armitage, 2015). Here, we identify a derivative of a synthetic cyclic peptomer family of 

T3SS inhibitors (Lam et al., 2018) that can inhibit the T3SS machinery of three 
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evolutionarily distinct T3SS families used by five different bacterial species to cause 

human disease, including the Ysc (P. aeruginosa Psc, Y. pseudotuberculosis Ysc), Inv-

Mxi-Spa (Y. enterocolitica Ysa, Salmonella enterica serovar Typhimurium SPI-1), and 

Chlamydiales (Chlamydia trachomatis) families. While having significant breath of activity 

among various injectisome T3SSs, these inhibitors do not affect bacterial growth or other 

secretion systems such as the flagellar T3SS or the twin-arginine translocation system.  
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RESULTS 

Structure-activity relationship study of cyclic peptomers. 

Previously, we identified a group of cyclic peptomers that inhibited secretion of substrates 

from Y. pseudotuberculosis and P. aeruginosa T3SSs but did not inhibit bacterial growth, 

motility, or HeLa cell metabolism (Lam et al., 2017). These results suggested a potential 

for development of the cyclic peptomers as pathogen-specific virulence blockers. Based 

on dose-response curves and concentration of half maximal inhibition (IC50) of the P. 

aeruginosa T3SS, 1EpDN (previously named EpD1,2N) was chosen for structure-activity 

relationship (SAR) analysis. The compounds used in SAR analysis are listed in Table 1. 

 

We first assessed the effect of alanine replacement at each of the six positions of the 

parent scaffold, 1EpDN. Note that because peptoids have side chains appended to a 

nitrogen atom rather than carbon as in amino acids, positions 1 and 2 were synthesized 

with N-methylglycine, also known as sarcosine (Sar), as the peptoid equivalent of alanine 

(Ala). Ala or Sar replacement at any of the six positions resulted in significant loss of 

activity, suggesting that all side chains contribute to the activity (see Figure S4.1 in the 

supplemental material). Next, we carried out a stereochemistry scan, in which different 

combinations of l- and d-amino acids at positions 3 to 6 were generated. The parent 

compound, 1EpDN, has propylamine, and benzylamine at positions 1 and 2, and d-Leu, 

l-Ile, l-Leu, and d-Phe at positions 3 to 6. For the stereochemistry scan, we will refer to 

1EpDN as PBDLLD. While most stereoisomers had the same or reduced T3SS inhibitory 

activity, 4EpDN (PBLLDD) showed improved activity, with an IC50 of ∼4 μM compared to 

the parent compound IC50 of ∼8 μM (Figure 4.1A and B). Replacement of position 1 
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(4EpDN 1Sar) or position 2 (4EpDN 2Sar) with Sar significantly reduced activity of 4EpDN 

(Figure 4.2A and B). 4EpDN and 4EpDN 2Sar were used as an active compound and a 

negative control, respectively, in most follow-up experiments. Importantly, 4EpDN and 

4EpDN 2Sar did not affect bacterial viability in broth culture (Figure S4.2). 

 

Cyclic peptomers do not inhibit secretion through the twin-arginine translocation 

(Tat) system. 

In order to determine if the cyclic peptomer 4EpDN inhibits the activity of secretion 

systems completely unrelated to the T3SS, we sought to assess the impact of cyclic 

peptomers on the twin arginine translocation (Tat) system. We chose to use Y. 

pseudotuberculosis for this because its Tat secretion system is well studied (Avican et 

al., 2017; Lavander et al., 2006). The Tat system translocates fully folded substrates 

across the inner membrane, while the T3SS translocates partially unfolded substrates 

across the inner, outer, and target host cell membranes (Green & Mecsas, 2016). To 

monitor Tat secretion system activity, a reporter strain expressing an IPTG (isopropyl-β-

d-thiogalactopyranoside)-inducible β-lactamase TEM-1 domain fused to the signal 

peptide of the SufI Tat substrate (Avican et al., 2017) was constructed. Following IPTG 

induction, β-lactamase confers resistance to the β-lactam peptidoglycan-targeting 

antibiotic penicillin G when the SufI-β-lactamase reporter has successfully translocated 

into the periplasm (Figure 4.3A). The presence of known Tat inhibitors, Bay 11-7082 or 

N-phenylmaleimide (Bageshwar et al., 2016), strongly reduced growth of bacteria after 4 

and 6 h, while growth of bacterial cultures treated with cyclic peptomers was similar to 
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that of the dimethyl sulfoxide (DMSO) control (Figure 4.3B and C). These results 

suggested that 4EpDN does not inhibit the Tat secretion system. 

 

The 4EpDN cyclic peptomer inhibits secretion of T3SS substrates from the Inv-Mxi-

Spa T3SS family but does not inhibit secretion through the flagellar T3SS. 

The T3SSs were classified into seven families based on phylogenetic analysis (Abby & 

Rocha, 2012; Diepold & Armitage, 2015). We previously showed that cyclic peptomers 

inhibited the Ysc T3SS family found in P. aeruginosa and Yersinia (Figure 4.1 and 4.2) 

(Lam et al., 2017). In order to test whether cyclic peptomers are active against other T3SS 

families, we evaluated the effect of cyclic peptomers on the Inv-Mxi-Spa T3SS in Y. 

enterocolitica and Salmonella enterica serovar Typhimurium. 

 

The Y. enterocolitica Ysa system, a chromosomally encoded T3SS, is distinct from the 

Yersinia Ysc T3SS and contributes to Y. enterocolitica colonization of the terminal ileum 

and gastrointestinal-associated tissues (Bent et al., 2013; Venecia & Young, 2005). A Y. 

enterocolitica mutant that lacks expression of the Ysa T3SS (ΔysaT) was used as a 

negative control, while a mutant lacking the Ysc T3SS (ΔyscL) (Young & Young, 2002) 

was used to evaluate the effect of compounds specifically on the Ysa system. Secretion 

of the Ysa effector protein YspF was quantified. 4EpDN inhibited secretion of YspF in a 

dose-dependent manner, while 4EpDN 2Sar did not affect its secretion (Figure 4.4). 

Together, these results suggest that cyclic peptomers are active against both the Ysc and 

Ysa T3SSs in Yersinia. 
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In order to evaluate whether the cyclic peptomers are active against T3SSs distinct from 

the Ysc T3SS outside the Yersinia genus, we tested cyclic peptomer efficacy in 

Salmonella. Salmonella employs two T3SSs during infection, with the SPI-1 T3SS 

belonging to the Inv-Mxi-Spa T3SS family (Abby & Rocha, 2012; Diepold & Armitage, 

2015). Inhibition of SPI-1 T3SS effector protein SipC and SipA (Hallstrom & McCormick, 

2016; Lilic et al., 2003; Singh et al., 2018) secretion by 4EpDN was observed at ∼1 μM 

and ∼1.4 μM, respectively, while 4EpDN 2Sar showed inhibition of SipC and SipA 

secretion only at concentrations greater than 30 μM (Figure 4.5). It has previously been 

shown that compound aggregates can act as promiscuous inhibitors with nonspecific 

activity (McGovern et al., 2002, 2003). To rule out that 4EpDN activity was due to 

compound aggregation, we chose to measure Salmonella type III secretion in the 

presence of detergent. Comparison of various nonionic detergents (NP-40, Tween 20, 

and Triton X-100) at different concentrations suggested that Tween 20 at 0.003% was the 

highest concentration of detergent to have a minimal effect on secretion of effector 

proteins (Figure S4.3); therefore, Tween 20 at this concentration was used for further 

analysis. Addition of Tween 20 did not reduce activity of 4EpDN but slightly increased it 

(Figure 4.5), suggesting that activity of the cyclic peptomers does not result from 

aggregated compounds. 

 

As 4EpDN inhibited both the Ysc and Inv-Mxi-Spa T3SS families, we tested whether this 

cyclic peptomer could inhibit the flagellar T3SS, which is the most distantly related T3SS 

family based on previous phylogenetic analysis (Abby & Rocha, 2012). Conveniently, 

Salmonella expresses the SPI-1 and its flagellar system under the same conditions in 
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vitro (rich media). This allowed us to investigate effects of cyclic peptomers on both the 

SPI-1 T3SS and flagellar systems under the same culture conditions. Because of the 

conservation between the injectisome and flagellar T3SSs, flagellar substrates can be 

secreted through both systems. Therefore, secretion of flagellar substrates (FliC and FliD) 

was quantified in both wild-type (WT) and ΔSPI-1 strains to distinguish secretion through 

both the SPI-1 T3SS and flagellar system (WT strain) or only through the flagellar system 

alone (ΔSPI-1 strain). 4EpDN inhibited FliC and FliD secretion in WT Salmonella at 

concentrations of ≥60 μM and ≥3.75 μM, respectively (Figure S4.4), consistent with the 

ability of the SPI-1 T3SS being able to secrete flagellar substrates. However, 4EpDN only 

inhibited FliC and FliD secretion at high concentrations (≥60 μM) in the ΔSPI-1 mutant, 

with unfavorable dose-response curves compared to WT Salmonella. This suggests that 

the inhibitory effect of 4EpDN on FliD secretion in the WT strain was mainly through 

inhibition of its secretion through the SPI-1 T3SS. 4EpDN 2Sar had no significant effect 

on FliC secretion or FliD secretion. These data suggest that the cyclic peptomer 4EpDN 

does not significantly inhibit substrate secretion through the flagellar T3SS in Salmonella 

but strongly inhibits the SPI-1 T3SS under the same conditions. 

