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Abstract 

Title of Dissertation: SINC, a secreted effector of Chlamydia psittaci, targets emerin and 

the nuclear envelope of infected cells and uninfected neighbors 

Sergio Aguedo Mojica, Doctor of Philosophy, 2015 

Dissertation Directed By: Dr. Patrik M. Bavoil, Professor and Chair, Department of 

Microbial Pathogenesis 

 

The chlamydial type III secretion system injects effector proteins into the host cell 

cytosol to facilitate bacterial growth and pathogenesis. We characterized SINC, a new 

effector produced by the avian and human pathogen, Chlamydia psittaci. SINC is 

syntenic with CT694 of Chlamydia trachomatis and likewise expressed late in 

development. However SINC uniquely targets the nuclear envelope (NE) of both C. 

psittaci-infected and uninfected neighboring cells. Digitonin permeabilization studies of 

infected or SINC-GFP-transfected HeLa cells suggest SINC targets the inner nuclear 

membrane (INM). Candidate partners were identified by proximity to biotin ligase-fused 

SINC (BirA-SINC) in HeLa cells and mass spectrometry (BioID). Among the most 

abundant peptides were fragments of INM proteins MAN1 and emerin, and of the nuclear 

pore complex protein, ELYS, suggesting candidate interacting partners at the NE. GFP-

SINC association with the native LEM-domain protein emerin of the nuclear lamina was 

confirmed by GFP pull-down. SINC localization at the NE was blocked by importazole, 

confirming SINC import into the nucleus. My findings identify SINC as a novel effector 

that is transported to the NE of infected and neighboring uninfected cells where it targets 

emerin and potentially other proteins of the inner nuclear envelope. This association 



 

 

suggests that C. psittaci, an aggressive pathogen, has the capacity to modulate host cell 

nuclear functions, from chromatin organization to signaling and cytoskeletal regulation, 

both endogenously and exogenously. 
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Chapter 1: Introduction 

 

The genus Chlamydia 

 

Members of the genus Chlamydia are ubiquitous Gram-negative bacteria capable 

of infecting a wide variety of hosts and tissues (Corsaro and Venditti, 2004). Out of the 

eleven species currently recognized, C. trachomatis and C. pneumoniae commonly infect 

humans and pose significant public health challenges, while three others, C. psittaci, C. 

felis and C. abortus may cause zoonotic infection and disease. The human pathogen C. 

trachomatis causes the most common bacterial sexually transmitted infection, with an 

estimated 2.8 million infections annually in the United States (Rothman, 2004).  C. 

trachomatis infection in women is often asymptomatic, however such infections can still 

result in pelvic inflammatory disease (PID), ectopic pregnancy, and infertility. Untreated 

infections in men can also lead to infertility in rare cases (CDC, 2014). C. trachomatis 

can also cause an ocular infection (conjunctivitis) that may lead to blindness (trachoma) 

(Grayston and S Wang, 1975; Grayston et al., 1985).This disease is one of the most 

ancient known human diseases, first described in Egypt over three millennia ago, and the 

disease remains endemic in some tropical and subtropical regions including the Middle 

East, North Africa, and India (Pascolini and Mariotti, 2012; Vashist et al., 2013). C. 

trachomatis infection is usually limited to a mucosal epithelium of a single human 

anatomical site where symptoms range from mild to non-existent. The exceptions are the 

lymphogranuloma venereum (LGV) serovars, which have tropism for the lymphoid 

organs and are generally more tissue invasive than all others (Kuo et al, 2011). However, 

inflammatory damage due to chronic infection from all C. trachomatis serovars can cause 

severe sequelae (Stamm, 1999). 
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In contrast, C. psittaci is a highly infectious, medically significant potential 

human pathogen capable of causing a life-threatening pneumonia if contracted through 

the inhalation of infectious aerosols (Smith et al., 2011). C. psittaci infection in humans 

manifests itself as an atypical pneumonia and often causes systemic complications. C. 

psittaci has been reported in over 500 species of birds, where infection is either latent or 

can become systemic and clinically overt in the respiratory tract (Stewardson and 

Grayson, 2010).  

In humans, disease symptoms from C. psittaci infection range from unapparent to 

fatal in some untreated patients (Moroney et al., 1998). Symptoms commonly reported 

are high fever, difficulty breathing and a non-productive cough, low pulse, chills, 

headache, and myalgia. Exposure to the infectious agent is commonly associated with 

contact with reservoirs of zoonotic psittacosis, such as poultry, pet parrots or free-living 

pigeons, and outside activities such as lawn mowing or gardening, presumably through 

the inhalation of contaminated bird fecal dust (Beeckman and Vanrompay, 2009). Person 

to person transmission of psittacosis is believed to be possible, but rare (Ito et al., 2002). 

There are several other mammalian and recently discovered avian chlamydial species that 

cause diseases specific to their hosts (Kuo et al, 2011; Vorimore et al., 2013; Sachse et 

al., 2014), although human cases of C. abortus and C. felis have been documented 

previously (Schachter et al., 1969; Johnson et al., 1985; Herring et al., 1987). 
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Psittacosis Outbreak 

 

While the number of reported cases of psittacosis in recent decades remains 

generally low, likely from the absence of this pathogen in routine diagnostic schemes 

(Knittler et al., 2014), C. psittaci has played an important role in the history of public 

health and disease control. 

A psittacosis-like disease was first described in Germany in 1879, and continuing 

in several cases in Europe throughout the late 19
th

 century (Ramsay, 2003). This disease 

was first called pneumotyphus; the term “psittacosis” was coined in 1895 by Morange 

from the observed association with contact with exotic bird shipments (Morange, 1895). 

 However, psittacosis remained a relatively rare disease until 1929, when over 100 

cases were reported of an unusual and serious pneumonia among inhabitants of the 

Argentinian province of Córdova. This large outbreak was once again associated with 

contact with infected birds – in this case, a large shipment of 5,000 infected birds from 

Brazil which had been put up for auction under unsanitary conditions (Meyer, 1942). 

Learning of the cases and observing the unhealthy state of many of the birds, the owners 

decided to sell off their stocks of living birds as fast as possible, spreading the illness to 

purchasers and re-purchasers in the neighboring province of Tucumán and to the capital, 

Buenos Aires, where two members of theatrical troupe died from the use of a parrot from 

the original Córdova importation (Meyer, 1942; Ramsay, 2003).  

 Publicity of these events caused much of the local trade to cease; however many 

passengers on steamships calling at Argentinian ports were ignorant of the outbreak and 

able to buy the birds from unscrupulous dealers. Hence, the outbreak continued in at least 

12 other countries in the Americas, Europe, and Africa (Meyer, 1942; Ramsay, 2003). 



4 

 

Some 169 cases were reported in the United States from November 1929 to May 1930, 

with 33 deaths (Armstrong, 1930). In addition, 16 cases and two deaths resulted from 

exposure to the organism at the National Hygienic Laboratory located in Washington DC, 

the major infectious disease laboratory at the time and a precursor to the National 

Institute of Health (NIH, 2014) (Armstrong, 1930). This episode ended with the director 

of the Hygienic Laboratory at the time, Dr. George McCoy, personally entering the 

building by himself and killing every animal with chloroform then ordering a fumigation 

squad to fill the building with cyanide (Lepore, 2009). Just a few months after this 

“parrot fever” panic in 1930, the U.S. Congress passed the Ransdell Act, which gave the 

Hygienic Laboratory a broader mandate, increased funding and a new name: the NIH 

(NIH, 2014).  

 

Basic chlamydial biology 

 

All Chlamydia spp. are obligate intracellular pathogens and possess a unique 

developmental cycle alternating between two distinct forms: the infectious, metabolically 

basal elementary body (EB) and the larger non-infectious, actively replicating reticulate 

body (RB).  EBs have been referred to as representing a “spore-like” phase of the 

organism, given their mostly metabolically inert nature. EBs are also unusual due to the 

presence of bacterial “histone-like” proteins Hc1 and Hc2 that tightly condense the 

bacterial chromosome (Barry et al., 1992).  

The initial attachment of the bacteria to the host cell is now thought to occur in a 

two-stage process. Firstly, the initial interaction may occur through electrostatic 

interactions involving the major outer membrane protein (MOMP) and heparin sulfates 
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containing glycosaminoglycans (Su et al., 1990; Su et al., 1996). A similar role for the 

outer membrane protein OmcB has also been described (Moelleken and Hegemann, 

2007). This initial binding is then followed up by an irreversible binding step to a likely 

conserved cell surface receptor. However, the identities of both the bacterial and cell 

surface ligands are still unknown. Several distinct adhesins and receptors have been 

proposed over the years, including recently by Mölleken et al. (Chen and Stephens, 1994; 

Ting et al., 1995; Abromaitis and Stephens, 2009; Mölleken et al., 2010; Mölleken et al., 

2013). After host cell entry, the EB differentiates into the metabolically active RB within 

a membrane bound vacuole termed the inclusion. RBs are non-infectious and have many 

characteristics resembling typical gram-negative bacteria, including inner and outer 

membranes and peptidoglycan (AbdelRahman and Belland, 2005; Liechti et al., 2014). 

Throughout this process, type-III-secretion (T3S) effectors are secreted from the 

inclusion to the cytosol of the infected cell, modulating host cell pathways for the benefit 

of the chlamydiae (Peters et al., 2007; Betts-Hampikian and Kenneth A Fields, 2010; 

Mueller et al., 2013).  

The chlamydial inclusion is a unique compartment relative to all other 

intracellular pathogens (Rockey et al., 2002). The inclusion does not interact with any 

endocytic compartments, and instead appears to intercept components of an exocytic 

vesicle trafficking pathway by which it acquires host-derived glycerophospholipids, 

cholesterol, and sphingolipids (Elwell and Engel, 2012). A large number of Chlamydia 

inclusion membrane proteins (Incs) are encoded in the Chlamydia genome (Bannantine et 

al., 1998). They are characterized by a bi-lobed hydrophobic domain of 40 amino acid 

residues or more, with few exceptions (Li et al., 2008). Many Incs have been 
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demonstrated to localize to the inclusion membrane, where they are thought to recruit 

other host proteins to the inclusion, modulate host cell signaling and trafficking pathways 

and the immune response (Dehoux et al., 2011). 

Following an unknown signal, RBs differentiate back into infectious EBs (Figure 

1.1) 

 

 

 

 

 

The onset of late differentiation within the inclusion is asynchronous, and late in 

the infection the chlamydial inclusion will consist of both RBs and EBs. At the end of the 

developmental cycle, EBs exit the cell via inclusion extrusion or cell lysis, and can then 

go on to infect neighboring cells (AbdelRahman and Belland, 2005). 

Figure 1.1: Schematic representation of the chlamydial developmental 

cycle. EBs are shown in dark blue, RBs in light blue. Geometric shapes 

represent type III secreted effectors.  
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The Type III Secretion System in Chlamydia 

 

The Type III Secretion System (T3S) system is a macromolecular assembly that 

spans both the inner and outer membranes of gram negative bacteria, and continues to 

protude outward to puncture the host cell membrane forming a continuous channel 

(Burkinshaw and Strynadka, 2014). Through this channel, the bacteria inject specialized 

effector proteins directly into the host cell cytoplasm that disrupt host cell processes in 

order to facilitate the infection (Cornelis, 2006). In 1973 and again in 1982, Dr. Akira 

Matusumoto and colleagues published reports containing electron micrographs of 

projections and rosette-like structures on the surface of C. psittaci strain MN EBs and 

RBs (Matsumoto, 1973; Matsumoto, 1982a; Matsumoto, 1982b) (Figure 1.2).  

 

 

These observations were first made nearly twenty years prior to the discovery of 

T3S in Chlamydia. Prior to this discovery, the observation that Yersinia “Yop” proteins 

Figure 1.2  RBs interact with the inclusion membrane through projection-like structures. HeLa 

cells infected with Chlamydia caviae GPIC and examined by (a) scanning and (b) transmission electron 

microscopy.  T3S projections (red arrows) are shown projecting through the inclusion membrane from 

underlying RBs inside the inclusion lumen (a), and as a cross section of an RB in contact with the 

inclusion membrane through a patch of projections (b). Figure adapted from Peters et al, 2007.   
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were secreted into the host cell cytosol without the cleavage of an N-terminal signal 

sequence and thereby Sec-independent manner, had led to the proposed existence of an 

alternative secretion system dubbed the “Type III secretion system”(Michiels et al., 

1990).  

The projection-like structures were later named “Matsumoto projections” and 

were later proposed to represent T3S machines (injectisomes) in Chlamydia (Bavoil and 

Hsia, 1998). They have since been observed in many other species of Chlamydia, 

including C. trachomatis (Gregory et al., 1979), C. caviae (Soloff et al., 1982), C. 

muridarum (Peterson and la Maza, 1988), and C. pneumoniae (Miyashita et al., 1993). 

While the hypothesis that the Matsumoto projections are T3S injectisomes still requires 

confirmation by genetic, immunochemical or biochemical means, their physiological and 

structural properties are consistent with the physiological and structural properties of T3S 

injectisomes (Peters et al., 2007). These properties include the observed continuity of the 

structures through the inner and outer membranes of the bacteria and the piercing of the 

inclusion membrane, as well as the presence of similar surface structures on other 

bacterial pathogens containing T3S systems (Bavoil and Hsia, 1998). Moreover, in the 

post-genomic era of advanced sequencing technology, the presence of T3S genes has 

been consistently observed across the Chlamydiales order scattered in conserved genomic 

clusters, rather than distinct “pathogenicity islands” (Peters et al., 2007). Shortly after the 

discovery of these T3S genomic clusters in the C. trachomatis genome (Hsia et al., 1997; 

Stephens, 1998), expression of a putative chaperone (Scc1), secretion pore components 

(Cds1 and Cds2), and a secreted effector (CopN) was demonstrated by RT-qPCR, and the 

secretion of CopN was first demonstrated by a Yersinia surrogate system (KA Fields and 
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Hackstadt, 2000). These data indicated that crucial components of the Chlamydia T3S 

apparatus are expressed and that at least one of these effector is secreted by T3S. The 

continued use of surrogate systems to identify secreted effectors (described in the next 

section) strongly supports the hypothesis that, similar to many other gram-negative 

pathogens, all Chlamydia spp. possess a T3S system that enables the direct translocation 

of effector proteins across both the bacterial envelope and host plasma membrane-derived 

inclusion membrane into the host cell cytosol. Secreted effectors will then interact with 

host cell proteins in order to modulate or interfere with host cellular functions to promote 

and maintain the infection (Peters et al., 2007). Moreover, the T3S system may have an 

additional role in the chlamydial developmental cycle, as the aforementioned “unknown 

signal” that triggers the differentiation of the RB back to the infectious EB has been 

previously proposed to be loss of physical contact with the inclusion membrane by the 

T3S injectisome, leading to T3S inactivation and the initiation of late differentiation (D P 

Wilson et al., 2006; D P Wilson et al., 2009). 