 

The 4EpDN cyclic peptomer affects the T3SS needle. 

In order to determine how 4EpDN might inhibit type III secretion, we tested whether the 

cyclic peptomer inhibits assembly of the T3SS. We chose to use Yersinia for these 

experiments because of the existing microscopy tools to monitor assembly of T3SS 

components. The T3SS basal body must be assembled prior to T3SS substrate secretion 

(Deng et al., 2017; Diepold, 2019; Diepold et al., 2010). In Yersinia, the T3SS basal body 
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component YscD (SctD) is an inner membrane ring protein that is conserved among 

injectisome T3SSs, but has low sequence homology with the flagellar ortholog FliG 

(Diepold & Wagner, 2014). The absence of YscD at the inner membrane prevents 

assembly of other T3SS machinery (YscL, YscK, YscQ) (Diepold et al., 2010, 2017) and 

secretion of T3SS substrates (Kudryashev et al., 2013). We used a Y. enterocolitica strain 

expressing a YscD allele translationally fused with enhanced green fluorescent protein 

(EGFP) to visualize the effect of compounds on YscD assembly (Diepold et al., 2010). 

4EpDN caused only a modest reduction in the number of YscD puncta (Figure S4.5). 

Once the T3SS basal body is assembled and functional, the next stage of T3SS assembly 

is polymerization of the T3SS needle subunit SctF (YscF in Yersinia) to form the T3SS 

needle (Diepold et al., 2012). To determine whether the cyclic peptomers affect T3SS 

needle formation, we used an anti-YscF antibody to measure the number of YscF puncta 

at the bacterial surface by immunofluorescence microscopy. We found a 2-fold reduction 

in YscF puncta in the presence of 60 μM 4EpDN compared to the DMSO control (Figure 

4.6A to C). These data suggest that cyclic peptomers affect the assembly or stability of 

T3SS needles, ultimately dampening secretion of effector proteins. 

 

The 4EpDN cyclic peptomer does not inhibit transcription and secretion of the 

negative regulator ExsE. 

The cyclic peptomers did not decrease expression of T3SS genes in Salmonella or 

Pseudomonas (Figure S4.6), suggesting that they do not act at the level of T3SS gene 

expression. In some bacteria with T3SSs, such as Yersinia and Pseudomonas, secretion 

of negative regulators through the T3SS leads to upregulation of T3SS gene expression 
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(Bergman et al., 1991; Pettersson et al., 1996; Rietsch et al., 2005; Rimpiläinen et al., 

1992; Urbanowski et al., 2005; Williams & Straley, 1998). Thus, the observation that the 

cyclic peptomers did not affect Pseudomonas T3SS gene expression is surprising. To 

investigate this discrepancy, we observed the effect of 4EpDN on the P. aeruginosa 

negative regulator ExsE, which when secreted, relieves repression of the ExsA T3SS 

master regulator (Rietsch et al., 2005). 4EpDN significantly inhibited secretion of the 

effector protein ExoU by ∼75% at either 9 or 60 μM, while 4EpDN 2Sar had no effect 

(Figure 4.7). In contrast, 4EpDN did not significantly inhibit ExsE secretion at 9 μM and 

only inhibited ExsE secretion ∼40% at 60 μM. This result explains the lack of impact of 

4EpDN on the ExsE, which negatively regulates ExsA-mediated transcription. A major 

difference between ExsE and ExoU in terms of their protein properties is their size; ExsE 

is ∼9 kDa, while ExoU is ∼74 kDa. Taken together, these data suggest that 4EpDN may 

inhibit secretion of larger T3SS cargo more robustly than smaller cargo. 

 

Cyclic peptomers block Chlamydia infection. 

In order to evaluate whether the 4EpDN cyclic peptomer can disarm bacterial virulence, 

we examined the effect of this compound on Chlamydia infection, as this pathogen 

requires the T3SS for infection and growth within human cells. The chlamydial life cycle 

involves two major bacterial forms, the extracellular infectious elementary bodies (EBs) 

and the intracellular replicative reticulate bodies (RBs). EBs are infectious and abundant 

around 48 h post infection (hpi). RBs are noninfectious and abundant at 24 hpi. Upon 

entry, EBs discharge preloaded T3SS effectors and are taken up into a membrane-bound 

compartment (the inclusion) where they differentiate into RBs, secrete additional T3SS 
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effectors and replicate, and then redifferentiate into EBs. The initial stages of infection 

were assessed by quantifying the number of inclusions per cell at 24 hpi. In contrast, 

production of infectious progeny, which assays RB-EB redifferentiation and release of 

EBs, was assayed by collecting EBs at 48 hpi, infecting fresh monolayers for 24 hpi. 

INP0400, a known T3SS inhibitor was used as a control (Muschiol et al., 2006). 4EpDN 

but not 4EpDN 2Sar decreased primary inclusion formation ∼50% but inhibited formation 

of infectious progeny ∼98% (Figure 4.8). These data show that the 4EpDN cyclic 

peptomer can completely block the chlamydial life cycle in human cells, which is 

dependent on the T3SS. 
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DISCUSSION 

In this study, we showed that the cyclic peptomer 4EpDN is a broad-spectrum injectisome 

T3SS inhibitor that disrupts T3SS assembly and secretion of T3SS effectors. 4EpDN 

inhibits secretion through the T3SS of a number of pathogens, including the nosocomial 

ESKAPE pathogen Pseudomonas aeruginosa, enteropathogenic Yersinia, and 

Salmonella, with IC50 in the low μM range. 4EpDN does not inhibit secretion from two 

other secretion systems—the flagellar T3SS and the Tat system. The 4EpDN cyclic 

peptomer has only a small effect on assembly of the basal body component YscD in the 

plasma membrane but inhibits T3SS needle assembly. Importantly, 4EpDN can 

completely block the ability of the obligate intracellular pathogen Chlamydia trachomatis 

to propagate in human cells, which requires the T3SS. 

 

Through alanine and stereochemistry scans, we identified 4EpDN, a cyclic peptomer with 

an IC50 of 4 μM in inhibiting secretion of T3SS effector proteins in P. aeruginosa and 

1 μM in inhibiting the Salmonella SPI-1 T3SS. Compared to previously published T3SS 

inhibitors (Table 2), this low μM activity is encouraging. The only published T3SS 

inhibitors with comparable IC50 are the phenoxyacetamides (MBX 2359 and its optimized 

derivatives), which inhibit P. aeruginosa T3SS secretion at 1 to 3 μM (Bowlin et al., 2014). 

Stereoisomers of 1EpDN showed a wide range of potencies, suggesting that differences 

in their three-dimensional structures affect their biological activity. 9EpDN is a true 

enantiomer of 1EpDN, with an IC50 of ∼13 μM, a lower potency than the 1EpDN parental 

compound’s ∼8 μM. Importantly, the activity of these isomers does not positively correlate 

with solubility (Figure S4.7, Table S4.1), indicating that the observed activity is due to a 
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specific molecular reaction rather than a nonspecific biophysical effect due to 

aggregation. Furthermore, the presence of nonionic detergent did not adversely affect the 

activity of compounds. These data suggest that 4EpDN is an active cyclic peptomer with 

specific T3SS inhibitory activity. 

 

Secretion of protein substrates through the injectisome T3SS, the flagellar system, and 

the Tat system require the proton motive force (P. A. Lee et al., 2006; P.-C. Lee & Rietsch, 

2015; Paul et al., 2008). Although cyclic peptomers inhibited secretion from the 

injectisome T3SS, they did not inhibit the Tat system and only weakly inhibited flagellar 

substrate secretion, suggesting that the proton motive force is unaffected, as we 

previously suggested (Lam et al., 2017), and that the cyclic peptomers do not inhibit 

bacterial secretion in general. These results suggest that cyclic peptomers act as broad-

spectrum, but specific, inhibitors of the injectisome T3SS. 