 

T3S effectors in Chlamydia 

 

C. trachomatis is the best studied Chlamydia species and much of what is known 

regarding type III secreted effectors in Chlamydia comes from this species. There are 

several known effectors in C. trachomatis that have been implicated in entry into and 

internalization by the host cell as early effectors, including CopN (KA Fields and 

Hackstadt, 2000), Translocated Actin Recruitment Protein (TARP) (Clifton et al., 2004), 

and CT694 (Hower et al., 2009). These are known to be expressed late in development 

and yet are detected early as secreted proteins; therefore it is postulated that these 
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effectors are “pre-loaded” onto the T3S injectisome during the RB to EB transition, late 

in the developmental cycle in order to serve as early effectors during a subsequent 

infection. CopN is thought to act as a sensor for host cell contact, similar to Yersinia 

YopN (KA Fields and Hackstadt, 2000); however there exists evidence of multiple 

functions including the modulation of the host cell cytoskeleton (Archuleta et al., 2011). 

TARP is capable of nucleating actin polymerization and is secreted within minutes of EB 

internalization (Clifton et al., 2004). CT694 interacts with the host protein AHNAK, 

which is thought to contribute to actin polymerization or membrane-associated signaling 

(Hower et al., 2009).The aforementioned Inc proteins which localize to the inclusion 

membrane are also T3S effectors (Karyagina et al., 2009). The first discovered Inc, IncA, 

is known to be involved in the merging of small, nascent inclusions into one large 

fusogenic vacuole (Rockey et al., 1995; Delevoye et al., 2008). In addition, there are 

several other effectors whose roles in chlamydial pathogenesis are just beginning to be 

understood. CT847 interacts with human Grap2-Cyclin-D-interacting-protein (GCIP) and 

may contribute to GCIP degradation observed during Chlamydia infection (Chellas-Géry 

et al., 2007). Some chlamydial T3S effectors are known to target the nucleoplasm. One in 

particular, termed nuclear effector (NUE), has been found to traffic to the nucleus where 

its methyltransferase activity targets mammalian histones (Pennini et al., 2010). Several 

other identified effectors remain as of yet uncharacterized functionally (Hobolt-Pedersen 

et al., 2009; Gong et al., 2011; Lei et al., 2011). 
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Research Rationale and Overview 

 

While these effectors likely play a critical role in Chlamydia pathogenesis, 

identification and therefore characterization of these proteins has been a challenge. 

Although many attempts have been made, the identification of a common, recognizable 

signal that targets T3S effector proteins for secretion has remained elusive. Additionally, 

most chlamydial effectors lack sequence homology to other known effectors and do not 

reside in pathogenicity islands. To streamline the process of identification, a variety of 

methods for identifying putative effectors have been employed. While most effectors do 

not share similar sequences to other known effectors, a few are well conserved across 

many species. These have been identified through homology searches. Additionally, the 

presence of characteristic secondary structures has aided in the identification of the Inc 

family of proteins, many of which have been demonstrated to be type III secreted. While 

these methods of searching have resulted in the identification of new effectors, they yield 

limited success because the majority of effectors are species specific. Moreover, 

sequence-based methods and/or methods that exploit expression and secretion of a 

putative effector in a surrogate host are fraught with the frequent occurrence of false 

positives and false negatives. That being the case, hypothetical proteins unique to 

Chlamydia have been identified as potential effectors. Chlamydia proteins found within 

the cytosol of infected cells, i.e. post-secretion, have also been investigated as potential 

T3S effectors. Regardless of the method used to identify putative effectors, these proteins 

will eventually need to be directly tested secretion by the T3S system in Chlamydia, for 

instance using T3S mutants. The construction of a chlamydial isogenic T3S mutant–

parent pair however remains elusive; currently the best method remains expression in a 
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T3S surrogate host. This method combined with a novel computational prediction 

algorithm (described in Chapter 2), led to the identification of a unique type-III secreted 

effector described in this thesis.  
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Chapter 2 – cSIEVE and the identification of SINC as a nuclear envelope effector.  

 

Introduction 

 

The chlamydial T3S system allows for translocation of effector proteins into the 

host cell cytosol to facilitate pathogenesis and create a growth-permissive intracellular 

environment. In this chapter, I begin to describe the properties of type-III-secreted SINC 

(secreted inner nuclear membrane chlamydial protein) of the avian and human pathogen 

Chlamydia psittaci. I begin by describing the computational algorithm and surrogate 

secretion system strategy used for the initial identification of this effector. This is 

followed by the immunofluorescence, ectopic expression, and fractionation studies that 

established its novel localization at the nuclear envelope of infected cells and uninfected 

neighboring cells.  

SIEVE algorithm to identify Chlamydia effectors 

 

A means of streamlining the search for effectors, applied with some success in 

Chlamydia research, has been to use methods involving computational predictions of T3S 

effector proteins (Löwer and Schneider, 2009; Samudrala et al., 2009; Arnold et al., 

2009; Mcdermott et al., 2011). These methods rely on obtaining data from the protein 

sequences of known secreted effectors and then applying the data to a machine-learning 

algorithm. The trained program can then be used to make predictions from an 

uncharacterized set of proteins. In our analyses, we have focused on predictions made by 

the SVM-based Identification and Evaluation of Virulence Effectors (SIEVE) program 

developed by Jason McDermott and colleagues (Samudrala et al., 2009). These authors 

trained SIEVE on known effectors from the plant pathogen Pseudomonas syringae by 

analyzing effector features such as sequence, conservation in other organisms, G+C 
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content of the gene, amino acid composition, and the sequence and composition of the 

first 30 residues at the N terminus. SIEVE’s accuracy was validated upon its independent 

prediction of confirmed secreted effectors of Salmonella enterica serovar Typhimurium. 

Further to this analysis, Samudrala et al applied SIEVE to predict effectors from C. 

trachomatis (Samudrala et al., 2009).   

Once predictions are made using machine-learning algorithms, they must be 

tested for T3S directly. Although some limited progress has been made recently in the 

transformation of Chlamydia (Yibing Wang et al., 2011; Agaisse and Derré, 2013), there 

currently remains no practical genetic system in Chlamydia that would enable the direct 

testing of SIEVE-generated predictions of chlamydial effectors. To date, the ectopic 

expression and secretion of chlamydial proteins in other bacteria containing T3S systems 

has remained the most efficacious method to test candidate effectors (KA Fields and 

Hackstadt, 2000; Subtil et al., 2001; Clifton et al., 2004; Subtil et al., 2005; Hower et al., 

2009; Hovis et al., 2013). Consequently, the accuracy of the chlamydial effector 

predictions made by SIEVE was analyzed first through experimental validation of T3S in 

a Y. pseudotuberculosis surrogate system initially developed by Fields and his 

collaborators to verify that a SIEVE-predicted candidate is indeed a T3S substrate.  

 

Initial Prediction Screen  

 

Using Y. pseudotuberculosis as a T3S surrogate, we sought to experimentally 

validate the highest confidence untested predictions made by SIEVE. Each full-length 

protein was expressed with a C-terminal Flag tag in the T3S-capable (MEKBA) or T3S-

null mutant (ΔyscS) Y. pseudotuberculosis strains. Each transformant was cultured in 

medium replete or deplete of Ca2+, which suppresses or induces T3S, respectively. Upon 
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completion of the assay, culture supernatants and cell pellets were analyzed via 

immunoblot analysis where the recombinant proteins were detected using anti-Flag tag 

antibody. To serve as a control for cell lysis, an identical immunoblot was screened with 

anti-beta-lactamase antibody. Only effector candidates that were specifically detected in 

the supernatants of the MEKBA strain postinduction (temperature shift in low Ca2+) and 

absent in the ΔyscS mutant under both induced and noninduced conditions were 

considered positives. Using these rigorous criteria, of the 30 proteins tested, only one, 

CT082, was identified as a T3S substrate (Hovis et al., 2013). CT082 was also 

independently identified as a T3S substrate by Pais et al. (Pais et al., 2013).  

 

Genus-specific optimization of the SIEVE algorithm 

 

The SIEVE algorithm integrates genomic data to accurately predict T3S 

substrates based on several different characteristics of their sequences: amino acid 

sequence biases, evolutionary relationships, C+G content, and the N-terminal amino acid 

sequence (Samudrala et al., 2009). To allow better prediction of Chlamydia T3S effectors 

that could be secreted using the heterologous secretion system, we retrained SIEVE using 

a set of 15 proteins known to be secreted in this system as positive examples and the 

remainder of the proteins in the Chlamydia proteome as negative examples. As most 

confirmed T3S effectors are from C. trachomatis, the newly-trained program, cSIEVE, is 

optimal to provide more accurate effector predictions in C. trachomatis. However, it also 

offered the possibility to expand the predictions beyond effectors of C. trachomatis to 

other sequenced Chlamydia genomes, owing to the high level of genomic similarity 

among the Chlamydiaceae. Using the cSIEVE predictions combined with the previously-
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described Y. pseudotuberculosis heterologous T3S assay, an additional chlamydial T3S 

substrate was identified, ORF70 of C. psittaci CAL10 (Fig. 2.1). This protein was 

renamed SINC for secreted inner nuclear membrane-associated Chlamydia protein, based 

on its novel localization at the nuclear envelope (NE) of infected and neighboring 

uninfected cells, and association with at least one protein from the nuclear envelope as 

described later in this thesis. 

 

The SINC gene (sinC) is syntenic to C. trachomatis effector gene ct694 

 

The newly identified C. psittaci effector gene, sinC, was selected for further 

investigation due to its placement in a region of similar genomic similarity with the 

previously described C. trachomatis effector gene ct694 and the paradoxical relative lack 

Figure 2.1.  C. psittaci  SINC is a T3S effector. T3S competent (MEKBA) and T3S null (ΔyscS) Y. 

pseudotuberculosis expressing FLAG-tagged proteins were cultivated in LB under conditions repressive 

(+Ca
2+

) or inductive (-Ca
2+

) for T3S. Bacteria were grown for three hours in the presence of 0.1 mM 

IPTG at 37°C to induce plasmid gene expression and T3S, respectively. Cultures were fractionated into 

cell-free supernatants (S) and whole cell pellets (P). Material corresponding to 0.10 OD
600

 of culture 

supernatants and 0.05 OD
600

 of whole cell pellet were resolved on 12.5% polyacrylamide gels, detected 

by immunoblot with anti-FLAG tag antibody and visualized using horseradish peroxidase conjugated 

secondary antibody. Anti- β-lactamase antibody (α-β-lactamase) was used as a control for cell lysis.  

Figure adapted from Hovis et al 2013. 
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of sequence similarity between the 2 gene products (Figure 2.2). Both coding sequences 

lie downstream of a conserved phosphoglycerate kinase gene (pgk). The Pgk protein is 

74.1% identical between the two species; however the percent identity between CT694 

and SINC is only 12.5%. Comparison with the other eleven Chlamydia species shows 

that only C.  

 

 

 

 

 

 

 

muridarum and Chlamydia suis (Stephens, 1998; Read et al., 2000; Read, 2003; 

Thomson, 2005; Mojica et al., 2011; Grinblat-Huse et al., 2011; Donati et al., 2014) 

encode an ortholog highly similar to CT694 at the same genomic location. In all other 

species, the orthologous open reading frame is predicted to encode a polypeptide with 

varying degrees of sequence similarity to SINC depending on the species.  

Figure 2.2: Schematic representation of the SINC locus in C. psittaci strain CAL10 and C. 

trachomatis serovar D. Percent amino acid identity is indicated. BLAST alignments with SINC 

show no similarity to CT694 or its ortholog in C. muridarum.  
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Sequence divergence of the two T3S effectors suggested that SINC and CT694 

may be functionally distinct and as such that sinC and ct694 may be transcribed 

differentially along development in C. psittaci- and C. trachomatis-infected cells. RT-

qPCR analysis of HeLa-grown C. psittaci CAL10 revealed that sinC transcript is first 

detected at 24 hours post-infection (hpi), peaks at 36 hpi, and sharply decreases after 42 

hpi. Although not statistically significant (H=13.675, p=0.057) (Figure 3), this trend is 

comparable to the reported late transcription of ct694 in HeLa-grown C. trachomatis 

(Belland et al., 2003; Hower et al., 2009). Immunoblot analysis is consistent with 

transcription data, in that SINC production rises between 24 and 36 hpi, peaks at 42 hpi 

and decreases thereafter (Figure 3). The slight temporal discordance between the 

transcript and protein peaks in these developmentally late, asynchronous cultures together 

with the apparent absence of proteolytic fragments suggest that the protein is relatively 

stable and that the observed decreases may owe more to the selective loss of late infected 

cells from the monolayer than to a true decrease in expression.  
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SINC targets and accumulates in the host cell nuclear envelope of infected cells and 

adjacent non-infected cells 

 

Immunofluorescence (IF) studies indicate that SINC is first detected within 

inclusions at 24 hpi (Figure 2.4A). SINC-specific signal does not appear to diffuse 

throughout the chlamydiae-packed C. psittaci inclusion and likely remains associated 

with the bacteria that produce it. Moreover SINC is produced unevenly by chlamydiae in 

various sections of the inclusion with many chlamydiae producing no detectable SINC 

Figure 2.3: SINC is expressed late in chlamydial development. RT-qPCR measurements of 

relative sinC transcript levels normalized against 16S rRNA levels (as a measure of the number 

of organisms; error bars indicate the average of four independent experiments), and immunoblot 

with α-SINC or α-MOMP antibodies of C. psittaci CAL10-infected HeLa cells at 0-48 hpi. 
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and with no apparent relationship with their position in the inclusion (e.g. lumen vs. 

periphery). SINC-specific signal was neither uniform within 24 hpi inclusions nor 

uniformly expressed in different inclusions. Indeed, some chlamydiae within inclusions 

as well as some whole inclusions appeared devoid of signal while others were heavily 

stained, most likely owing to a relative lack of synchronicity of C. psittaci inclusions at 

this developmental time. 

Immuno electron microscopy (IEM) of 24 hpi cultures revealed SINC association 

with the cytoplasm and membranes of RBs and intermediate bodies (Figure 2.4B), with a 

disproportionate concentration of gold particles associated with the chlamydial surface 

consistent with ongoing production and T3S. Moreover, SINC-specific gold particles 

were often arranged in pairs or triplets (e.g. Figure 2.4B), or as clusters associated with 

an electron-opaque mass extending from the chlamydial surface, suggesting that secreted 

SINC associates with a large potentially polymeric structure. IEM of 24 hpi cultures also 

revealed a few SINC-gold pairs, triplets and clusters at the nuclear envelope (NE) and 

nucleoplasm (Figure 2.4C). 
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Figure 2.4: SINC is mostly associated with chlamydiae within the inclusion at mid to early-

late development. (A) Immunofluorescence images of C. psittaci CAL10-infected HeLa cells 

fixed with methanol at 24 hpi and stained using antibodies specific for SINC (α-SINC) and for 

elongation factor Tu (α-EF-Tu). DNA was DAPI-stained; epifluorescence images were obtained 

on a Zeiss Axio Imager Z.1 (40x objective). Bar, 10 µm. (B-C) IEM images of C. psittaci 

CAL10-infected HeLa cells fixed with paraformaldehyde at 24 hpi using colloidal gold-

conjugated antibodies specific for SINC (α-SINC). (C)Black and white arrowheads identify SINC 

signals at the NE and a putative nucleoplasmic ‘track’ consistent with pore-linked filaments, 

respectively. Bars, 500 nm (white) and 100nm (black).  
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At 36 hpi, all or nearly all chlamydiae within the inclusion are producing SINC 

and SINC-specific signal becomes strongly associated with the host cell nucleus, with 

marked accumulation at or near the nuclear envelope (Figure 2.5A). Further analysis of 

the immuno-labeled cells by confocal microscopy revealed co-localization with the 

nuclear envelope and absence of signal in the interior of the nucleus and nucleoplasm 

(Figure 2.4B). Moreover, SINC-specific staining of the nuclear envelope was continuous 

and contiguous, which may suggest that SINC possesses affinity with nuclear envelope 

ligands that are themselves evenly distributed in the envelope such as lipids or abundant 

structural proteins. SINC-specific staining was more prominent on the nuclear face 

closest to the inclusion and grew dimmer at the edges, reminiscent of the effect produced  

by a light shining on a spherical or oval-shaped surface (Figure 2.5A/B). Polar 

distribution of the signal is such that SINC accumulates densely on the face of the 

nucleus directly juxtaposed to the inclusion, while segments of the nuclear envelope 

facing away from the inclusion, the “dark side”, are completely devoid of signal. Finally, 

SINC-specific staining was also detected in uninfected cells adjacent to infected cells 

with similar polar distribution on the nuclear envelope (relative to the infected cell), 

indicating that SINC has the ability to translocate to neighboring cells (Figure 2.5B).  
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Figure 2.5. SINC is secreted by chlamydiae and targets the nuclear envelope of infected and uninfected 

neighboring cells late in development. Immunofluorescence images of C. psittaci CAL10-infected HeLa 

cells fixed with methanol at 36 hpi and stained using antibodies specific for SINC (α-SINC) and for elongation 

factor Tu (α-EF-Tu) (A) or for SINC alone (B). DNA was stained with DAPI. (A) Epifluorescence images 

(Zeiss Axio Imager Z.1); arrowheads (‘merge’) indicate SINC signal at the NE. (B) Confocal images (Zeiss 

LSM 510 Meta Confocal Microscope). (C) Epifluorescence images (Zeiss Axio Imager Z.1 with ApoTome.2 

module). Bars, 10 µm.  
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SINC-GFP and close orthologs from other Chlamydia target the nuclear envelope in 

transfected cells and in transformed yeast cells 

To ascertain that the observed staining was not due to antibody cross-reactivity or 

to a fluorescence artifact, antibody-independent demonstration of SINC nuclear envelope 

localization was obtained in transfected cells. For this method, sinC was cloned upstream 

of gfp (green fluorescent protein) in plasmid pCAGGS-GFP thereby producing a SINC-

GFP translational fusion. HeLa cells transfected with pCAGGS-SINC-GFP showed clear 

and specific localization of SINC-GFP at the periphery of DAPI-stained nuclei, 

indicating that all information necessary and sufficient for targeting the nuclear envelope 

is encoded by sinC and strongly suggesting a specific transport mechanism. GFP-fused 

SINC orthologs from two species [C. abortus CAB063 (Thomson et al., 2005), 76% 

identical to SINC] and C. caviae [CCA_00062 (Read et al., 2003), 54% identical] also 

localized at the NE of transfected HeLa cells. As expected, CT694 did not accumulate in 

the nuclear envelope, consistent with the very low sequence similarity, but produced an 

irregular staining of the cytoplasm with some preferential accumulation in the plasma 

membrane, confirming previous reports (Hower et al., 2009; Bullock et al., 2012) (Figure 

2.6).  
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Sequence alignments of SINC, CAB063 and CCA_00062 revealed many 

conserved regions including SINC residues 1-22 (presumed T3S signal) and 

136
DSARSTEGAARGLQKKGY

153
, 

173
RPNTPPPPPPT

183
, 

219
KRKAPQPP

225
, 

267
KLKAELEA

274
, 

345
RSIWDLGEKEQRQDGESVLL

367
, 

424
NPNGMKKFWSSFAGKGE

440
 and 

468
RWNAGALDLM

477
 (Figure 2.7). 

 

Figure 2.6 GFP-SINC and SINC orthologs from C. abortus and C. caviae each 

localize at the nuclear envelope of transfected cells. (A-C) Direct GFP fluorescence 

images of live (A) or methanol-fixed (B,C) HeLa cells at 24 h post-transfection with 

plasmids encoding GFP-fused SINC, C. abortus CAB063-GFP, C. caviae CCA_00062-

GFP or C. trachomatis CT694. DNA was DAPI-stained. (A) Epifluorescence (upper 

panel) and epifluorescence plus phase images (Olympus IX81 microscope for Live Cell 

Imaging, Olympus America Inc., Center Valley, PA, USA). (B) Confocal images (Zeiss 

LSM 510 Meta Confocal Microscope). (C) Epifluorescence images (Zeiss Axio Imager 

Z.1 with the ApoTome.2 module). Bars, 10 µm. 
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Orthologous proteins from C. pecorum strain E58 [ORF369; (Mojica et al., 2011) 

and C. pneumoniae strain AR39 [ORFs 69 and 70; (Read et al., 2000)] have ‘mixed’ 

homology (e.g., ORF369 is 17% identical to SINC and 19% identical to CT694) and 

failed to localize at the NE in transfected cells (Figure 2.8).  Both ORF69 of C. 

pneumoniae and ORF369 of C. pecorum revealed a staining pattern comparable to that of 

CT694 (Figures 2.6, 2.8).  

 

 

 

 

 

 

Figure 2.7 Alignment of  SINC and orthologs from C. abortus and C. caviae. Clustal 

W2 alignment of the sequences of SINC (C. psittaci; Accession Number EGF85279) and 

SINC-related proteins CAB063 (C. abortus; YP_219495) and CCA_00062 (C. caviae; 

AAP04814). Numbers correspond to residues in SINC.  
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CT694 orthologs in C. suis and C. muridarum with lower sequence identity to 

SINC (15% and 13.9%, respectively) were not tested. Likewise, Saccharomyces 

cerevisiae cells transformed with plasmid pRS316/GAL1 encoding SINC fused to GFP 

displayed a characteristic staining pattern very similar to that observed in transfected 

HeLa cells and consistent with localization at or near the periphery of the yeast nucleus 

(Huh et al., 2003) (Figure 2.9). SINC-GFP signal in transfected cells did not display the 

characteristic “light-bulb” polarity observed in infected cells.  

 

 

 

 

Figure 2.8 SINC orthologs from C. pneumoniae and C. pecorum do not localize at the 

nuclear envelope of transfected cells. Direct GFP fluorescence images of methanol-fixed 

HeLa cells at 24 h post-transfection with plasmids encoding GFP fused C. pneumoniae 

ORF69-GFP and ORF70-GFP or C. pecorum ORF369. DNA was DAPI-stained. 

Epifluorescence images (Zeiss Axio Imager Z.1 with the ApoTome.2 module). Bars, 10 µm. 



28 

 

 

 

 

 

 

These results suggest that in the cytosol of transfected cells, SINC is produced 

randomly whereby it might reach any segment of the nuclear envelope. Conversely, in 

the cytosol of infected cells, SINC is not produced randomly whereby it reaches segments 

of the nuclear envelope that are closest to the inclusion. The differential staining 

properties of transfected and infected cells strongly suggest that SINC translocates from 

the inclusion in a directed manner such that the distance from the inclusion to the nucleus 

is a critical factor in successful translocation. SINC-GFP did not appear to have the 

ability to translocate to neighboring cells (non-transfected, or transfected low expressors), 

as the characteristic “light-bulb” effect seen around inclusions was never observed with 

strongly expressing transfected cells.  

Figure 2.9 GFP-SINC localizes at the nuclear envelope of yeast cells. Direct imaging 

(Zeiss Axio Imager Z.1) of GFP fluorescence in pRS316/GAL1-sinC-GFP-transformed 

Saccharomyces cerevisiae strain BY4742 cultured plus or minus galactose to induce GFP 

expression observed in living cells (A) or paraformaldehyde-fixed cells (B). DNA was 

DAPI-stained in fixed cells. Bars, 5 μm.  
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SINC is found in nuclear and cytosolic fractions by subcellular fractionation of 

infected HeLa and transfected HEK293T cells.  

 

In order to verify SINC localization at the nucleus with another non-microscopy 

based technique and potentially gain more information about interacting partners, we 

chose to utilize a previously described fractionation technique that separates NE proteins 

into two functionally distinct nucleoskeletal “niches” dependent on sonication of the cell 

lysate (Berk, Maitra, et al., 2013). This protocol (see Methods) yields three isolated 

fractions – cytoplasmic (C), ‘easily extractable’ nuclear (Ne), and ‘sonication dependent’ 

nuclear (Ns) fractions, each containing distinct sub-populations of NE proteins like 

emerin, lamin B, lamin A/C, and BAF.  

 Surprisingly, SINC was detected in all three fractions in roughly equal 

proportions in both SINC-GFP transfected HEK293T cells and CAL10-infected HeLa 

cells 36 hpi (Figure 2.10).  

 

 

 

 

 

Figure 2.10 Distribution of SINC and SINC-GFP in cytoplasmic, non-sonicated nuclear and 

sonicated nuclear fractions from infected CAL10 infected HeLa cells and SINC-GFP- 

transfected HEK293T cells.  Lysates from CAL10 infected HeLa cells harvested 36 hpi (A) or 

SINC-GFP transfected HEK293T cells harvested 24 hpt (B) were split into three fractions (C, 

cytoplasm; Ne, easily extracted nuclear; Ns, sonicated nuclear). Samples were resolved by SDS-

PAGE and immunoblotted with α-SINC antibody.  Lamin A/C and tubulin specific antibodies (α-

lamin A/C and α-tubulin, respectively) were used to detect lamin A/C and tubulin to confirm the 

integrity of the fractions. Infected HeLa cell fractions were also probed with α-MOMP antibody. 
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This result suggested that while SINC exists in the nuclear fractions in both 

infected HeLa and transfected HEK293T cells, distinct subpopulations exists in both cell 

lines that are co-extracted with cytoplasmic proteins by this technique.  

 

Discussion  

 

SINC of C. psittaci strain CAL10 was shown to be secreted in a T3S-dependent 

manner by in vitro-grown Y. pseudotuberculosis (Hovis et al., 2013). A BLAST search 

revealed that SINC displays sequence similarity to orthologs in several other Chlamydia 

species, C. abortus, C. caviae, and C. felis (respectively 76.3%, 54.4% and 53.7 % 

identity), but to no other protein in the database. Eukaryotic protein domains that are 

frequently encountered in prokaryotic T3S effector proteins, such as SNARE motifs 

contained in IncA of C. trachomatis (Delevoye et al., 2008)  among many others, were 

not detected in SINC. Genetic mapping of sinC reveals its positioning on a conserved 

genomic segment encoding the sinC orthologs in the aforementioned species, and the 

previously described C. trachomatis T3S effector gene ct694 (Figure 2.2) (Hower et al., 

2009; Bullock et al., 2012). The ct694 gene product, CT694, a late expressed T3S 

effector thought to be “preloaded” onto injectisomes for secretion at the onset of infection 

(Hower et al., 2009), has been shown to interact with host proteins AHNAK and 

AHNAK2, two very large proteins that are associated with the plasma membrane where 

they may play a role in host signaling and/or actin polymerization (Hohaus et al., 2002; 

Benaud, 2004). Sequence identity with CT694 and with the CT694 orthologs of C. suis 

and C. muridarum was only 12.5%, 14.7% and 13.9%, respectively. Chlamydia pecorum 
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and C. pneumoniae also have open reading frames (ORFs) with weak sequence identity 

to SINC on the homologous genomic segment.  However, the orthologous ORF369 from 

C. pecorum has some sequence similarity to both CT694 (19%) and SINC (17%) 

supporting a common phylogenetic relationship. Residual sequence identity between 

SINC and CT694 resides mostly in small segments ordered throughout the sequence 

further suggesting that an ancestral relationship exists between the 2 proteins (e.g. 