 

The 4EpDN cyclic peptomer demonstrated efficacy against the T3SSs of P. aeruginosa, 

Y. pseudotuberculosis, Y. enterocolitica, Salmonella enterica Typhimurium, and 

Chlamydia trachomatis, with an IC50 in the range of 1 μM (for the Salmonella SPI-1 T3SS) 

to ∼16 μM (for the Y. pseudotuberculosis Ysa T3SS) (Table 2). Based on phylogenetic 

analysis of core T3SS proteins, T3SSs group into seven T3SS families, five of which 

contain T3SSs from human pathogens (Troisfontaines & Cornelis, 2005). 4EpDN has 

efficacy against T3SSs from at least three of these T3SS families, the Ysc (Ysc and Psc), 

Inv-Mxi-Spa (SPI-1 and Ysa), and Chlamydiales. Interestingly, the flagellar ATPase from 

Escherichia coli falls at the root of the phylogenetic tree (Auvray et al., 2002), distinct from 
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other T3SS families. As 4EpDN impacted secretion through the flagellar T3SS 

significantly less than through the injectisome T3SS in the same bacterial species and 

under the same culture and experimental conditions, we reason that the pathway targeted 

by cyclic peptomers is common to all injectisome T3SSs but absent from the flagellar 

system. 

 

The T3SS is a complex system of ∼20 different proteins and is assembled in a 

hierarchical manner prior to secretion of effector proteins (Deng et al., 2017; Wagner et 

al., 2018). The T3SS of Yersinia, Pseudomonas, Salmonella, and Chlamydia share a 

number of orthologous basal body components that must be assembled before secretion 

can occur. However, 4EpDN only slightly reduced localization of the inner membrane ring 

protein YscD to the Yersinia cell envelope. But 4EpDN significantly inhibited the ability of 

the Yersinia T3SS needle to bind anti-YscF antibodies by approximately 2-fold. In 

contrast, T3SS effector secretion was inhibited 4-fold at the same concentration, 

suggesting that inhibition of T3SS assembly may not be the only mechanism by which 

4EpDN blocks T3SS activity. Interestingly, it is possible that the 4EpDN cyclic peptomer 

is more effective at inhibiting secretion of large T3SS cargo (such as ExoU, ∼74 kDa) 

compared to smaller cargo (such as ExsE, ∼9 kDa). As the YscF needle subunit is also 

∼9 kDa, this may explain why T3SS needle detection at the bacterial surface is not as 

robustly inhibited as ExoU secretion. It is possible that the 4EpDN cyclic peptomer 

interacts with the lumen of the T3SS needle, impacting large cargo secretion more than 

small cargo secretion. Alternatively, 4EpDN may disrupt normal assembly of the T3SS 

needle subunit, resulting in nonfunctional needles that cause dramatic effects on the 
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secretion of effectors. It is also possible that both phenomena contribute to the observed 

effects. 

 

4EpDN strongly inhibited Chlamydia from infecting HeLa cells during primary infection 

and subsequently completely prevented Chlamydia from infecting additional host cells. At 

the early stage of Chlamydia infection, T3SS plays major roles in invasion, EB to RB 

differentiation, and replication through pre-synthesized T3SS effectors and early and 

midcycle effectors (Elwell et al., 2016). These effectors mediate nutrient acquisition and 

maintain the viability of the host cell. A decrease in inclusion number at the end of the 

midcycle (in primary infection) suggests inhibition of one or more of the above processes. 

At the late stage of infection (∼24 to 72 hpi), the RB to EB transition occurs, and late-

cycle effectors are generated and packaged in progeny EB to prepare for the next 

infection cycle (Elwell et al., 2016; Saka et al., 2011). 4EpDN has a particularly strong 

effect on the secondary infection (assayed at 48 hpi), suggesting that the cyclic peptomer 

may inhibit secretion of pre-synthesized C. trachomatis effectors. This highlights the 

potential of cyclic peptomers to prevent the spread of Chlamydia infection. Chlamydia 

relies on its T3SS effector proteins to interact with host factors, such as the actin 

cytoskeleton, Golgi network, endoplasmic reticulum, and microtubule network, to mediate 

invasion and intracellular growth (Elwell et al., 2016). It is possible that compounds that 

inhibit these host pathways could interfere with Chlamydial growth (Al-Zeer et al., 2014; 

Derré, 2015; Kumar & Valdivia, 2008). However, microscopic analysis of many cellular 

structures in HeLa cells in the presence of 4EpDN did not show any gross changes to the 

actin cytoskeleton, Golgi network, endoplasmic reticulum, or microtubule network at the 
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concentration used in our Chlamydia infection (Figure S4.8). C. trachomatis infection may 

cause infertility in female patients and eye damage, in addition to lung infections (Häcker, 

2018). Antibiotics, such as β-lactam antibiotics, are a common way to treat Chlamydia 

infection, but the chance of recurrence is high (Klöckner et al., 2018; Miller, 2006). Current 

vaccine development efforts are under way, but multiple challenges remain (Phillips et 

al., 2019). There is increased demand for drugs against Chlamydia due to antibiotic 

resistance (Krupp & Madhivanan, 2015). The strong efficacy of cyclic peptomers 

highlights their potential for development as an anti-chlamydial drug. 

 

Overall, the cyclic peptomer 4EpDN specifically targets the injectisome T3SS of Gram-

negative bacteria. As the T3SS is important to overcome host defense mechanisms, 

inhibition of this virulence mechanism may augment the function of the host immune 

system to clear infection. Thus, the cyclic peptomer has potential to be used as a 

prophylactic to prevent infections with T3SS-expressing pathogens or in combination with 

antibiotics to treat existing infections. The strong inhibitory effect of 4EpDN on C. 

trachomatis infection of human cells suggests the possibility of using this compound as a 

topical prophylactic against Chlamydia genital infection. Further pharmacokinetics studies 

will establish the stability of this and related compounds in the host, expanding the 

potential of the cyclic peptomers to be used as therapeutics against additional infections. 
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FUTURE DIRECTIONS 

Given that C. trachomatis is an obligate intracellular pathogen that requires a functional 

T3SS for growth, we utilized a selection strategy to identify 4EpDN-resistant C. 

trachomatis isolates that arise over the course of passaging in the presence of 4EpDN at 

the MIC95. Resistant mutants will then be sequenced to identify SNPs that confer 

resistance to 4EpDN and these mutants will be used to map the mechanism of T3SS 

inhibition by 4EpDN.  

 

We first determined the MIC of 4EpDN against C. trachomatis by infecting HeLa cells with 

Chlamydia in the presence of 2-fold serial dilutions of inhibitor. Infectious progeny was 

quantified at 48 hpi, and revealed that the MIC95 of 4EpDN was ~9 µM. To generate C. 

trachomatis mutants resistant to 4EpDN, we adopted a previously published strategy 

developed to isolate spontaneous drug resistant Chlamydia mutants (Engstrom et. al., 

2014, Engstrom et. al., 2015). HeLa cells were infected with C. trachomatis in the 

presence of drug, infections were incubated for 48-60 hours (to give the bacteria the 

maximum amount of time to replicate), and then infectious progeny was isolated. Initial 

infections were performed in triplicate. We serially passaged each of the three replicates 

10-20 times, and isolates were plaque purified (Nguyen and Valdivia, 2012) at passages 

5, 10, 15, and 20. Clonal isolates that exhibited stable resistance were then amplified for 

sequencing to identify any SNPs linked with resistance. As this method relies on 

spontaneous mutations, we expect at most only a small number of SNPs to arise 

unrelated to selective pressure by the presence of the T3SS inhibitor. For example, only 
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a single SNP was observed in a C. trachomatis strain that underwent 20 passages in the 

absence of selection (Engstrom et al. 2014). 

 

We have identified and isolated a mutant that exhibited increased resistance to 4EpDN 

by passage 10 (see Figure 4.9). As C. trachomatis relies on a functional T3SS to establish 

an intracellular replicative niche, this selection strategy will provide strong evolutionary 

pressure to evade the activity of 4EpDN. Mapping SNPs that confer resistance to this 

drug will likely provide mechanistic insight into the inhibition of T3SS by 4EpDN. In this 

work we have leveraged Chlamydia’s absolute T3SS requirement to elucidate the activity 

of a drug with potential as a prophylactic against Chlamydia infection, as well as broader 

therapeutic potential as a potent antimicrobial.  
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MATERIALS AND METHODS 

Bacterial strains and culture conditions. 

The bacterial strains and cell lines used in this study are listed in Table 3. All cultures 

were grown with shaking at 250 rpm unless otherwise noted. Y. pseudotuberculosis was 

grown in 2×YT (2× yeast extract and tryptone) at 26°C overnight. To induce the T3SS, 

the cultures were subcultured to an optical density at 600 nm (OD600) of 0.2 into low-

calcium medium (2×YT with 20 mM sodium oxalate and 20 mM MgCl2). Y. enterocolitica 

was grown in brain heart infusion (BHI) medium at 26°C overnight. The Ysc T3SS in Y. 

enterocolitica was induced using low-calcium BHI (BHI with 20 mM sodium oxalate and 

20 mM MgCl2). The Ysa T3SS was induced as described previously (Young & Young, 

2002) using L medium (1% tryptone, 0.5% yeast extract) with 290 mM NaCl at 26°C. P. 

aeruginosa and S. enterica were grown in Luria-Bertani (LB) medium overnight at 37°C. 