M(G,S)I(N,R)P(S,T)--S-N, (K/R)G-,-QGI-(V/A)-I, and DP(S/Q)-VQ-(E,N) at positions 

1-11, 151-161, and 458-466, respectively). Although dissimilar in sequence, sinC 

transcription and SINC production (Figure 2.3) occurred late in C. psittaci development, 

similar to the developmental expression of ct694 in C. trachomatis (Belland et al., 2003; 

Hower et al., 2009).  

To determine whether SINC is secreted out of the chlamydial inclusion, we first 

sought to determine the subcellular localization of SINC in C. psittaci-infected cells 

along development. Consistent with sinC expression data, IF experiments using SINC-

specific polyclonal antibody first detected SINC at 24 hpi within inclusions where it 

appeared to remain associated with chlamydiae and did not diffuse throughout the 

inclusion (Figure 2.4). IEM of 24 hpi cultures also revealed SINC association with the 

cytosol and especially with the surface of chlamydial bodies, often in clusters (Figure 

2.4B). IEM of 24 hpi cultures provides some evidence of SINC association at the nuclear 

envelope at earlier time points than observed with IFA (Figure 2.4C). 

 At 36 hpi, most inclusions - and all chlamydiae within each inclusion - stained 

heavily with SINC-specific antibody (Figure 2.5). Significant staining of the nucleus, 

particularly heavy at the nuclear envelope, was also readily visible. Examination by 
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confocal microscopy revealed that the majority of the SINC-specific signal originated 

from the nuclear envelope (Figure 2.5). In some infected cells, staining of the nuclear 

envelope was uniform and continuous all around the nucleus, while in most others, 

nuclear envelope staining was heaviest in close proximity to the inclusion with weak or 

no staining on the nuclear face furthest from the inclusion. This asymmetry suggests that 

SINC traffics from the inclusion to the nuclear envelope in a directed manner, 

presumably exploiting an endogenous trafficking pathway of the host cell. SINC remains 

at or near its site of integration in the nuclear envelope with minimal lateral diffusion 

along the nuclear surface, suggesting that it interacts with high-affinity stationary targets 

within the nuclear envelope. Moreover, unlike NUE, another type III secreted effector 

that has been shown to target the nucleus of cells infected with Chlamydia (Pennini et al., 

2010), SINC appeared to concentrate in the nuclear envelope. This distribution not only 

made it easily detectable by IF, but also suggested that SINC could alter the structural 

properties of the nuclear envelope.  

To confirm nuclear envelope localization using an antibody-independent method, 

HeLa cells were transfected with a plasmid constitutively expressing SINC carboxy-

terminally fused to GFP. As in infected cells, SINC-GFP specifically localized to the 

nuclear envelope, although the previously observed asymmetric staining was not 

observed (Figure 2.6). Transfection experiments with GFP fusions of the two most 

closely related SINC orthologs, those from C. abortus and C. caviae, produced identical 

results (Figure 2.6). This shared nuclear envelope targeting occurs despite the fact that 

less than half of the primary sequence is shared between the 3 proteins in pair-wise 

comparisons. However, primary sequence alignments revealed several conserved 
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segments that may be critical determinants for the localization of these orthologs (Figure 

2.7).  None of these segments are conserved in CT694. Transfected CT694-GFP 

accordingly failed to localize in the nuclear envelope but targeted the plasma membrane 

and cytoplasmic components as previously reported (Hower et al., 2009). Similarly, 

transfection with the orthologous ORF69 and ORF70, respectively from C. pneumoniae 

strain AR39 as well as ORF369 from C. pecorum strain E58, did not show nuclear 

envelope localization. However, it is worth noting that both ORF69 from C. pneumoniae 

and ORF369 from C. pecorum both displayed a similar staining pattern to CT694: 

enrichment in the plasma membrane as well as perinuclear aggregates in some cells 

[Figures 2.6, 2.8, (Hower et al., 2009)]. This similar localization occurs despite low 

(<20%) sequence similarity to CT694.  

We speculate that SINC localization at the NE may be a conserved feature of two 

known aggressive zoonotic pathogens: C. psittaci and C. abortus. Although C. caviae 

infection of guinea pigs is used extensively to model C. trachomatis oculo-genital 

infection of humans (Rank, 1994; Rank and Whittum-Hudson, 1994),  the zoonotic 

potential of this third SINC-expressing species, C. caviae, and the extent and severity of 

C. caviae infection in wild guinea pigs are all unknown (Lutz-Wohlgroth et al., 2006). 

Despite its conservation in two clinically aggressive Chlamydia spp., the SINC 

polypeptide itself revealed no mechanistic clues: we found no predicted hydrophobic or 

transmembrane domains, no predicted nuclear localization signal and no predicted 

functional domains. 

Transformation of S. cerevisiae with a sinC-gfp construct produced a similar 

nuclear staining pattern (Figure 2.9). This result demonstrates that all information 
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necessary and sufficient for the trafficking to and accumulation of SINC in the nuclear 

envelope is present in the SINC sequence, and that the cellular trafficking pathway 

putatively exploited by SINC is conserved in eukaryotic cells. SINC expressing yeast 

cells did not show a growth defect (see Appendix 2).  

In order to confirm the presence of SINC in the nuclear compartment with another 

non-microscopy based technique, we utilized a previously established subcellular 

fractionation protocol that is known to isolate subsets of nuclear envelope proteins in 

known proportions (Berk, Maitra, et al., 2013). This technique separates NE proteins into 

distinct nucleoskeletal and functional “niches”. These are subfractions dependent on 

sonication, as previous applications of this method have extracted known NE proteins 

such as lamins A/C, lamin B, and BAF differentially. Consequently, this also had the 

potential to reveal more information about SINC partners and/or function.  

While the presence of SINC in the nuclear fractions was observed with this 

technique, there was also a significant portion associated with the cytoplasmic fraction 

(Figure 2.10). We reasoned that infected cells have an additional membrane-bound 

compartment, the chlamydial inclusion, that may account for the cytoplasmic co-

fractionation of SINC, as SINC is observed in the chlamydial inclusion even at late times 

(Figure 2.4). When the fractions were probed with anti-MOMP antibody, a significant 

portion of MOMP signal was detected in the cytoplasmic fraction. However, an even 

greater portion was detected in the Ns fraction and a small portion in the Ne fraction. 

This suggests that proteins associated with the chlamydial inclusion may be refractory to 

fractionation by this method, thus limiting the interpretation of these results with infected 

cells. 
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Nearly identical fractionation results were obtained with SINC-GFP-transfected 

cells as with native SINC-expressing infected cells. However, in addition to being 

structurally distinct polypeptides, SINC-GFP is manufactured in the cytosol of 

transfected cells while SINC is made in the inclusion of infected cells. Thus, although 

nuclear envelope localization of SINC is supported by the recovery of SINC in nuclear 

subfractions, a more definitive conclusion cannot be reached from these experiments.  

Overall, the data from experiments presented in this chapter confirm the secretion 

of SINC both by a T3S surrogate bacterium and outside of the chlamydial inclusion by 

immunofluorescence. Moreover the novel localization of this protein at the nuclear 

envelope of cells infected with C. psittaci and ectopically expressing a SINC-GFP fusion 

is established. The homology and shared synteny with a previously characterized effector 

from C. trachomatis, CT694, and other proteins from different chlamydial species 

suggests an ancestral relationship that may be relevant in the context of species-specific 

pathogenic properties among C. psittaci, C. trachomatis and other species of Chlamydia. 
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Methods for Chapter 2 

 

Cell culture and chlamydial infection 

 

C. psittaci serovar E strain CAL10 was grown in HeLa 229 cells in 100 mm
2
 culture 

dishes at 37°C with 5% CO2 in 10 mL Dulbecco’s modified Eagles medium (DMEM, 

Mediatech, Herndon, VA) supplemented with 10% heat-inactivated fetal bovine serum 

(FBS) (Atlanta Biologicals, Lawrenceville, GA), fungizone (1.25 g/mL; Life 

Technologies, Grand Island, NY) and gentamicin (25 g/mL; Quality Biological, 

Gaithersburg, MD). To infect cells with chlamydiae, inoculum (1 mL) in SPG (0.25 M 

sucrose, 10 mM sodium phosphate, 5 mM L-glutamic acid) was added to confluent HeLa 

cell monolayers to achieve an infection rate of 80%. Monolayers were subsequently 

rocked 2 h at 25°C, with hand-rocking every 10-15 min, and finally supplemented with 

fresh FBS/DMEM.  

 

RT-qPCR 

 

Total RNA was isolated from C. psittaci CAL10-infected or mock-infected HeLa 229 

cells at 0, 6, 12, 18, 24, 30, 36, 42 or 48 hpi with Trizol reagent (Life Technologies) per 

manufacturer’s instructions. Total RNA was treated with RNase-free DNase and 

incubated with or without reverse transcriptase (SuperScript II RT; Life Technologies) 

and random primers. Primers used in this study are listed in Table 2.1. Primers were 

designed for sinC using the free online tool, Primer3 

(http://fokker.wi.mit.edu/primer3/input.htm). Transcripts were quantified by qPCR on 96-

well plates using the generated cDNA and IQ SYBR Green Supermix reagent (Bio-Rad, 

Hercules, CA) by the standard curve method, using 16S rRNA cDNA for normalization 

http://fokker.wi.mit.edu/primer3/input.htm
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(Carrasco et al., 2011).  Reactions were performed in duplicate for each time. Expression 

of target and control genes was quantified from their respective standard curves by 

conversion of the mean threshold cycle values using iQ5 software (Bio-Rad). Data were 

normalized as the ratio of sinC transcript to 16S rRNA transcript. Statistical analysis was 

performed with Kruskal-Wallis One Way ANOVA.  

 

Transfection 

 

A PCR product from C. psittaci CAL10 genomic DNA encoding full-length SINC with 

engineered EcoRI and XmaI restriction sites at the ends (primers 070_F/R; Table 2.1) was 

cloned into the cloning site of mammalian transfection vector pCAGGS-GFP, to generate 

plasmid pCAGGS-sinC-GFP and related fragments (Table 2.1).  
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Construct Primer name Primer Sequence 5' -> 3'  

pET30a-SINC-His pET30a_070_F GTCACCATGGCGATGGGAATTAATCCAAGCGGTCAC 

  pET30a_070_R TGACCGGCCGCACCCTCTGATACAGTGAAAGCATC 

pCAGGS-SINC-GFP pCAGGS_070_F GTCAGAATTCATGGGAATTAATCCAAGCGGTCACAG 

  pCAGGS_070_R TGACCCCGGGACCCTCTGATACAGTGAAAGCATCATAAG 

  pCAGGS_Mid_F CGACCTGGTATTCATGAATTTCCACTAAAG 

  pCAGGS_Mid_R CTTTAGTGGAAATTCATGAATACCAGGTCG 

pCAGGS-CCA_00062-

GFP 
pCAGGS_062_F GTCAGAATTCATGGGAATTAATCCAAGCGGTCG 

  pCAGGS_062_R TGACCCCGGGTTCTTCTGAACTAAAAGCATCCAAGCC 

  pCAGGS_062_MidF CCTCGTAGAGGGATTCAACGTCC 

  pCAGGS_062_MidR GGACGTTGAATCCCTCTACGAGG 

pCAGGS-CAB063-GFP pCAGGS_063_F GTCAGAATTCACCATGGGAATTAATCCAAGCGGTCG 

  pCAGGS_063_R TGACCCCGGGATCCTCTGACACACTCAAAGCG 

pCAGGS-CT694-GFP pCAGGS_694_F GTCAGAATTCACCATGAGTATTCGACCTACTAATGGGAGTG 

  pCAGGS_694_R TGACCCCGGGGTCTAAGAAAACAGAAGAAGTTATGACAGTTAGTG 

  pCAGGS_694_MidF GATGCGACGGAGTTCTCTAGTCC 

  pCAGGS_694_MidR GGACTAGAGAACTCCGTCGCATC 

pCAGGS-ORF369-GFP pCAGGS_369_F GTCAGAATTCACCATGGTTAATCCTACTAGTAGAGGGGATG 

  pCAGGS_369_R TGACCCCGGGATATCCCTCTTCGTGTTTACCAACAATAAC 

pCAGGS-ORF69-GFP pCAGGS_069_F GTCAGAATTCACCATGTCTGTTAATCCATCAGGAAATTCCAAG 

  pCAGGS_069_R TGACCCCGGGATCTTCGTCAGACCAGCTGAC 

pCAGGS-ORF70-GFP pCAGGS_070_F GTCAGAATTCACCATGGGAATCAATCCTTCGGGTAATAG 

  pCAGGS_070_R TGACCCCGGGTTCAAAAAGATCCCCGATTAAAACTGTC 

pRS316/GAL1-sinC-

GFP 
GAL1_070_F GTCACCGCGGATGGGAATTAATCCAAGCGGTCACAG 

  GAL1_070_R TGACCCCGGGACCCTCTGATACAGTGAAAGCATCATAAG 

 

 

 

Two endogenous EcoR1 sites were removed from the sinC nucleotide sequence by 

introducing silent mutations in two PCR reactions (primers 070_F/R and Mid_F/R), and 

used as template for all subsequent cloning experiments. PCR products from C. abortus 

and C. caviae genomic DNA respectively encoding full-length SINC orthologs CAB063 

and CCA_00062, and C. trachomatis CT694, were cloned similarly, respectively 

Table 2.1: Primers used for ectopic expression of His-SINC, SINC-GFP or orthologs 

in E.coli, S.cerevisiae and in cell culture. Restriction sites highlighted in red. Mutations 

highlighted in blue.  
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generating plasmids pCAGGS-cab063-GFP (primers 063_F/R), pCAGGS-cca062-GFP 

(primers 062_F/R) and pCAGGS-ct694-GFP (primers 694_F/R). Endogenous EcoR1 

sites were removed from the CCA_00062 and CT694 sequences by introducing silent 

mutations in two PCR reactions (primers 062_F/R and 062Mid_F/R, and primers 

694_F/R and 694Mid_F/R, Table 2.1). Unless otherwise indicated, HeLa 229 or 

HEK293T cells were seeded on glass coverslips in 24-well plates and transfected 24 h 

later with 500 ng plasmid (pCAGGS derivatives) in 200 µL OPTI-MEM and 2 µL 

Lipofectamine LTX reagent (Life Technologies), incubated at 37°C, and fixed at 

indicated times post-transfection for further analysis. 