For P. aeruginosa, the T3SS was induced using low-calcium medium (LB with 5 mM 

EGTA and 20 mM MgCl2). SPI-1 T3SS secretion was assessed after subculturing into 

fresh LB at 37°C unless noted otherwise. C. trachomatis serovar L2 (LGV 434) was 

propagated in HeLa 229 cells. C. trachomatis EBs were harvested from infected cells and 

purified using a Renografin step-gradient as previously described (Caldwell et al., 1981). 

HeLa cells (ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 

10% fetal bovine serum (FBS). All cell lines were incubated at 37°C with 5% CO2. 

 

Bacterial viability assay. 

Overnight cultures of WT P. aeruginosa (PAO1) or Y. pseudotuberculosis were back-

diluted 1:40 in LB or in 2×YT, respectively, and grown for 1.5 h at 37°C (Pseudomonas) 
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or 26°C (Yersinia). Then, 384-well plates were prepared with one-half final volume of 

medium, compounds, and 10% vol/vol resazurin-based alamarBlue high-sensitivity (HS) 

cell viability reagent (catalog number A50101; Invitrogen). After incubation, the cultures 

were centrifuged for 5 min at 14,800 rpm. Supernatant was removed, and the pellets were 

resuspended in medium. Cultures were then normalized to an OD600 of 0.0005 and 

added to the prepared 384-well plates. Plates were incubated in a plate reader 

(PerkinElmer Envision 2105) at 37°C (Pseudomonas) or room temperature (Yersinia), 

and fluorescence was measured every hour for 12 h. 

 

Preparation of bacteria for T3SS induction. 

Visualization of secreted proteins was carried out as described previously (Green & 

Mecsas, 2016). Briefly, Y. pseudotuberculosis, P. aeruginosa, or S. enterica was grown 

in T3SS-inducing medium (as described above) in the presence of cyclic peptomers or 

an equivalent volume of DMSO at 37°C for 2 h for Y. pseudotuberculosis Ysc T3SS, 3 h 

for P. aeruginosa, 4 h for S. enterica, or at 26°C for 6 h for the Y. enterocolitica Ysa T3SS. 

The cultures were normalized to bacterial density (OD600) and then centrifuged for 

15 min at 14,800 rpm. The supernatants were transferred to new tubes and mixed with 

trichloroacetic acid (TCA) to a final volume of 10% by vortexing vigorously for 30 s. 

Samples were incubated on ice for 1 h and then spun down at 4°C for 15 min at 

13,200 rpm. The supernatants were carefully removed, and pelleted proteins were 

washed with acetone and spun down at 4°C for 15 min at 13,200 rpm for a total of three 

washes. The pellet was then resuspended in final sample buffer (FSB) and 20% 

dithiothreitol (DTT) and boiled for 15 min prior to SDS-PAGE. Tween 20 was added to the 
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bacterial culture at the same time as the compounds in S. enterica secretion assays at 

0.003% (vol/vol). 

 

T3SS secretion cargo quantification. 

Image Lab software (Bio-Rad) was used to quantify T3SS cargo protein bands relative to 

those of DMSO-treated controls. The WT Y. pseudotuberculosis YopE, P. aeruginosa 

ExoU, or S. enterica SipA, SipC, FliC, and FliD bands in DMSO control samples were set 

to 1.00. To evaluate type III secretion of ExsE in P. aeruginosa, Western blotting against 

T3SS cargo was carried out using a polyvinylidene difluoride (PVDF) membrane 

(Millipore). Prior to blocking, membranes were incubated with acetone at 4°C for 30 min 

with gentle shaking. Membranes were then moved to Tris-buffered saline with 0.1% 

Tween 20 (TBST) and heated to 50°C for 30 min. Blots were blocked in 2.5% nonfat milk 

for 1 h at room temperature and incubated with anti-ExsE at 4°C overnight with gentle 

shaking. Blots were washed three times for 5 min each in TBST. Horseradish peroxidase 

conjugated secondary antibody was then incubated for 1 h at room temperature. Signals 

were detected with a luminol kit (catalog number sc-2048; Santa Cruz Biotechnology, 

Inc.) after washing. ExsE, BSA, RpoA, and SipC were visualized with anti-ExsE antibody 

(courtesy of Timothy Yahr) (20% tris-tricine gel), anti-BSA (catalog number 2A3E6; Santa 

Cruz Biotechnology, Inc.), anti-RpoA (gift from Melanie Marketon) (7.5% tris-glycine gel), 

and anti-SipC (catalog number ABIN335178; Antibodies-online, Inc.) (10% tris-glycine 

gel), respectively. 
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YscD visualization assay. 

Y. enterocolitica expressing YscD-EGFP was cultured overnight in BHI supplemented 

with nalidixic acid (35 μg/ml) and diaminopimelic acid (80 μg/ml) at 26°C with shaking 

(12), followed by subculturing into low-calcium BHI medium (20 mM NaOX, 20 mM MgCl2, 

0.4% glycerol) with nalidixic acid and diaminopimelic acid to an OD600 of 0.2 for 1.5 h. 

Compounds or an equivalent volume of DMSO was added prior to inducing the T3SS. 

After 3 h at 37°C with shaking, cells were pelleted and resuspended in M9 medium 

supplemented with diaminopimelic acid, and compounds, spotted onto a 0.1% agarose 

pad supplemented with diaminopimelic acid and compounds and imaged live at ×63/1.4 

oil magnification using a Zeiss AxioImager widefield microscope. Analysis of YscD puncta 

was carried out in Imaris 8 using spot tracking analysis with the same arbitrary threshold 

to call bacterial cells and puncta for all samples. Samples were prepared blinded, and 

each sample was imaged at the same 10 selected views covering the entire sample. 

 

YscF needle staining assay. 

Y. pseudotuberculosis was cultured, and the T3SS was induced as described above. 

Compounds or an equivalent volume of DMSO was added prior to inducing the T3SS. 

Cells were fixed by mixing 500 μl of bacterial culture with 800 μl 4% paraformaldehyde 

(PFA), 1 μl of 25% gluteraldehyde, and 40 μl of 0.5 M sodium phosphate. The mixture 

was gently inverted repeatedly to mix and left at room temperature for 15 min before being 

moved to ice for an additional 30 min. Cells were pelleted gently at 5,000 × g for 3 min at 

4°C. Pellets were gently resuspended and washed with ice-cold phosphate-buffered 

saline (PBS) for a total of three times. The final pellet was resuspended in GTE buffer 



 

 147 

(50 mM glucose, 25 mM Tris base, pH 8.0, and 10 mM EDTA). Cells were spotted and 

spread onto a coverslip and allowed to partially dry. Then, 1% bovine serum albumin 

(BSA) in phosphate-buffered saline with 0.1% Tween 20 (PBST) was added to the 

coverslips and left overnight, gently shaking at 4°C. The BSA/PBST block was removed, 

and anti-YscF antibody was diluted in 1% BSA/PBST and added to the coverslips. 

Coverslips were incubated with anti-YscF antibody for 4 h at 4°C while gently shaking. 

Anti-YscF antibody was removed, and coverslips were washed with PBST three times for 

5 min each. mCherry-tagged secondary antibody was diluted in 1% BSA/PBST, added to 

the coverslips, and incubated in the dark at 4°C for 2 h while gently shaking. Secondary 

antibody was removed, and coverslips were washed with PBST three times for 5 min 

each. Hoescht 33342 (Thermo Fisher Scientific) was diluted in PBST, added to the 

coverslips, and incubated in the dark for 20 min at room temperature while gently shaking. 

Hoescht stain was washed away by washing the coverslips 3 times with PBST for 5 min 

each. Coverslips were mounted to slides using ProLong Gold (Life Technologies). Slides 

were imaged at ×63/1.4 oil magnification using a Zeiss AxioImager widefield microscope. 

Analysis of YscF puncta was carried out in Imaris 8 using spot tracking analysis with the 

same arbitrary threshold to call bacterial cells and puncta for all samples. Analysis was 

performed in batches for all conditions within a replicate. 

 

mRNA quantification by qPCR. 

Overnight P. aeruginosa (PA103 or PAO1) cultures were subcultured and shifted to 

T3SS-inducing conditions (see above) in the presence of 60 μM 1EpDN, 60 μM 1EpDN 

2Sar, or 50 μM MBX1641. Samples were taken after 3 h of induction. Overnight 
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Salmonella cultures were subcultured into fresh LB with 0.3 M NaCl at 37°C in the 

presence of 9 μM 4EpDN, 4EpDN 2Sar, or equivalent DMSO. Samples were taken after 

2 h and 4 h of induction. Samples were stored in RNAprotect reagent (Qiagen) and 

processed within a week. Total RNA was isolated using an RNAeasy kit (Qiagen) 

according to the manufacturer’s instructions, followed by two rounds of Turbo DNase 

(Thermo Fisher scientific) treatment. A total of 2 μg of RNA was used to make cDNA, and 

quantitative PCRs (qPCRs) were run with SYBR green PCR master mix (Applied 

Biosystems). DNA helicase (dnaB) and 16S rRNA genes were used as a reference for P. 

aeruginosa and Salmonella samples, respectively. Two to three technical replicates were 

averaged for each sample. The primers used are listed in Table S2. Results were 

analyzed using Bio-Rad CFX software. 

 

Tat assay. 

To make Tat targeting constructs, plasmid pMMB67EH (ATCC 37622) was digested with 

KpnI. TEM1 of β-lactamase was PCR-amplified from yopH-Bla (courtesy of Melanie 

Marketon) using primers oHL210 and oHL217 (Table S2), and sufI signal peptide DNA 

was PCR-amplified from genomic DNA of Y. pseudotuberculosis with primers oHL218 

and oHL219 (Table S2). The digested pMMB67EH, TEM1, and sufI signal peptide DNA 

were assembled into a plasmid (sufI-Bla) using Gibson assembly. 

 

WT Yersinia or tatB::Tn carrying sufI-Bla was grown in 2×YT supplemented with 15 μg/ml 

gentamicin at 26°C with shaking. Overnight cultures were subcultured to an OD600 of 0.1 

and grown for 1.5 h at 26°C with shaking. Then, 5 mM IPTG was added to the culture for 
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0.5 h to allow for expression and translocation of SufI-Bla. Penicillin G (25 μg/ml) was 

added to the cultures. Cultures were then treated with cyclic peptomers or DMSO, and 

the OD600 was measured every hour up to 8 h. 

 

Chlamydia infection and imaging. 

Primary infections. HeLa cell monolayers were infected with C. trachomatis serovar L2 

at a multiplicity of infection (MOI) of 1.0 in the presence of one of the following compounds 

at 9 μM: DMSO, 4EpDN, or 4EpDN 2Sar. Cells were incubated for 24 h in the presence 

of the above-listed compounds at 37°C and then fixed with 4% paraformaldehyde (PFA). 

Cells were stained for IncA (Chlamydia inclusion membrane marker), DNA (with DAPI), 

and MOMP (Chlamydia major outer membrane protein) simultaneously. This method of 

staining allows visualization of the inclusion independent of MOMP synthesis or transport. 

The percentage of cells infected (i.e., stained positively for the listed Chlamydia markers) 

in the presence of the compounds was quantified using confocal microscopy. 

Quantifications of inclusion take into account both DAPI staining and indirect 

immunofluoresence with an antibody to MOMP. Ten randomly selected fields of view 

were measured per experiment. The data represent three biological replicates. 

 

Secondary infections. HeLa cell monolayers were infected with C. trachomatis serovar 

L2 at an MOI of 1.0 in the presence of one of the following compounds at 9 μM: DMSO, 

4EpDN, or 4EpDN 2Sar. Cells were incubated for 48 h in the presence of the above-listed 

compounds at 37°C. Infected cells were then lysed, and the lysate was applied to fresh 

HeLa monolayers to enumerate infectious particles. These secondary infections were 
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fixed in 4% PFA at 24 hpi and were stained against MOMP and DNA. The infectious units 

per ml (IFU/ml) were calculated by averaging the number of infected cells in each of 10 

randomly selected fields of view at ×40 magnification on a confocal microscope and 

multiplying this by the appropriate dilution and area factors. The data represent four 

biological replicates. 

 

Cytological profiling (CP). 

Briefly, HeLa cells were cultured and seeded into 384-well plates at 2,500 cells/well. After 

48 h, compounds were added using a Janus MDT robot (PerkinElmer). Two stain sets 

were used—stain set 1, Hoechst, EdUrhodamine, anti-phosphohistone H3, and GM130; 

stain set 2, Hoechst, fluorescein isothiocyanate (FITC)-alpha tubulin, rhodamine-

phalloidin, and calnexin. For stain set 1, cells were incubated with 20 μM EdUrhodamine 

for 1 h prior to fixing in 4% formaldehyde solution in PBS for 20 min. Cells were then 

washed with PBS and permeabilized with 0.5% Triton X-100 in PBS for 10 min before 

blocking with 2% BSA in PBS solution for at least 1 h. Following this, cells were incubated 

with primary antibodies overnight at 4°C. The following day, excess primary antibody was 

washed off with PBS and Alexa-488, and Alexa-647 secondary antibodies and Hoechst 

solution were incubated for 1 h. Plates were washed with PBS and preserved with 0.1% 

sodium azide in PBS solution prior to imaging. For stain set 2, cells were fixed with a 4% 

formaldehyde solution in PBS for 20 min. Cells were then washed with PBS and 

permeabilized with 0.5% Triton X-100 in PBS for 10 min before blocking with 2% BSA in 

PBS solution for at least 1 h. Following this, cells were incubated with primary antibodies 

overnight at 4°C. After blocking, the cells were washed and then incubated with FITC 
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conjugated anti-alpha tubulin antibody and rhodamine-phalloidin overnight at 4°C. The 

following day, the cells were washed and then incubated with secondary Alexa-647 and 

Hoechst stain for 1 h. Plates were washed with PBS and preserved with 0.1% sodium 

azide in PBS solution prior to imaging. 

 

Two images per well were captured with an ImageXpress Micro XLS automated 

epiflourescent microscope (Molecular Devices). Images were then processed as 

described in Woehrmann et al., 2013. Briefly, initial image processing was performed 

using MetaXpress image analysis software, using built-in morphometry metrics, the 

multiwavelength cell scoring, transfluor, and micronuclei modules. Custom-written scripts 

were used to compare the treated samples with the DMSO control wells and then to 

convert each feature to a histogram difference (HD) score. This produced a 452-feature 

vector CP fingerprint. Compound treatment wells were labeled as dead if the cell count 

for the treatment well was <10% of the median cell count in the treatment plate. In addition 

to the CP fingerprint, feature cell counts (nuclei, EdU S-phase, and phospho-histone H3) 

were used to determine the effects of compounds on HeLa cell replication. 

 

Synthesis of cyclic peptomers. 

Peptides were synthesized using standard Fmoc solid-phase peptide synthesis, utilizing 

the submonomer approach for peptoid synthesis (Zuckermann et al., 1992), either at 

room temperature or with microwave assistance. Cyclization was done in solution at a 

high dilution. Fmoc-Xaa (10 mmol) was added to a flame-dried round-bottomed flask and 

dried in a vacuum desiccator with phosphorous pentoxide overnight. Then, 50 ml of dry 
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dichloromethane (DCM) was cannula-transferred into the flask, followed by 2.5 ml of N,N-

diisopropylethylamine (DIPEA) transferred via syringe. After sonication for 10 min, 5 g of 

2-chlorotrityl resin was added under a stream of nitrogen and allowed to shake for 4 h. 

The resin was capped with a 15-ml solution of 1:2:17 methanol 

(MeOH):DIPEA:dimethylformamide (DMF) (3 times for 15 min each). The resin was 

washed with DMF (3 times with 15 ml each) followed by DCM (3 times with 15 ml each). 

The loading value was calculated by determining the mass increase of dried, loaded resin. 

 

Amino acid coupling at room temperature. 

Four equivalents (eq) of Fmoc-Xaa, 8 eq of DIPEA, and 4 eq of 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide 

hexafluorophosphate, hexafluorophosphate azabenzotriazole tetramethyl uronium 

(HATU) were added to the resin in DMF. The reaction mixture was agitated via shaking 

for 45 min and then drained. The resin was washed with DMF (3 times with 3 ml each) 

and DCM (3 times with 3 ml each). The reaction was monitored by liquid chromatography-

mass spectrometry (LC-MS) and repeated until the starting material was no longer 

observed. For microwave conditions, a solution of 4 eq of Fmoc-Xaa, 4 eq of HATU, and 

6 eq of DIPEA in DMF was allowed to pre-react for 5 min. This solution was added to the 

deprotected peptide on-resin and allowed to react for 10 min at 50°C under microwave 

heating. The solution was drained, and the resin was washed with DMF (3 times with 3 ml 

each) and DCM (3 times with 3 ml each). The reaction was monitored by LC-MS and 

repeated until the starting material was no longer observed. 
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Coupling of BrAcOH at room temperature. 

A solution of 10 eq of bromoacetic acid (BrAcOH) and 5 eq of N,N-

diisopropylcarbodiimide (DIC) in DMF was allowed to prereact for 10 min. This solution 

was added to the deprotected peptide on-resin. The reaction mixture was agitated via 

shaking for 45 min and then drained. The resin was washed with DMF (3 times with 3 ml 

each) and DCM (3 times with 3 ml each). The reaction was monitored by LC-MS and 

repeated until the starting material was no longer observed. The reaction was monitored 

by LC-MS and repeated until the starting material was no longer observed. 

 

Peptoid side chain addition. 