 

Yeast transformation, growth and live imaging 

 

The HA tag of the yeast expression vector pRS316/GAL1 (Addgene, Cambridge, MA) 

was replaced with GFP using a pCAGGS-derived fragment restricted with BglII and 

XmaI. A PCR product from C. psittaci CAL10 genomic DNA encoding full-length SINC 

with engineered SacII and XmaI restriction sites at the ends (primers GAL1_070_F/R, 

Table 2.1) was cloned into the cloning site of pRS316/GAL1 generating pRS316/GAL1-

sinC-GFP. Yeast strain BY4742 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) was 

transformed using the lithium acetate/single stranded carrier DNA/Polyethylene Glycol 

method as described (Gietz and Woods, 2006). Transformants were grown on synthetic 

complete medium (SC) lacking uracil and supplied with 2% galactose to induce 

expression. Live transformed yeast cells or yeast fixed with 4% PFA and stained with 

DAPI were imaged on a Zeiss Axio Imager Z.1 fluorescent microscope. 
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Generation of α-SINC antibody and immunoblot 

 

SINC-specific hyper-immune polyclonal antiserum (α-SINC) was generated in two adult 

guinea pigs (Cavia porcellus). Briefly, sinC was amplified using primer pair 

pET30a_070_F/R (Table 2.1) and cloned into pET30a (Novagen, Madison, WI). 

Recombinant SINC was expressed in BL21 E. coli with an N-terminal poly-His tag and 

purified on a 5mL polypropylene column (Thermo Scientific) with Talon metal affinity 

Resin (Clontech, Mountain View, CA). Guinea pigs were immunized and boosted with 

purified SINC and hyperimmune serum collected as described previously (Hovis et al., 

2013). The antiserum (combined from both immunized animals) was shown to react 

specifically with a protein band of ~54 kDa, consistent with the predicted MW of SINC 

in C. psittaci-infected cell lysates, but not in uninfected and early cycle lysates (Figure 

2.3).  

For immunoblotting, cell lysates were harvested in RIPA buffer containing Complete 

Mini protease inhibitor cocktail tablets (Roche, Indianapolis, IN), resolved by SDS-

PAGE in 12.5% gels (Bio-Rad) and transferred to Amersham Hybond-P PVDF 

membranes (GE Healthcare Life Sciences, Little Chalfont, UK). Membranes were 

blocked overnight in PBS with 0.1% Tween 20 (PBS-T) and 5% milk, incubated 1 hour at 

4°C with α-SINC [guinea pig; 1/10,000 dilution (Hovis et al., 2013)], α-MOMP (goat; 

1/2,000; LSBio, Seattle, WA), α-emerin (mouse; 1/2,000; Novocastra Laboratories, 

Newcastle-Upon-Tyne, UK), α-lamin A/C (rabbit; Santa Cruz, Santa Cruz, CA) or α-

lamin B (mouse; 1/1,000; Santa-Cruz) primary antibodies, washed three times (5-min 

each) in PBS-T, detected using horseradish peroxidase-conjugated secondary antibodies 
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specific for guinea pig (Life Technologies), mouse (KPL, Gaithersburg, MD), or rabbit 

(GE Healthcare, Little Chalfont, Buckinghamshire, UK) IgG in 5% milk PBS-T, and 

visualized using Supersignal West Femto substrate (Thermo Scientific, Waltham, MA).  

Immunofluorescence 

 

Infected (at the indicated hpi) or transfected HeLa 229 monolayers (at indicated times 

post-transfection) grown on glass coverslips in 24-well plates were washed with PBS, 

fixed with methanol or 4% paraformaldehyde as indicated, then washed in PBS 

containing 0.1% Triton X-100 and 1 mg/ml BSA and stained with DAPI in PBS to 

visualize nuclei and chlamydial inclusions. Monolayers were double-stained with α-SINC 

antibodies and an α-EF-Tu monoclonal antibody kindly provided by Y.-X. Zhang 

(Boston University) and visualized using goat anti-mouse IgG conjugated to Alexa Fluor 

594 and goat anti-guinea pig IgG conjugated to Alexa Fluor 488 (Life Technologies). 

Cell and Nuclear Fractionation 

 

Cells were fractionated as previously described (Kazemi et al., 2010; Berk, Maitra, et al., 

2013). Briefly, transfected HEK293T cells or C. psittaci CAL10-infected HeLa cells at 

the 36-hour time point were scraped off from the culture dishes with 1mL 1x PBS, 

collected in a 2 mL centrifuge tube, and centrifuged 17,000g for  5 minutes at 4 °C to 

generate a cell pellet. Cell pellets were resuspended in low salt hypotonic lysis buffer (20 

mM HEPES pH 7.4, 50 mM GlcNAc, 1 mM DTT, supplemented with Complete Mini 

protease inhibitor cocktail tablets (Roche, Indianapolis, IN) and incubated 15 minutes on 

ice. The suspension was then centrifuged 1 minute 17,000 g to yield the cytoplasmic 

fraction (supernatant) and pellet containing nuclei. The pellet was washed three times in 

low salt buffer, then was resuspended in nuclear lysis buffer (50 mM Tris-HCl pH 7.4, 
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300 mM NaCl, 0.3% v/v Triton-X100, 50 mM GlcNAc, 1 mM DTT, supplemented with  

Complete Mini protease inhibitor cocktail tablets (Roche, Indianapolis, IN) vortexed and 

centrifuged 20 minutes (17,000g) 4 °C. The supernatant from this step is the “easily 

extractable” nuclear fraction (Ne). The insoluble pellet was resuspended in nuclear lysis 

buffer, vortexed and sonicated 5-10 times with 2-5 second bursts, and centrifuged 20 

minutes 17,000g 4 °C. This supernatant is the “sonication dependent” fraction (Ns). All 

fractions were resuspended in equal volumes and equal percentages of each fraction (2%) 

were loaded onto SDS-PAGE gels and immunoblotted with antibodies to SINC, lamin 

A/C, tubulin, or MOMP. 
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Chapter 3 – Determination of precise SINC localization, translocation mechanism, 

and mapping of SINC primary sequence. 

 

Introduction  

 

The NE is a complex structure and a universal feature of all eukaryotic cells (K L 

Wilson and Berk, 2010) with two membranes (inner and outer) that enclose a lumen 

(Figure 3.1). These two membranes merge periodically to form holes (‘pores’) occupied 

by nuclear pore complexes (NPCs). The NPCs mediate the exchange of RNA and protein 

to and from the cytoplasm and nucleoplasm. Early electron microscopy also revealed that 

the inner and outer nuclear membranes (INM and ONM) are continuous with the 

endoplasmic reticulum (ER) (Watson, 1955). Nonetheless, many proteins reside within 

the NE that are not typically present at the ER (Hetzer, 2010).  
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Known proteins that reside in the NE include a large group of nucleoporins or 

“Nups” which form the NPCs (Tran and Wente, 2006). A second group of proteins is 

broadly defined as integral membrane proteins that localize to the INM, of which there 

are over 60 in humans (Holmer and Worman, 2001). Most of these are uncharacterized, 

however interactions with nuclear lamins (see later) and chromatin have been 

demonstrated for some members of this group including emerin, MAN1, and LAP2 

(Dorner et al., 2007; Akhtar and Gasser, 2007; Berk, Tifft, et al., 2013). There also exists 

Figure 3.1 Topology of the NE. Inner and outer nuclear membranes (INM and ONM, respectively) 

are separated by the ER lumen or perinuclear space. The nuclear lamina interacts with NE proteins and 

chromatin. INM proteins link the NE to chromatin and the lamina. ONM proteins provide a connection 

from the nucleus to the cytoskeleton. The lamin B receptor (LBR) interacts both with B-type lamins 

and chromatin-associated heterochromatin protein 1 in conjunction with core histones. Members of the 

LEM (lamina-associated protein 2 [LAP2], emerin, MAN1)-domain family (pink) bind to lamins and 

interact with chromatin through barrier-to-autointegration factor (BAF). SUN proteins (SUN 1 and 2) 

interact with nesprins in the ONM, thereby forming so-called LINC complexes that establish 

connections to actin and intermediate filaments in the cytoplasm. Nurim is a multi-pass membrane 

protein with unknown function. Proteomic approaches have identified ~60 putative transmembrane 

proteins (NETs), most of which remain uncharacterized. Figure and legend adapted from Hetzer et al 

2010.  
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a group of proteins that reside specifically in the ONM, which are implicated in nuclear 

positioning and anchoring to the cytoskeleton (Fridkin et al., 2008).  

 The entire NE and NPCs are also supported and anchored by nuclear ‘lamina’ 

structures, formed by three types of components: A- or B-type lamins (nuclear 

intermediate filaments), emerin and other LEM (LAP2-emerin-MAN1)-domain proteins 

embedded in the INM, and the DNA/histone-binding protein BAF [barrier to 

autointegration factor] (Burke and Stewart, 2012; Berk, Tifft, et al., 2013). 

Considering the complex and multi-layered nature of the nuclear envelope, a more 

precise determination of the localization of SINC within this subcellular compartment 

and an investigation of the mechanism of translocation from the inclusion to this site was 

required for more detailed characterization. In this chapter I describe differential 

permeabilization, truncation, and inhibitor experiments that begin to address these goals.  

 

SINC targets the inner nuclear membrane 

 

Since simple IF studies of methanol-fixed cells did not allow distinguishing 

whether SINC associates with the nucleoplasmic or the cytoplasmic face of the nuclear 

envelope, a different approach was applied to identify the subcellular target of SINC with 

more precision as a first step toward functional studies. This method combined IF and 

differential permeabilization of the plasma and nuclear membranes in infected and 

transfected cells (Tissera et al., 2010). pCAGGS-sinC-gfp-transfected cells that were 

fixed with paraformaldehyde (PFA) and subsequently permeabilized with digitonin were 

compared with methanol-fixed cells using IF with SINC-specific antibody or direct 

fluorescence as appropriate. In methanol-fixed transfected or infected cells, where the 
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nuclear interior as well as components of both membranes of the nuclear envelope are 

accessible to antibody, SINC as well as lamin A and tubulin, respectively used as markers 

of the inner nuclear membrane and cytoplasmic compartments, were detectable by IF 

(Figure 3.2). PFA fixation alone ablated IF staining of SINC, lamin A and tubulin 

reflecting the incapacity of antibody to penetrate the plasma membrane under these 

conditions (not shown). PFA fixation followed by selective permeabilization of the 

plasma membrane to antibody by digitonin however, yielded IF staining of tubulin 

(Figure 3.2B), but not of SINC (Figure 3.2AB) or lamin A (Figure 3.2A). This indicates 

that the nuclear lamina located on the inside face of the nuclear envelope is not accessible 

to antibody in PFA-fixed, digitonin-permeabilized cells and therefore that the barrier 

properties of the nuclear envelope to large macromolecules such as antibodies remains 

uncompromised. In contrast, IF with antibodies specific for tubulin located in the cell 

cytoplasm, produced a strong signal under either PFA/digitonin or methanol fixation 

conditions (Figure 3.2B), indicating that the plasma membrane was permeabilized under 

both methods.  
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The same results were obtained for native SINC in Chlamydia-infected HeLa cells 

(Figure 3.3).  

Figure 3.2 Digitonin- vs. methanol-permeabilization of SINC-GFP-transfected cells.  (A,B) At 24 

h post-transfection, pCAGGS-sinC-GFP-transfected HeLa cells were fixed with methanol (MeOH) to 

solubilize all membranes, or fixed with paraformaldehyde and treated with digitonin (PFA+dig) to 

permeabilize the plasma membrane only. Epifluorescence images (Zeiss Axio Imager Z.1 with the 

ApoTome.2 module) of cells double-stained using antibodies specific for SINC (α-SINC) plus either 

lamin A (α-lamin A) or tubulin (α-tubulin) as markers of the nuclear lamina and cytoplasm, 

respectively. DNA was DAPI-stained. Bars, 5 µm.  
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These results, especially for exogenous SINC-GFP, suggested SINC specifically 

targets the INM/nuclear lamina, likely as a peripheral component.   

 

Figure 3.3 Digitonin- vs. methanol-permeabilization of C.psittaci-infected cells.  
(A,B) At 36 hpi, C. psittaci CAL10-infected HeLa cells were fixed with methanol 

(MeOH) to solubilize all membranes, or fixed with paraformaldehyde and treated with 

digitonin (PFA+dig) to permeabilize the plasma membrane only. Epifluorescence images 

(Zeiss Axio Imager Z.1 with the ApoTome.2 module) of cells double-stained using 

antibodies specific for SINC (α-SINC) plus either lamin A (α-lamin A) or tubulin (α-

tubulin) as markers of the nuclear lamina and cytoplasm, respectively. DNA was DAPI-

stained. Bars, 5 µm. 
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Localization of GFP-fused SINC fragments  

 

To characterize SINC functional domains involved in nuclear entry or NE 

targeting, we transfected HeLa cells with GFP-fused SINC overlapping fragments named 

A (SINC residues 1-164), B (151-341) and C (332-502), and two larger fragments named 

AB (1-341) and BC (151-502) (Figure 3.4). No single fragment reproduced the NE-

specific localization of full-length SINC-GFP. For example, B-GFP and C-GFP localized 

diffusely in the nucleoplasm and cytoplasm, respectively; B-GFP showed some ability to 

accumulate in the nucleoplasm, whereas the distribution of C-GFP was similar to that of 

GFP alone (Figure 3.4). 
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Figure 3.4. Subcellular localization of GFP-fused SINC fragments. (A) Schematic of the 

five tested SINC polypeptides in relation to the full-length sequence, each fused at its C 

terminus to GFP (not to scale). (B) Transfected HeLa cells expressing SINC-GFP fragments A, 

B, C, AB, and BC or GFP alone were fixed 24 h post-transfection, stained with DAPI and 

imaged on a Zeiss Axio Imager Z.1 fluorescence microscope with the ApoTome.2 module. 