A solution of 5 eq of the desired amine was prepared in a minimum volume of DMF. The 

resin containing the BrAc-peptide was swollen with DCM for 5 min prior to reaction. The 

amine was added, and the reaction mixture was agitated via shaking for 3 to 20 h. The 

solution was drained, and the resin was washed with DMF (3 times with 3 ml each) and 

DCM (3 times with 3 ml each). The reaction was monitored by LC-MS and repeated until 

the starting material was no longer observed. 

 

Removal of the N-Fmoc protection group at room temperature. 

A solution of 2% piperidine and 2% 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in DMF 

was added to the resin. The reaction mixture was agitated via shaking for 20 min and then 

drained. The resin was washed with DMF (3 times with 3 ml each) and DCM (3 times with 

3 ml each). For microwave conditions, a solution of 2% piperidine and 2% DBU in DMF 

was added to the resin. The reaction mixture was allowed to react for 5 min at 50°C under 
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microwave heating and then drained. The resin was washed with DMF (3 times with 3 ml 

each) and DCM (3 times with 3 ml each). 

 

Peptide cleavage. 

Complete linear peptides were cleaved off the resin in 5 resin volumes of 2.5% 

trifluoroacetic acid (TFA) in DCM for 4 min, three times, with a 5-resin-volume DCM wash 

between steps. Solvent was removed under N2, followed by dissolution in acetone or 

DCM and evaporation under reduced pressure. Residual TFA was removed in vacuo 

overnight. 

 

Cyclization with COMU. 

Linear peptides were dissolved in 20 ml of dry acetonitrile (ACN) with 4 eq of DIPEA and 

added dropwise (final concentration, 1 mg crude peptide per ml) to a solution of 1:1 

tetrahydrofuran (THF)-ACN containing 2 eq of (1-cyano-2 ethoxy-2 

oxoethylidenaminooxy) dimethylamino-morpholinocarbenium hexafluorophosphate 

(COMU). Reaction mixtures were stirred for 0.5 to 24 h, until complete cyclization was 

achieved as monitored by LC-MS. The reaction mixture was reduced in vacuo for 

purification via high pressure liquid chromatography (HPLC). 

 

Purification of peptides. 

COMU by-products were removed after solution-phase cyclization on a Biotage Isolera 

Prime system equipped with a SNAP Ultra-C18 30-g column eluting with H2O-acetonitrile 
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modified with 0.1% TFA. The mass spectra of all peptides are shown in Figure S4.9 in 

the supplemental material. 

 

Proton NMR of peptides. 

Peptides were analyzed through nuclear magnetic resonance (NMR) spectroscopy 

measured in ppm and were obtained on a 500-MHz spectrometer using CDCl3 (δ = 7.26) 

as an internal standard for 1H-NMR. Identity of compounds for SAR study was confirmed 

by LCMS and 1H-NMR (Figure S4.9). 

 

Kinetic solubility. 

A 15 mM stock of the compounds in DMSO was prepared, and 125 μl of M9 and DMEM 

(no antibiotics) was dispensed into a 96-well v-bottom plate. Then, 1 ml of 15 mM stock 

compound was added to make a solution of 120 μM final concentration with 0.8% DMSO. 

The solution was shaken at 37°C for ∼2 h. The solution was passed over a 0.7- μM glass 

fiber filter. Then, the solution was diluted 1:4 in acetonitrile to crash out any proteins. The 

solution was centrifuged at 500 × g for 10 min. Avoiding the pellet, 10 μl of supernatant 

was added to a fresh plate with 90 μl of acetonitrile. The final dilution is 40 times lower. 

Next, 10 μl of 40× dilution of solution was injected on the Orbi-trap. A 1 μM standard was 

used for the ratiometric comparison, and the assay was done in triplicate. 

 

Cyclic peptide manipulation. 

Stock peptides were stored at 15 mM at −70°C. All treatment and control pairs, in all 

assays, had the same DMSO volumes. The compounds were prediluted in DMSO prior 
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to experiments for lower concentrations when they were performed in conjunction with 

higher concentration treatment to maintain the same volume of DMSO. 

 

Statistical analysis. 

Prism 9 (GraphPad Software, La Jolla, CA, USA) was used to calculate the mean, 

standard error of the mean, median, standard error of median, and one-way analysis of 

variance (ANOVA) values shown. 

 

Using C. trachomatis to identify mutants resistant to 4EpDN. 

We first assessed the MIC95 of 4EpDN on C. trachomatis re-infection. HeLa cells were 

grown in 96-well plates and infected at an MOI of 1. A two-fold serial dilution of 4EpDN 

was added to appropriate wells coincident with the addition of bacteria. Infectious progeny 

were quantified at 48 hpi using standard methods employed by the Engel lab (secondary 

infection of HeLa cells in the absence of 4EpDN followed by quantitation of number of 

vacuoles per cell as determined by indirect immunofluorescence (Mirrashidi et. al., 2015). 

The MIC95 was determined to be ~ 9µM of 4EpDN. To then select for C. trachomatis 

mutants resistant to 4EpDN, approximately 1x107 HeLa cells were seeded in each of 

three T75 flasks (each flask is a biological replicate for the selection assay and resulting 

mutants from each replicate were not mixed). Each 85% confluent flask was infected with 

1x108 Rifampin-resistant C. trachomatis EBs (generously provided by R. Valdivia, Duke 

University) in the presence of 9 µM 4EpDN.  Infected cells were incubated at 37°C, 5% 

CO2 for 48 hours before being osmotically lysed in ddH2O. Flasks were washed once 

quickly in 3mL ddH2O, and were then incubated 10 minutes at 37°C, 5% CO2 in 3mL 
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ddH2O. Water lysed seed (P0 seed) was concentrated by centrifugation at 13,000 RPM 

for 15 minutes at 4°C, and resuspended in 1X SPG (Caldwell et. al., 1981). 90% of seed 

was used to infect fresh HeLa monolayers seeded in a 6-well plates to enable 

centrifugation of bacteria (in the presence of 9 µM 4pDN) onto cells. 10% of seed was 

preserved at -80°C. Infections were incubated at 37°C, 5% CO2 for 48-60 hpi. EBs were 

then harvested through osmotic lysis (200µl of ddH2O per well; P1 seed) and used to 

infect another HeLa monolayer in a 6-well plate. EBs were passaged in the presence of 

9 µM 4EpDN at least 20 times. At P5, P10, P15, and P20, 15% of seed was used to 

plaque purify clonal mutant populations which were then reassessed for MIC95 to 

determine if they were resistant to 4EpDN compared to the parental C. trachomatis EBs.  

 

Plaque purification. 

Vero cells (ATCC; cultured in DMEM supplemented with 10% FBS) seeded in 6-well 

plates were infected with ~100 IFUs/well from each passage of EBs and, at 2 hpi, overlaid 

with DMEM/agarose (0.5% SeaKem LE agarose [Lonza], 1 DMEM, 10% FBS, 9 µM 

4EpDN, 1X nonessential amino acids [GIBCO], 200 ng/ml cycloheximide [Sigma-

Aldrich]). At 7–10 dpi, bacteria from small plaques were harvested and expanded in HeLa 

cells in the presence of 4EpDN.  

 

Whole genome sequencing.   

HeLa cells in 6-well plates were infected with each isolated strain exhibiting increased 

resistance to 4EpDN. At time of harvest, EBs were concentrated from cell lysates by 

centrifugation (21,000 x g, 5 min, 4°C) and resuspended in DNase I reaction buffer (NEB). 
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Residual host DNA was digested with 8 units of DNase I (NEB) for 1 hr at 37°C, and EBs 

were washed with PBS, pelleted, and resuspended in 180 ml of ATL buffer (QIAGEN). 

Total DNA was isolated with a QIAGEN DNeasy Blood and Tissue Kit (QIAGEN). A total 

of 2-25 ng/µl (collected in >15 µl of Buffer EB; QIAGEN) of total DNA was isolated from 

each resistant mutant, as well as from the parental C. trachomatis strain. Samples were 

shipped on cold-packs to the UC Davis Sequencing core. Samples were sequenced as a 

spike in on an Illumina MiSeq run with PE300 reads. Genomes were assembled to the 

published C. trachomatis L2 (434/Bu) genome (AM884176) and variants were identified 

using GATK (Broad Institute) and/or SPAdes (Center for Algorithmetric Biotechnology).    

 

For Characterization of cyclic peptomers, including drawn structures, SMILE structures, 

molecular weight, LCMS Spectra, and 1H-NMR Spectra are shown, please see full 

supplemental material found at https://doi.org/10.1128/AAC.01690-20; and 

https://journals.asm.org/doi/suppl/10.1128/AAC.01690-20/suppl_file/aac.01690-20-

s0001.pdf 

 

Supplemental tables can be accessed online through ProQuest and include: 

Table 4.1. Compounds synthesized and used in this study. 

Table 4.2. Efficacy of cyclic peptomers and other type III secretion system inhibitors. 