Bars, 10 µm.    
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Although B-GFP and C-GFP reached the nucleoplasm, each failed to concentrate 

at the NE, suggesting INM association of SINC requires fragment A. Consistent with a 

role in membrane association, A-GFP appeared to associate with the ER and NE as well 

as potentially other organelle membranes. A-GFP however did not appear to accumulate 

at the NE or enter the nucleus (Figure 3.4), suggesting that SINC fragment A is necessary 

but insufficient on its own for SINC to enter the nucleus. Supporting these proposed roles 

for region A (ER/NE association) and region B (nuclear import; retention within 

nucleus), the combined AB-GFP polypeptide localized at the NE (Figure 3.4). However 

AB-expressing nuclei were severely misshapen and a subset of AB-GFP aggregated, 

typically in the nucleoplasm or at the NE (Figure 3.4). This suggests that fragment C of 

SINC also critically contributes to nuclear localization and implies that the AB truncate 

may represent a conformationally ‘unbalanced’ version of SINC, which although 

artificially generated provides a glimpse into the range of possible SINC activities during 

pathogenesis. The BC-GFP polypeptide localized efficiently in the nucleoplasm with 

little or no accumulation at the NE, indicating that region A is specifically required to 

target the NE inner membrane. We concluded that SINC nuclear entry and accumulation 

at the INM involves multiple domains located throughout the polypeptide. 

 

SINC translocates to the nucleus via a non-canonical nuclear localization signal  

 

In some transfected cells, B-GFP (encompassing 189 residues of the 502 residues) 

displayed a strong association with the nucleus (Fig. 3.4) and was chosen for further 

analysis. Two sinC-derived segments encoding contiguous non-overlapping fragments, 

B1 (residues 198-239) and B2 (240-279), the latter enriched in basic amino acid residues, 
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were cloned in pCAGGS-GFP and transfected in HeLa cells (Fig. 3.5). Subcellular 

localization of B2-GFP was similar to that of control GFP. B1-GFP however localized 

specifically within the nucleoplasm and was mostly excluded from the cytoplasm of 

transfected cells.  
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 Figure 3.5. A 22-mer of the SINC primary sequence is critical for nuclear localization. (A) 

Schematic of the five tested SINC polypeptides in relation to the full length sequence, each fused 

at its C terminus to GFP (not to scale). (B) Transfected HeLa cells expressing SINC-GFP 

fragments B1, B2, B1-2, B2-3, and SINCΔ228-239-GFP were fixed 24 h post-transfection, 

stained with DAPI and imaged on a Zeiss Axio Imager Z.1 fluorescence microscope with the 

ApoTome.2 module. Bars, 10 µm. 
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Further dissection of B1 into 3 smaller overlapping fragments (B1-1. B1-2 and 

B1-3; (Figure 3.5) identified the distal residues 218-239 of fragment B1 as the most 

critical sequence for nuclear targeting. Notably, the other 2 overlapping B1 fragments 

also displayed nuclear enrichment in some transfected cells similar to what was observed 

with fragment B.  Deletion of the carboxy half of the 218-239 22-mer from the full-length 

SINC resulted in the complete loss of SINC-specific staining in the nucleus, strongly 

suggesting that amino acid residues 228-239 are critical to the ability of SINC to target 

the nucleus. Comparison of the 228-239 sequence with the corresponding sequences of 

the SINC orthologs in C. abortus and C. caviae reveals several conserved residues that 

may play a key role in nuclear targeting (Figure 3.6).  

 

 

 

However, the ability of the 2 upstream segments to detectably accumulate in the 

nucleus suggests that residues 228-239 do not contain a complete nuclear localization 

signal (NLS) and that some residues upstream of residue 228 are also required. Taken 

together, these results strongly suggest that a multipartite NLS prominently involving 

conserved amino acid residues between positions 228 and 239 promotes nuclear targeting 

of SINC. Further to that, an additional, likely conformation–dependent signal is required 

for retention and concentration of the protein within the inner nuclear membrane. 

 

Figure 3.6.  Putative NLS in SINC and C. caviae and C. abortus orthologs. Shown are amino acids 

218-239 of SINC and the corresponding amino acids from the two SINC orthologs that have been 

shown to localize to the NE. Alignment generated with ClustalW.  
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SINC localization at NE is sensitive to nuclear import inhibition 

 

The presence of an NLS and the localization of SINC in the INM both suggested 

SINC enters the nucleus via NPCs. To test this idea, HeLa cells were infected and 

incubated for 24 h with DMSO plus or minus 22.5 µM importazole, a relatively specific 

importin-α inhibitor (Soderholm et al., 2011). Indirect immunofluorescence staining of 

DMSO-treated controls, imaged with or without an Apotome-2 module ‘AT2’ to remove 

background “stray” fluorescence, revealed SINC in bacterial inclusions and at the NE of 

both infected cells and uninfected neighboring cells (DMSO, DMSO/AT2; Figure 3.7). 

By contrast, SINC was detected in the inclusion but was markedly reduced at the NE of 

importazole-treated cells at its reported IC50 (Imp, Imp/AT2; Figure 3.7).  
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We conclude SINC is imported into the infected cell nucleus via the NPC. SINC 

has no “canonical” NLS; however several alternative models for SINC entry into the 

nucleus are possible, including the possibility of a novel NLS or the possibility that SINC 

Figure 3.7. Nuclear import inhibitor importazole blocks SINC localization at the NE. (A) Indirect 

Immunofluorescence images [Zeiss Axio Imager Z.1 fluorescence microscope without or with (AT2) 

the ApoTome.2 module] of C. psittaci CAL10-infected HeLa cells grown in the presence of either 

importazole (Imp, 22.5 µM) or DMSO starting at 24 hpi, then fixed at 36 hpi and stained with DAPI 

(blue) and antibodies specific for SINC (a-SINC; red). Bars, 10 µm. (B) SINC localization at the NE 

was quantified as the ratio of nucleus-specific to inclusion-specific fluorescence intensities (average of 

20 cells) using the colocalization module of Axiovision software release 4.8. ****p<0.0001. Bars = 

standard error. 
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entry requires “piggybacking” on an NLS-bearing partner. SINC showed no obvious 

accumulation elsewhere in importazole-treated infected cells, and was not detected at the 

NE of uninfected neighbors, both consistent with its dispersal in the cytosol, or retention 

in the chlamydial inclusion, when nuclear import was blocked.  

 

Other inhibitors also block SINC translocation to the INMs of both infected cells 

and neighboring uninfected cells 

 

Examination of possible mechanisms for the observed SINC-specific staining of 

neighboring uninfected cells (Figure 2.4) offered another avenue of investigation. We 

speculated that perhaps SINC would be able to exploit a pathway of extracellular 

vesicles, or exosomes, to reach neighboring cells. 

We sought to investigate this hypothesis with three known inhibitors of exosome 

release: the intracellular calcium inhibitor BAPTA-AM (Savina, 2003; Savina et al., 

2004; Emmanouilidou et al., 2010; Lachenal et al., 2011; Koumangoye et al., 2011), the 

sphingomyelinase inhibitor GW4869 (Luberto, 2002) and the proton pump inhibitor 

omeprazole (Luciani et al., 2004). These known exosome inhibitors were tested along 

with cytoskeletal/vesicular trafficking inhibitors nocodazole and brefeldin A at 

concentrations reported to impact trafficking.  BAPTA-AM and GW4869 led to a 

statistically significant reduction in the translocation of SINC to nuclear envelopes of 

both infected and non-infected cells (Figure 3.8). Omeprazole, nocodazole and brefeldin 

A did not have a detectable impact (Figure 3.8).  
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Figure 3.8. Other inhibitors block SINC localization at the NE. (A) Indirect Immunofluorescence 

images [Zeiss Axio Imager Z.1 fluorescence microscope] of C. psittaci CAL10-infected HeLa cells 

grown in the presence of either brefeldin A (Bre, 36 µM), nocodazole (Noc, 850 nM), omeperazole 

(Ome, 5 µM), BAPTA-AM (Bap, 22.5 µM) or GW4869 (GW, 2 µM), starting at 24 hpi, then fixed at 

36 hpi and stained with DAPI (blue) and antibodies specific for SINC (a-SINC; red). Bars, 10 µm. 

(B) SINC localization at the NE was quantified as the ratio of nucleus-specific to inclusion-specific 

fluorescence intensities (average of 20 cells) using the colocalization module of Axiovision software 

release 4.8. ****p<0.0001. Bars = standard error. 
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The inhibition by BAPTA-AM and GW4869 of SINC staining at the nucleus of 

infected cells containing inclusions as well as that of uninfected cells without inclusions 

appeared complete. However, since SINC translocation to the nucleus from the inclusion 

was also inhibited in the infected cell, other pathways beside the exosome pathway for 

SINC to travel to neighboring uninfected cells cannot be eliminated from these data alone 

(see Discussion).    

 

SINC is not widely transferred to uninfected cells from infected cell media.  

 

To further investigate the possibility of exosomes carrying SINC, a culture 

medium transfer experiment was attempted. Medium from C. psittaci-infected cells was 

collected at 36 hpi and any cells and cell debris were pelleted with a low-speed spin (5 

min, 10,000g). The culture supernatants were then collected and applied to an uninfected 

monolayer. If SINC-containing exosomes are secreted by infected cells, they should then 

co-fractionate with the infected cell medium. Therefore, SINC-containing exosomes 

present in the medium should be able to transfer SINC to cells in an uninfected 

monolayer. However, only a very small number (<0.1%) of uninfected cells showed 

detectable SINC up to 12 hours post medium transfer (Figure 3.9).   
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Inclusions expressing SINC were visible 24 hours post medium transfer, 

suggesting that the transferred medium contained a detectable titer of infectious 

chlamydiae at 36 hpi, even in the absence of significant monolayer disruption. The 

detection of strongly SINC-positive rare cells, while unexplained, suggests that specific 

properties of individual cells, rather than true exosome-mediated transfer, was 

responsible for this observation.  

 

Transfected tag-less SINC does not travel to neigboring cells. 

 

Following the previous experiments investigating the exosome hypothesis, an 

important unanswered question remained: does SINC have the ability to travel to 

neighboring cells by itself, without the assistance of another factor(s) from Chlamydia?  

Transfected SINC-GFP did not appear to have this capability, as isolated cells containing 

the fusion protein were readily observed without the “light-bulb” effect on surrounding 

cell nuclei (Figure 2.6). However, the possibility of interference from the C-terminal GFP 

Figure 3.9. SINC is not widely transferred from infected cell medium. (A) Indirect 

Immunofluorescence images [Zeiss Axio Imager Z.1 fluorescence microscope] of an uninfected 

monolayer given media from C. psittaci CAL10-infected HeLa cells collected at 36 hpi and incubated 

for 4 hours. Cells are stained with DAPI (blue) and antibodies specific for SINC (a-SINC; red). Shown 

is a representative image containing only two cells that appear to have SINC, out of dozens that do not. 

Bar, 10 µm 
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tag could not be ruled out. Therefore, we chose to add a stop codon to the sinC sequence 

that was cloned into the pCAGGS-GFP vector and subsequently test the localization of 

the expressed recombinant SINC in HeLa cells with α-SINC antibody. The results are 

presented in Figure 3.10. 

 

 

 

 

Discussion 

The nuclear envelope, in particular the INM, is one of the least understood 

subcellular compartments of the eukaryotic cell, yet one that is central to key 

physiological activities of the cell. Indeed, the INM has direct access to both the 

replication and transcription machineries, is continuous with the ER and cytoplasmic 

vesicular trafficking and is a key factor in mitosis (Hetzer, 2010). The localization of a 

bacterial protein at the inner nuclear membrane of eukaryotic cells is unprecedented, and 

this distribution broadly suggests potential roles for SINC in the modulation of genome 

organization, RNA synthesis, nuclear structure, and/or mitosis. Another possibility —

SINC localization within the NE lumen— was unlikely given the ‘bacterium-to-cytosol’ 

T3S mechanism, IEM localization results, and further results demonstrating SINC 

proximity to lamin B1 and other proteins outside the lumen as described in the following 

chapter. 

Figure 3.10. SINC by itself does not translocate to  neighboring cells. Indirect 

Immunofluorescence images [Zeiss Axio Imager Z.1 fluorescence microscope] of pCAGGS-SINC-

GFP-transfected HeLa cells with the addition of a stop codon after the sinC sequence, then fixed 24 

hpi and stained with DAPI (blue) and antibodies specific for SINC (α-SINC; red). Bar, 10 µm.  
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The possibility of binding to the ONM on the outside face of the nucleus existed 

before the experiments described in this chapter were completed, in which case SINC 

would not need to enter the nucleus to achieve its correct localization. However, the 

discovery that SINC is associated with the INM requires it to enter the nucleus in some 

way, possibly through NPCs. To dissect SINC to the minimal sequence(s) responsible for 

the targeting and concentration of SINC in the INM, transfection experiments with 

various fragments of SINC fused to GFP were undertaken. To date none of the fragments 

we have generated, including large overlapping fragments, reproduced the capacity of the 

full-length protein to accumulate in the nuclear envelope (Figures 3.4, 3.5). This  result 

suggests that secondary and/or tertiary structures of the protein that are disrupted in the 

SINC truncates are necessary for accumulation in the nuclear envelope. We speculate that 

this conformational requirement may occur upon specific affinity enrichment of the 

native protein through its interaction with an abundant ligand present at or near the 

nuclear inner membrane. Staining specific for the amino terminal fragment A (residues 1-

164) was consistent with localization in the ER as GFP staining was unevenly distributed 

throughout the host cell cytoplasm, appeared enriched near the nuclear envelope and was 

excluded from the nucleoplasm. This staining immediately suggests a mechanism of 

translocation for SINC as both the inclusion membrane and the nuclear envelope are 

continuous with ER (Anderson and Hetzer, 2008; Dumoux et al., 2012).  