Table 4.3. Bacterial strains used in this study. 

Table S4.1. Solubility of cyclic peptomers.   

Table S4.2. Primers used in this study.   
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FIGURE 4.1 

 

 

 
FIGURE 4.1. Stereochemistry scan of cyclic peptomers results in a more potent 
derivative, 4EpDN.  
 
(A) Structures of 1EpDN stereoisomers. Isomers were generated from different 
combinations of four side chains at positions 3 to 6. Numbers preceding compounds were 
used to distinguish the different isomers and the conformation of the four side chains. The 
d-amino acid side chain is shown in red.  
 
(B) WT P. aeruginosa PA103 was grown under T3SS-inducing conditions with increasing 
concentrations of cyclic peptomer isomers. Secretion of T3SS cargo into the culture 
supernatant was assessed by precipitating secreted proteins and visualizing them with 
Coomassie blue. ExoU band intensities were quantified and normalized to that of the 
DMSO control. The results are from at least two independent experiments. Nonlinear 
curve fitting is shown to depict the trend of inhibition. Error bars are standard errors of the 
mean. 
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FIGURE 4.2 

 

 

 
FIGURE 4.2. Sarcosine replacement of 4EpDN at position 1 or 2 eliminates activity.  
 
(A) Structures of 4EpDN and its derivatives, 4EpDN 1Sar and 4EpDN 2Sar. The d-amino 
acid side chain is shown in red. 
 
(B) WT P. aeruginosa PA103 was grown under T3SS-inducing conditions with increasing 
concentrations of compounds. Secretion of T3SS cargo into the culture supernatant was 
assessed on SDS-PAGE gel. ExoU band intensities were visualized with Coomassie 
blue, quantified, and normalized to that of the DMSO control. The results are from at least 
two independent experiments. Error bars are standard errors of the mean.  
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FIGURE 4.3 

 

 

 
FIGURE 4.3. Cyclic peptomers do not affect the twin arginine translocation (Tat) 
system.  
 
(A) Y. pseudotuberculosis expressing a SufI-β-lactamase Tat reporter incubated in the 
presence of penicillin G will only grow if the Tat system remains functional.  
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(B) Y. pseudotuberculosis SufI-β-lactamase reporters were treated with the Tat inhibitors 
Bay 11-7082, N-phenyl maleimide, or DMSO, and culture optical density was measured. 
WT refers to bacteria expressing a functional Tat secretion system. A mutant strain with 
a transposon insertion in the tatB gene serves as a control.  
 
(C) The same assay as in panel B was repeated in the presence of cyclic peptomers or 
DMSO. The result was from two independent replicates. Error bars are standard errors 
of the mean. 
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FIGURE 4.4 

 

 
FIGURE 4.4. Effect of cyclic peptomers on secretion of Yersinia Ysa T3SS 
substrates.  
 
(A and B) Y. enterocolitica serotype O:8 was grown under T3SS-inducing conditions with 
increasing concentrations of cyclic peptomer isomers, 4EpDN (A) and 4EpDN 2Sar (B). 
Secretion of T3SS cargo into the culture supernatant was assessed by precipitating 
secreted proteins and visualizing them with Coomassie blue. Arrow points to the YscF 
protein band. YspF band intensities were quantified and normalized to that of the DMSO 
control. Representative gel images and quantification of YspF are shown. The results are 
from two independent experiments. Error bars are standard errors of the mean. 
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FIGURE 4.5 
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FIGURE 4.5. Cyclic peptomers inhibit the Salmonella SPI-1 T3SS.  
 
Salmonella enterica Typhimurium was grown with increasing concentrations of cyclic 
peptomer isomers. Secretion of SPI-1 T3SS cargo into the culture supernatant was 
assessed by precipitating secreted proteins and visualizing them with Coomassie blue. 
SipA and SipC band intensities were quantified and normalized to that of the DMSO 
control. (A and B) The experiments were carried out without the detergent Tween 20 (A) 
or with Tween 20 (B). A ΔSPI-1 Salmonella mutant and INP0007, a known SPI-1 inhibitor, 
were used as controls. The results are from at least two independent experiments. Error 
bars are standard errors of the mean. 
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FIGURE 4.6 
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FIGURE 4.6. YscF puncta visualization using immunofluorescence.  
 
Y. pseudotuberculosis was grown under T3SS-inducing conditions (low Ca2+) in the 
presence of 60 μM cyclic peptomers or an equivalent volume of DMSO. A mutant lacking 
yscN and yscU was used as a negative control.  
 
(A) Scatterplot of YscF puncta/cell for the three replicates. Means ± the standard error of 
the mean (SEM) are shown in red. The width of distribution of points is proportional to the 
number of data points at the Y value.  
 
(B) Mean number of puncta/cell after treatment for all replicates combined ± SEM.  
 
(C) Representative images of YscF puncta in different conditions. (Imaris software 
displays grid lines within the images; they are not physical lines on the samples.)  
 
(D) Secretion of effector YopE in low-calcium medium on the presence of different 
concentrations of 4EpDN and 4EpDN 2Sar in WT Y. pseudotuberculosis stained with 
Coomassie stain and quantified. The data represent three independent experiments. The 
nonparametric Kruskal-Wallis test with Dunn’s multiple-comparison test was used. ****, 
P < 0.0001; ****, P < 0.0001, but the trend is in the reversed direction. 
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FIGURE 4.7 
 
 

 
 
 
FIGURE 4.7. The cyclic peptomer 4EpDN inhibits secretion of the effector protein 
ExoU but not the regulator ExsE.  
 
PA103 was grown under T3S-inducing conditions in the presence of 9 μM or 60 μM cyclic 
peptomers or DMSO.  
 
(A) Secretion of ExoU was visualized using Coomassie blue and quantified. 
 
(B) In the same samples, Western blotting was carried out for secreted ExsE in the 
supernatant and ExsE in the cell pellets. BSA and RpoA were used as loading controls. 
Data were from three independent experiments. One-way ANOVA with Dunnett’s 
multiple-comparison test was used. *, P < 0.05; ****, P < 0.0001 compared to DMSO. Error 
bars are standard errors of the mean. 
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FIGURE 4.8 
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FIGURE 4.8. The cyclic peptomer 4EpDN inhibits Chlamydia infection.  
 
(A) HeLa cells were infected with C. trachomatis L2 at a multiplicity of infection (MOI) of 
3 (left-hand panel) or 1 (right-hand panel) in the presence of 9 μM cyclic peptomers, 30 μM 
INP0400, or DMSO. Cells were stained for the Chlamydia major outer membrane protein 
(MOMP) and nucleic acids (DAPI) and imaged after 24 h of infection to determine the 
number of infected cells (primary infection). The Mann-Whitney test was used.  
 
(B and C) Infectious elementary bodies (EB) were harvested after 48 h of HeLa cell 
infection in the presence of inhibitors and were used to infect fresh HeLa cells without 
applying inhibitors (secondary infection). After 24 h, cells were imaged as in panel A. 
Representative images (B) and infectious units/ml (C) are shown from three to four 
independent experiments. Error bars are standard errors of the mean. The Kruskal-Wallis 
test with Dunn’s multiple-comparison test was used. ***, P < 0.0005; ****, P < 0.0001; ns: 
not significant. 
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FIGURE 4.9 
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FIGURE 4.9. Strategy for using the obligate intracellular pathogen C. trachomatis 
to identify T3SS mutants.  
 
To use C. trachomatis to identify mutants resistant to 4EpDN, the MIC95 for 4EpDN was 
first determined to be 9µM during C. trachomatis re-infection assay.  
 
(A) 3x108 Rifampin-resistant C. trachomatis EBs were incubated with 9 µM 4EpDN and 
added to HeLa cells. Infections were incubated with 9 µM 4EpDN for 48 hours, and were 
osmotically lysed to release EBs (P0 seed). These EBs were then incubated with 9µM 
4EpDN and centrifuged onto a fresh HeLa monolayer. Infections again were allowed to 
proceed 48-60 hours (to allow EBs the maximum time to replicate) in the presence of 9 
µM 4EpDN, and were subsequently osmotically lysed. EBs were passaged in the 
presence of 4EpDN at least 20 times.  
 
(B) At P5, P10, P15, and P20 15% of EBs were plaque purified and clonal populations 
were isolated.  
 
(C) Mutant populations were then screened for increased resistance to 4EpDN by 
reinfection assay. The starting pool of wild-type RifR C. trachomatis (blue circles) was 
assayed along-side a surviving P5 clone (green squares) and a surviving P10 clone 
(orange triangles). All clones exhibiting increased resistance will be sequenced to identify 
mutations that confer resistance to 4EpDN.  
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FIGURE S4.1 
 
 

 
 
 
FIGURE S4.1. EpDN alanine/Sarcosine scan suggests peptoid sidechains are 
important for biological activity.  
 
(A) Structures of 1EpDN alanine derivatives. D-form of side chain is shown in red.  
 