Staining specific for the central fragment B (residues 151-341) was unique in that, 

while the whole cytoplasm and nucleoplasm were stained, B-GFP-specific signal was 

disproportionally enriched in the nucleoplasm when compared to GFP control. A segment 

of fragment B beginning with the lysine residue at position 218, KRK, is similar to the K-
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K/R-X-K/R consensus sequence of a classical NLS as originally proposed by Chelsky 

and colleagues and later verified by others (Chelsky et al., 1989; Hodel, 2000; Lange et 

al., 2006). However, the possibility of this sequence acting as a classical NLS was ruled 

out by site-directed mutagenesis of the arginine to alanine at position 219, as the mutant 

SINC was not altered in its nuclear localization (not shown). Transfection experiments 

with truncated and deletion mutants, and comparison with the orthologous sequences in 

C. abortus and C. caviae identified several amino acid residues in a 22-mer stretch 

corresponding to positions 218-239 of SINC (Figure 3.6), that may be critical for nuclear 

localization and enrichment of SINC and its orthologs in the nucleus of infected cells.  

Our results further suggest that the presence of SINC in the nuclear envelope may 

facilitate the interaction of SINC with ligands that are present throughout the 

nucleoplasm, i.e. that in addition to targets in the nuclear envelope, SINC may also target 

nucleoplasmic components that are accessible from the nuclear envelope. Overall these 

experiments have revealed distinct subcellular localization patterns for various SINC 

fragments that suggest a multi-domain structure for the protein, with specific domains 

involved in targeting, retention and accumulation of SINC in the nuclear envelope, and 

another domain possibly targeting a nucleoplasmic component. The nuclear import 

inhibitor importazole, which specifically targets the NPC protein importin, was observed 

to greatly reduce SINC translocation to the nuclear envelope both in infected and 

uninfected cells (Figure 3.7). Together, these results strongly support the requirement of 

importin-mediated NLS recognition for the import of SINC into the nucleus and suggest 

a role for the NPC in SINC translocation prior to its concentration in the INM. This 
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interpretation is consistent with the observed multi-functional properties of many other 

characterized T3S effectors from Gram-negative bacteria (Dean, 2011). 

Four mechanisms by which known bacterial nuclear effectors are translocated into 

the nucleus have been reported. The canonical importin-dependent mechanism is 

mediated by recognition of a mono or bi-partite nuclear signal sequence consisting of one 

or two short stretches of positive amino acids, of which there are several examples from 

plant pathogens (Guéneron et al., 2000; Szurek et al., 2002). A nuclear effector can also 

piggyback into the nucleus by binding to another protein that contains this signal (Iwai et 

al., 2007), (Toyotome, 2001) or simply bind to the nuclear pore complex directly. The 

possibility also exists for a non-canonical signal sequence (Dean et al., 2010). The 

discovery of an 11-mer that appears to be critical for nuclear import seems to favor the 

possibility of a non-canonical signal, however the alternative possibility of import via 

binding to another protein that contains an NLS cannot be ruled out.  

The observed neighboring uninfected cell staining represents another perplexing, 

but potentially highly significant, finding. In order for SINC to reach a neighboring cell 

nucleus, it must first travel from the chlamydial inclusion to the plasma membrane of the 

infected cell, cross the plasma membrane from within, travel to the next cell, cross 

another plasma membrane from the outside, and then traffic to the neighboring cell 

nucleus, enter presumably via NPCs and finally associate with the INM in the uninfected 

cell.  

In recent years many reports have appeared in the cell biology literature on one 

potential mechanism for cell-to-cell transmission that could explain this phenomenon: 

that of extracellular vesicles with the ability to deliver cargo from one cell to another, 
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dubbed “exosomes” (Fleming et al., 2014). This cargo can be consist of lipids, nucleic 

acids, or proteins (Pant et al., 2012). There are implications in cancer biology 

(Koumangoye et al., 2011), as well as studies related to the transport of pathogen-derived 

molecules, such as in the case of Mycobacterium tuberculosis (Beatty et al., 2001; 

Rhoades et al., 2003). 

We sought to test the hypothesis that SINC is transferred to neighboring cells via 

exosomes, as it could provide an intriguing explanation for the cell-to-cell transmission 

observed earlier and could have broader implications for C. psittaci pathogenesis.  Thus, 

we selected three known inhibitors of exosomes in cell culture and attempted to 

determine if they would have any effect on the transmission of SINC during C. psittaci 

infection.  

  Treatment of C. psittaci-infected cells with the intracellular calcium chelator 

BAPTA-AM (Tsien, 1981) and with the neutral sphingomyelinase inhibitor GW4869 

(Luberto, 2002) markedly reduced SINC translocation to the nuclear envelope of both 

infected and uninfected cells (Figure 8). BAPTA-AM, whose calcium-binding sites are 

selectively activated once intracellular, is known to have an impact on many 

physiological functions, including signaling (Worrall and Olefsky, 2002), apoptosis 

(Olofsson et al., 2008), ion channels (Tang et al., 2007) and exosome secretion (Savina, 

2003; Savina et al., 2004; Emmanouilidou et al., 2010; Lachenal et al., 2011; 

Koumangoye et al., 2011). GW4869 is a molecule originally discovered as an inhibitor of 

TNF-α-induced apoptosis by blocking the activity of neutral sphingomyelinase. Later, 

GW4869 was found to inhibit exosome release by inhibiting ceramide synthesis 

(Trajkovic et al., 2008). The third known exosome inhibitor tested, omeprazole, is a 
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proton pump inhibitor known to affect the activity of efflux pumps expressed on acidic 

vacuoles (Iero et al., 2007). These pumps are associated with the exosome pathway in the 

Caenorhabditis elegans model (Liegeois, 2006), and omeprazole is known to interfere 

with the trafficking of acidic vesicles in melanoma cells (Luciani et al., 2004). This 

compound did not have any detectable impact on SINC translocation, along with 

cytoskeletal/vesicular trafficking inhibitors nocodazole and brefeldin A.   

Although the finding that SINC transport from the inclusion to neighboring 

uninfected cells is blocked with BAPTA-AM and GW4869 seems to support the 

hypothesis that exosomes are involved in SINC transport to other cells, the observation 

that SINC transport from the inclusion to the nucleus in the same cell was also blocked 

suggests a block of SINC transport upstream of the exosome pathway. The use of these 

inhibitors is also associated with significant caveats as they may interfere with other host 

cell pathways or chlamydial growth non-specifically, their mechanisms of action are 

widely disparate and they have been tested on different cell types and under different 

conditions.  

In order to investigate the exosome hypothesis more directly, a medium transfer 

experiment was attempted to see if exosomes present in the medium from infected cells at 

36 hpi could transfer SINC to an uninfected monolayer. Only a very small number 

(<0.1%) of cells had detectable SINC up to 12 hour post medium transfer, suggesting that 

another mechanism may be responsible for the observed uninfected neighboring cell 

SINC-staining. The final experiment in this chapter also hints at an alternative 

mechanism, since the possibility of SINC translocating to neighboring cells by itself was 

mostly ruled out by transfection of tag-less SINC. This result strongly supports that SINC 
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likely requires other chlamydial factors for its translocation to neighboring cells. This is 

clearly an important avenue for future work.  

 

Methods for Chapter 3 

 

Immunofluorescence 

 

Infected (at the indicated hpi) or transfected HeLa 229 monolayers (at indicated times 

post-transfection) were grown on glass coverslips in 24-well plates, washed with PBS, 

fixed with methanol or 4% paraformaldehyde as indicated, then stained as described in 

chapter 2. For digitonin permeabilization experiments, cells were fixed in 4% 

paraformaldehyde and incubated 15 min in PBS containing 100 µg/ml digitonin (Sigma 

Aldrich, St. Louis, MO). Subsequent wash steps did not contain Triton X-100 or SDS. 

Cells were stained using rabbit α-lamin A antibodies (PRB-113C, Covance, Princeton 

NJ) and mouse α-tubulin monoclonal antibody (T5168; Sigma Aldrich). For inhibitor 

experiments, HeLa 229 cells were grown to confluence on glass coverslips in 24-well 

plates and infected with C. psittaci CAL10 as described above. At 24 hpi, importazole, 

BAPTA-AM, GW4869, omeprazole, brefeldin A, and nocodazole were added to 22.5 

µM, 2 µM, 5 µM, 2.9 µM, 36 µM, and 850 nM final concentrations, respectively, from 

stocks dissolved in DMSO, for 12 additional hours. 

 

Transfection of SINC fragments 

 

PCR products from C. psittaci CAL10 genomic DNA encoding fragments of the 

SINC sequence with engineered EcoRI and XmaI restriction sites at the ends were cloned 
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into the cloning site of mammalian transfection vector pCAGGS-GFP as described in the 

previous chapter. All primers used for this cloning are presented in Table 3.1. HeLa cells 

were transfected with Lipofectamine 2000 reagent as described in the previous chapter.  

Construct Primer Name Primer Sequence 5' -> 3' 

pCAGGS-SINC 
1-164 - GFP 

pCAGGS_070_R2 
TGACCCCGGGCACCTTAGGAATATCTACTTTAATTCCTTGCTTATAACCTTT
C 

pCAGGS-SINC 

151-341 - GFP 
pCAGGS_070_F2 

GTCAGAATTCACCATGGAAAGGTTATAAGCAAGGAATTAAAGTAGATATTC

CTAAGGTG 

  pCAGGS_070_R3 TGACCCCGGGCTTTAGTGGAAATTCATGAATACCAGGTCG 

pCAGGS-SINC 

332-502 - GFP 
pCAGGS_070_F3 GTCAGAATTCACCATGCGACCTGGTATTCATGAATTTCCACTAAAG 

pCAGGS-SINC 

198-239 - GFP 

pCAGGS_070_F_R

b 
GTCAGAATTCACCATGTCCTCAGTCACTACATCAAGCGCATC 

  pCAGGS_070_Rb TGACCCCGGGCGAACTATCCTGACGCTGTAATTTCGCTTTT 

pCAGGS-SINC 

240-279 - GFP 
pCAGGS_070_F_Rc GTCAGAATTCACCATGGGCTTCTATTTCTAGCTCAGGTTCTAGTGAC 

  pCAGGS_070_Rc TGACCCCGGGCGGTTTTGTCTTGTGGTGTGCTTCTAACTCA 

pCAGGS-SINC 

198-239 219R-

>A GFP 

pCAGGS_070RbMi
d_F 

GGCCTCTCAAAGCTAAAGCTCCTC 

  
pCAGGS_070RbMi
d_R 

GAGGAGCTTTAGCTTTGAGAGGCC 

pCAGGS-SINC 

198-217 - GFP 

pCAGGS_070Rb1_

R 
TGACCCCGGGGAGAGGCCGTGCACTACTTTCTG 

pCAGGS-SINC 
208-228 - GFP 

pCAGGS_070Rb2_
F 

GTCAGAATTCACCATGGCTGCTTCAGAAAGTAGTGCACG 

  
pCAGGS_070Rb2_

R 
TGACCCCGGGTCCTGCTGGAGGTTGAGGAG 

pCAGGS-SINC 

218-239 - GFP 

pCAGGS_070Rb3_

F 
GTCAGAATTCACCATGAAACGTAAAGCTCCTCAACCTCCAG 

pCAGGS-SINC 
+ stop codon  

SINC_R2 TGACCCCGGGTTAACCCTCTGATACAGTGAAAGCATCATAAG 

 

 

 

Medium Transfer Experiment 

 

Infected HeLa 229 monolayers infected at an MOI ~5 were grown in 24-well 

plates until 36 hpi. The presence of numerous (3-5 per field) extruded inclusions was 

verified by phase contrast microscopy in each well, indicating a strong infection.  At this 

time point, the culture medium was collected and centrifuged (5 min, 10,000g) to pellet 

cell debris. The supernatants were collected and applied to uninfected monolayers seeded 

Table 3.1: Primers used for ectopic expression of SINC fragments with and without 

a C-terminal GFP tag in cell culture. Restriction sites highlighted in red. Mutations 

highlighted in blue.  
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on glass coverslips in another 24-well plate. Cells were washed with PBS and fixed with 

methanol 1, 2, 4, 8 and 12 hours post medium transfer and immunofluorescence staining 

with α-SINC antibody and DAPI was performed as described in chapter 2. 
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Chapter 4 – Identification of proximal INM proteins and an interacting partner 

 

Introduction 

 

As discussed previously, the nuclear envelope is a dynamic environment 

continuous with the ER that is the site of a considerable amount of exchange of RNA 

and proteins between the cytoplasm and nucleoplasm, necessary for the function of the 

eukaryotic cell. The INM is also connected to the nuclear lamina composed of 

intermediate filaments, which serve as an attachment point for chromosomes and provide 

structural stability to the nucleus. Thus, the localization of SINC at this site implies an 

enormous variety of possible effects on the host cell, including but not limited to 

affecting RNA or protein exchange in and out of the nucleus, modulation of 

transcription, modification of host cell signaling, and/or remodeling the structure of the 

nucleus.  

 In order to begin to investigate the function of SINC at the INM, it is crucial to 

determine if there exist SINC interacting partners at this site and, if so, to determine their 

relationship to NE biology. With this information, more specific hypotheses about SINC 

function and role in pathogenesis can then be formulated, thus providing groundwork for 

future studies. In this chapter, I describe a novel biotinylation technique that was 

successfully utilized to obtain information about SINC proximal proteins at the INM. 