(B) WT P. aeruginosa PA103 was grown under T3SS-inducing conditions with increasing 
concentrations of cyclic peptomers. Secretion of T3SS cargo into the culture supernatant 
was assessed by precipitating secreted proteins and visualizing them with Coomassie 
blue. ExoU band intensities were quantified and normalized to that of the DMSO control. 
The results are from at least two independent experiments. Error bars are standard errors 
of the mean. Nonlinear curve fitting is shown to depict the trend of inhibition. 
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FIGURE S4.2 
 
 

 

 
 
FIGURE S4.2. Cyclic peptomers do not affect bacterial viability.  
 
P. aeruginosa PA01 (A) or Y. pseudotuberculosis (B) was grown in LB or 2xYT medium 
at 37 ̊C or 26 ̊C in the presence of cyclic peptomers at 9 μM, 30 μM, 60 μM and 120 μM, 
equivalent volume of DMSO or Carbenicillin (100 μg/mL). Resazurin-based alamarBlue 
HS cell viability reagent was used to monitor metabolic activity of the bacteria over a 
period of 12 hrs. Fluorescence of treatment over control was plotted over time. Media 
only served as a control for bacterial growth. The experiment was carried out in two 
biological replicates with three technical replicate each. 
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FIGURE S4.3 
 
 

 
 
FIGURE S4.3. Secretion of Salmonella T3SS substrate in the presence of non-ionic 
detergents.  
 
Detergents without T3SS inhibitors were used to determine the highest concentration of 
detergent that can be added to the cultures without causing an observable effect on the 
T3SS.  
 
(A) Salmonella enterica Typhimurium was grown in LB with increasing concentrations of 
NP-40, Tween® 20, or Triton X-100. Secretion of SPI-1 T3SS effector SipC into the 
culture supernatant was assessed by precipitating secreted proteins and visualizing them 
with Coomassie blue.  
 
(B) Secretion of SipC in the presence of increasing concentrations of Tween® 20 or Triton 
X-100 was detected by Western Blot.  
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FIGURE S4.4 
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FIGURE S4.4. Cyclic peptomers do not affect secretion of flagellar proteins.  
 
Salmonella enterica Typhimurium was grown in LB with increasing concentrations of 
cyclic peptomers. Secretion of flagellar structural proteins FliC and FliD were assessed 
by precipitating the secreted proteins and visualizing them with Coomassie blue. A ΔfliC 
mutant and azithromycin, which inhibits flagellin secretion, were used as controls. The 
SPI-1 mutant and WT Salmonella were both tested, as flagella substrates can be secreted 
through both flagellar and SPI-1 T3SS systems. The results are from at least two 
independent experiments. Error bars are standard errors of the mean. 
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FIGURE S4.5 
 
 

 
 
 
FIGURE S4.5. The cyclic peptomer 4EpDN effect on localization of the Yersinia 
T3SS basal body component YscD.  
 
Y. enterocolitica expressing YscD-EGFP was grown under T3SS inducing condition (low 
Ca2+) in the presence of 9 μM cyclic peptomers, 50 μM INP0007, or DMSO.  
 
(A) Scatter plot of YscD puncta/cell for four replicates. Mean ±SEM was shown in red. 
Width of distribution of points is proportional to the number of data points at the Y value.  
 
(B) Mean number of puncta/cell after treatment for all replicates combined ±SEM. Data 
represents four independent experiments. Non- parametric Kruskal-Wallis test with 
Dunn’s multiple-comparison test was used. ****, P < 0.0001; **, P < 0.005; ns: not 
significant. 
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FIGURE S4.6 
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FIGURE S4.6. Cyclic peptomers do not affect transcription of T3SS genes in 
Salmonella and P. aeruginosa.  
 
Salmonella enterica Typhimurium was grown in LB with 300 mM NaCl in the presence of 
9 μM cyclic peptomers or DMSO. Samples were taken 2 hrs (A) and 4 hrs (B) after 
addition of compounds at 37oC and expression of flagellar (fliC) and injectisome T3SS 
(hilA, hilD, invF, sipC, sipA) genes were assessed using qPCR.  
 
P. aeruginosa PA103 (C) or PA01 (D) was grown in low calcium media in the presence 
of 60M cyclic peptomers or DMSO. Samples were collected 3 hrs after induction for qPCR 
analysis. The phenoxyacetamide MBX1641, a known T3SS inhibitor predicted to inhibit 
type III secretion by binding to the T3SS needle subunit, was used as a control. Data are 
from two to three replicates, analyzed by one-way ANOVA with Dunnett’s multiple-
comparison test. **, P < 0.01. 
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FIGURE S4.7 
 
 

 
 
FIGURE S4.7. Relationship between solubility and activity of cyclic peptomers.  
 
IC50 of stereoisomers and their solubility (table S1) were plotted on a log10 scale. 
Average solubility was used when the solubility was measured in different conditions. 
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FIGURE S4.8 
 
 

 
 
 
FIGURE S4.8. Effect of cyclic peptomers on HeLa cells.  
 
HeLa cells were incubated with compounds for 48 hrs. Cells were then stained with: (A) 
Stain Set 1: Hoechst, FITC-alpha tubulin, rhodamine-phalloidin (actin), and Calnexin (ER 
induced protein); or (B) Stain set 2: Hoechst, EdU-rhodamine (S-phase detection), anti-
Phosphohistone H3 (mitosis marker), and GM130 (Golgi matrix protein). Representative 
images of cells treated with different concentrations of 4EpDN or DMSO are shown.  
 
(C) Quantification of all cell features for 4EpDN-treated cells. The total CP score is the 
square root of sum of square of the difference between treatment and DMSO for all 
measured features. 
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CHAPTER FIVE 

CONCLUSIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“Coming back to where you started is not the same as never leaving.” 
- Terry Pratchett 
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All Chlamydia species share a common dimorphic obligate intracellular life cycle that 

requires them to (i) gain entry into non-phagocytic host cells, such as the epithelial layers 

that line the genital tract, lungs, digestive system, and eyes, (ii) reprogram host vesicular 

trafficking pathways to avoid phagolysosomal fusion, access nutrients, and establish a 

protected robust replicative niche, (iii) avoid immune surveillance while maintaining host 

viability, and (iv) exit to disseminate (reviewed in Elwell et. al., 2016). C. trachomatis 

encodes approximately 100 secreted effectors, a surprisingly large number given its 

reduced genome (Betts-Hampikian & Fields, 2010; Stephens et al., 1998). The majority 

of these effectors are secreted by the needle-like type III secretion system (T3SS). In 

addition to the more canonical T3SS effectors that are translocated from the bacteria 

across the inclusion membrane to the host cell cytoplasm, Chlamydiae encode a unique 

class of T3SS effectors, the Inclusion membrane (Inc) proteins. These effectors are 

translocated across and inserted into the inclusion membrane at various times during 

infection, where they are ideally positioned to mediate host-pathogen interactions. The 

T3SS effectors, including the Incs, are likely critical for the success of Chlamydia in 

creating a unique replicative niche to survive in the hostile intracellular environment.   

 

In this thesis work, we show how unbiased proteomic screens and targeted genetic 

manipulation of this pathogen have provided new insights into how Chlamydia subverts 

the host cell and causes disease. We have identified a C. trachomatis effector, Dre1, that 

binds host dynactin, not to facilitate intracellular transport of the pathogen, but rather to 

reposition organelles including the centrosome, mitotic spindle, and GA around the 

growing inclusion. Our data suggest that Dre1 binds dynactin complexes stably 
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associated with organelles that nucleate and organize MTs, and that Dre1 might target 

dynactin subpopulations that are specifically involved in mediating organelle positioning 

within the cell. This selectivity would allow C. trachomatis to override host mechanisms 

for organelle positioning and create a replicative niche without globally altering trafficking 

or organelle function. Our work highlights how a single pathogen effector can facilitate 

specific, large scale changes in host cell architecture by interacting with a single, 

ubiquitous host protein complex. 

 

We used cross-linking mass-spectrometry to elucidate the molecular basis of 

Dre1:dynactin interaction in order and provide insight into the regulation and activities of 

this essential host protein complex. We have preliminary evidence that Dre1 binds to the 

actin-like filament of dynactin. This filament mediates interaction with the motor dynein, 

as well as various adaptors that specify cargo-binding and enhance processivity of the 

complex along MTs. We hypothesize that binding the interface between dynactin and 

various regulators provides the mechanism by which Dre1 discriminates different 

subpopulations or regulatory states of dynactin. As this project continues, it will shed light 

on the varied functions of this essential host protein complex and may provide the 

molecular basis by which a pathogen effector selectively subverts host processes.  

 

Overall, this work highlights strategies by which C. trachomatis selectively engages with 

host cell pathways, structures, and proteins to establish and maintain its intracellular 

niche while maintaining host cell viability. Decoding how microbial effectors modulate host 

cell pathways has broad implications in cell biology and human disease.  
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