This technique has subsequently lead to the identification of the INM protein emerin as 

an interacting partner of SINC.  
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BioID identification of SINC-proximal human proteins 

 

Conventional biochemical and genetic techniques including co-

immunoprecipation, pull-down, farwestern and the yeast-two hybrid system were used 

unsuccessfully in attempts to identify possible SINC ligands (see Appendix I).  This 

comprehensive negative result may owe to the observation that these methods are 

typically inadequate for membrane proteins or membrane-associated proteins residing in 

specific subcellular membrane compartments as previously discussed (Collas, 2002; 

Roux et al., 2012; Kubben et al., 2014). The BioID system for the identification of 

proximal proteins developed by Roux and colleagues (Roux et al., 2012; Kim et al., 

2014) (Figure 4.1) has been used successfully to identify novel candidate interactors of 

lamin A, as well as proteins involved in cell adhesion ZO1 and E-cadherin by another 

group (Van Itallie et al., 2013; Van Itallie et al., 2014). We used this system for three 

related purposes: 1) to confirm the localization of SINC at the INM; 2) to identify host 

factors that may be involved in the translocation of SINC from the chlamydial inclusion 

to the infected host cell nucleus and to that of neighboring non-infected cells; 3) to gain 

insight on and to narrow the field of potential SINC targets that may inform on its 

function in pathogenesis.  
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Figure 4.1: Schematic of the BioID technique. Expression of a promiscuous biotin–

ligase fusion protein in live cells leads to the selective biotinylation of proteins proximate 

to that fusion protein. After stringent cell lysis and protein denaturation, biotinylated 

proteins are affinity purified. These candidate proteins can be identified by mass 

spectrometry or immunoblot analysis.(b) Application of BioID to Lamin A to identify 

candidate proteins.  HEK293 cells were induced to express mycBirA*LaA with 

doxycycline and to biotinylate endogenous proteins with 50 µM biotin. Cells were lysed 

under stringent conditions and biotinylated proteins collected on streptavidin-conjugated 

beads for subsequent analysis and identification. Figure from Roux et al 2012.  
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A pcDNA.3.1 derivative encoding SINC amino-terminally fused to myc-tagged 

biotin ligase (BirA-myc) was transiently expressed in HeLa cells to determine the 

localization of the fusion polypeptide at the nuclear envelope and biotinylation of 

neighboring proteins. While BirA-myc was spread throughout the cytoplasm and nucleus  

as previously reported (Roux et al., 2012), BirA-myc-SINC localized specifically to the 

nuclear envelope as detected by myc-specific antibody. Further, supplementation of the 

cell culture medium with 50 µM biotin 24 hours before IF analysis revealed a large 

increase in the number of biotinylated proteins in the vicinity of the nuclear envelope as 

detected by fluorophore-conjugated streptavidin (Figure 4.2).   
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To identify biotinylated proteins, HEK293 cells stably expressing either BirA-

myc or BirA-myc-SINC were grown in medium supplemented with 50 µM biotin for 24 

Figure 4.2: BirA-myc-SINC biotinylates proteins in the vicinity of the nuclear 

envelope. HeLa cells were analyzed 24 h after transient transfection with BirA-myc-

SINC (A) or BirA by itself (B) with or without supplemental biotin (50 µM). Cells were 

fixed with methanol (MeOH), followed by detection of BirA-myc-SINC by anti-myc 

antibody (green). Biotinylated proteins were detected with fluorophore-conjugated 

streptavidin-568 (red). DNA is visualized with DAPI (blue).  Extensive biotinylation is 

observed only when cells are supplemented with excess biotin. Biotinylated proteins are 

predominantly in the nuclear envelope when BirA-myc-SINC is expressed. Bars = 10 

µm. 
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hours. Streptavidin beads were used to recover biotinylated proteins from lysates and the 

bound proteins analyzed by mass spectrometry. Two independent experiments, BioID1 

and BioID2, were performed. The BirA-myc controls identified many non-specifically 

biotinylated proteins (288 in BioID1, 266 in BioID2; Table 4.1), consistent with the non-

specific distribution of BirA-myc throughout the cell. Fewer biotinylated proteins were 

identified in the BirA-myc-SINC samples (129 in BioID1; 146 in BioID2; Table 4.1), 

consistent with the comparatively restricted subcellular location of BirA-myc-SINC. 

BioID1 yielded 30 proteins unique to the BirA-myc-SINC dataset; BioID2 identified 42 

unique proteins, 22 of which were also identified in BioID1, for a total of 50 unique 

proteins (Table 4.3). 

 BirA-control 
total 

BirA-
SINC 
total 

BirA-SINC 
specific 

BioID1 288 129 30 

BioID2 266 146 42 

 

 

 

 

Proteins most frequently recovered included two ‘LEM-domain’ INM proteins 

(MAN1 and emerin), and the NPC protein ELYS. The 22 ‘high-confidence’ candidates 

(recovered in both BioID studies) also included two other INM proteins, namely Lamina 

associated polypeptide 1 (LAP1) and lamin B Receptor (LBR), and lamin B1, 

demonstrating SINC proximity to proteins involved in nuclear structure, chromatin 

silencing and signaling at the NE (Table 4.2). 

Table 4.1: Total number of proteins biotinylated by BirA-myc and BirA-myc-SINC. 

Number of biotinylated proteins identified by mass spectrometry in two independent 

BioID experiments using HEK293 cells that stably expressed BirA-myc (BirA control 

total) or BirA-myc-SINC (BirA-SINC total), and the number of biotinylated proteins 

unique to the BirA-SINC pool (BirA-SINC specific). 
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Gene 

Name Protein  Name 

Average 

Percent 

Coverage 

Average 

Number 

of 

Unique 

Peptides 

 

Average 

Spectral 

Counts  Annotation 

LEMD3 

Inner nuclear 

membrane 

protein Man1 

30.5 22.5 64 Nuclear Envelope 

AHCTF1 Protein ELYS 12.95 20.5 49.5 Nuclear Pore Complex 

ABCD3 

ATP-binding 

cassette sub-

family D 

member 3 

16.3 11.5 42.5 Other Membrane 

TOR1AIP1 

Torsin-1A-

interacting 

protein 1 

(LAP1) 

20.45 9 25 Nuclear Envelope 

EMD Emerin 31.5 8 22 Nuclear Envelope 

AKAP1 

A-kinase 

anchor protein 

1 

13.55 5 14 Other Membrane 

LMNB1 Lamin-B1 11.45 4 12.5 Nuclear Envelope 

ESYT1 

Extended 

synaptotagmin-

1 

9.05 6 12.5 
Vesicular 

Trafficking/Exocytosis 

WAF2 

Wiskott-

Aldrich 

syndrome 

protein family 

member 2 

12.85 4.5 12 Cytoskeleton 

VAPA 

Vesicle-

associated 

membrane 

protein-

associated 

protein A 

12.25 5 14 
Vesicular 

Trafficking/Exocytosis 

CKAP4 

Cytoskeleton-

associated 

protein 4 

12.5 6.5 16.5 Cytoskeleton 

 

 

 

SINC also associated with proteins involved in nuclear import (importin-α3), mRNA 

splicing (TADBP), ER functions (SRP receptor, UBXN4, CKAP4), vesicle traffic 

Table 4.2: Proteins identified with “high confidence” by BioID. Proteins that 

appeared in both BioID experiments with an average of at least 10 spectral counts. 

Average percent coverage, unique peptides and average spectral counts of the two 

experiments are shown. 
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(synaptotagmin, synaptobrevin), innate immunity and signaling (MAVS, VRK2, 

AKAP1), actin regulation (WASF2), and peroxisomal long-chain fatty acid transport 

(ABCD3; Figure 4.3, Table 4.3). The timing and implications of SINC association with 

nuclear and non-nuclear host proteins during chlamydial infection are key questions for 

future work.  

 

 

 

 

 

 

 

 

Nuclear Envelope 
39% 

Signalling 
8% Cytoskeleton 

10% 

Vesicular 
Trafficking/Exocytosis 

11% 

NPC 
4% 

Endoplasmic Reticulum 
8% 

Other Membrane 
17% 

Transcription-
chromatin 

2% 

Cell Cycle Regulation 
1% 

Figure 4.3: Proteins tagged by BirA-myc-SINC in two BioID experiments by 

functional category. Protein relative abundance was determined as the number of 

spectral counts per 10
3
 amino acids, expressed as the percentage of the total and 

categorized as illustrated in the chart. RNA = RNA metabolism; NPC = nuclear pore 

complex; ER = endoplasmic reticulum. 
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REALM GENE PROTEIN NAME FUNCTION BioID1 BioID2 
NE LEMD3 MAN1 INM LEM-domain protein. Antagonizes TGF- 

signaling 
+ + 

 LBR Lamin-B receptor INM protein. Heterochromatin maintenance; binds 
lamin and Hp1 

+ + 
 EMD Emerin INM LEM-domain protein; nuclear lamina 

component 
+ + 

 TOR1AIP1 Lamina associated protein 1 (LAP1) INM protein. Binds lamins and emerin + + 
 LMNB1 Lamin-B1 Nuclear intermediate filament protein (B-type) + + 
 LMNA Prelamin-A/C Nuclear intermediate filament protein (A-type) + — 
 SUN1 SUN domain-containing protein 1 INM component of LINC complexes. Binds KASH-

proteins, lamins, emerin 
— + 

 SUN2 SUN domain-containing protein 2 INM component of LINC complexes. Binds KASH-

proteins, lamins, emerin 
— + 

NPC/import AHCTF1 ELYS NPC component. Required for NPC assembly + + 
 POM121 POM121 NPC integral membrane protein + — 
 NUP50 Nup50 NPC component — + 
 IMA3 Importin subunit alpha-3 Nuclear import receptor; links NLS-bearing cargo to 

importin beta (KPNB1) 
+ — 

ER UBXN4 UBX domain-containing protein 4 ER-associated protein degradation + + 
 SRPR Signal recognition particle receptor 

subunit alpha 
Component of the SRP receptor + + 

 LRRC59 Leucine-rich repeat containing protein 

59 
ER/NE protein. Binds FGF1; required for nuclear 

import of exogenous FGF1 
+ + 

 SRP72 Signal recognition particle receptor 
subunit SRP72 

Targets secretory proteins to the rough ER — + 
 PREB Prolactin regulatory element-binding 

protein 
Involved in the formation of COPII vesicles from the 

ER 
— + 

 HACD3 Very-long-chain (3R)-3-hydroxyacyl-[ACP] 

dehydratase 3 
Dehydration step in very long-chain fatty acid 

(VLCFA) synthesis 
— + 

 CAML Calcium signal-modulating cyclophilin 
ligand 

Receptor for insertion of tail-anchored proteins into 
ER membrane 

— + 

Ves. traffic VAPA Vesicle-associated memb. protein-

associated protein A 
May play a role in vesicular trafficking + + 

 ESYT1 Extended synaptotagmin Calcium-regulated integral membrane protein + + 
 YKT6 Synaptobrevin homolog YKT6 SNARE protein; mediates vesicle docking and fusion + + 
 VAPB Vesicle-associated memb. protein-

associated protein B/C 
May play a role in vesicular trafficking and calcium 

homeostasis 
+ — 

 SEC24B Protein transport protein Sec24B Component of the COPII coat in ER to Golgi vesicles + — 
 SYAP1 Synapse-associated protein 1 Unknown + — 
 STX5 Syntaxin-5 Mediates ER to Golgi transport — + 
 STIM1 Stromal interaction molecule 1 Calcium sensor at ER — + 

Cytoskelet. WASF2 Wiskott-Aldrich syndrome protein 

family member 2 
Promotes formation of F-actin + + 

 WASF1 Wiskott-Aldrich syndrome protein family 
member 1 

Promotes formation of F-actin — + 
 WASL Neural Wiskott-Aldrich syndrome protein Promotes actin assembly by stimulating Arp2/3 

complex 
— + 

 

 

 

 

Table 4.3: Annotated list of all 50 proteins biotinylated in BirA-myc-SINC-

expressing HEK293 cells in one or both BioID experiments. Proteins in bold indicate 

appearance in both BioID experiments.  
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Membrane ABCD3 ATP-binding cassette sub-family D 

member 3 
Peroxisomal membrane; long-chain fatty acid transport + + 

 CKAP4 Cytoskeleton associated protein 4 ER membrane protein; links ER to microtubules; also an 

airway epithelial cell surface receptor for Pseudomonas 

aeruginosa 

+ + 

 CCD47 Coiled-coil domain-containing protein 47 Unknown + + 
 AKAP1 A-kinase anchor protein 1 Binds to type I and II regulatory subunits of Protein 

Kinase A 
+ + 

 PGRC2 Memb.-associated progesterone receptor 

component 2 
Receptor for steroids — + 

 DNM1L Dynamin-1-like protein Mitochondrial and peroxisomal Δ — + 
 ATPA ATP synthase subunit alpha Produces ATP from ADP in the presence of a proton 

gradient across memb. 
— + 

 GORS2 Golgi reassembly-stacking protein 2 Assembly and stacking of Golgi cisternae — + 
Signaling DDRGK DDRGK domain-containing protein 1 Unknown + + 

 MAVS Mitochondrial antiviral-signaling protein Required for innate immune defense against viruses. + + 
 VRK2 Serine/threonine-protein kinase VRK2 Signaling and innate immunity; phosphorylates BAF 

(Barrier to autointegration factor; binds LEM-domains 

and lamins) 

+ + 

 TACC1 Transforming acidic coiled-coil-containing 
protein 1 

Likely promotes cell division prior to forming 
differentiated tissues 

+ + 

 UBA1 Ubiquitin-like modifier-activating enzyme 1 Activates ubiquitin by first adenylating its C-terminal gly 

residue with ATP 
— + 

 SND1 Staphylococcal nuclease domain-

containing protein 1 
Functions as a bridging factor between STAT6 & basal 

transcription factor 
— + 

 UB2D3 E3 ubiquitin-protein ligase CBL Adapter protein, functions as negative regulator of many 

signaling pathways 
— + 

 ZN207 BUB3-interacting and GLEBS motif-

containing protein ZNF207 
Kinetochore-binding protein involved in spindle-

assembly checkpoint signaling 
+ — 

RNA-

related 
TADBP TAR DNA-binding protein 43 DNA and RNA-binding protein which regulates 

transcription and splicing. 
+ + 

 SR1IP Protein SREK1IP1 Possible splicing regulator involved in the control of 
cellular survival. 

+ — 

 TDRKH Tudor and KH domain-containing protein Primary piRNA biogenesis pathway. Required during 

spermatogenesis 
— + 

Unknown ANKLE2 Ankyrin repeat and LEM-domain-
containing protein 2 

Required to dephosphorylate BAF after mitosis; 
coordinates BAF kinase (VRK1) and phosphatase PP2A 

— + 

 

SINC associates with Emerin  

 

Because many of the identified SINC-proximal nuclear envelope proteins can 

form complexes with each other and A- or B-type lamins (Olins et al., 2010; Simon and 

Katherine L Wilson, 2013; Berk, Tifft, et al., 2013; Shin, Dauer, et al., 2014), we used 

GFP-pulldowns to independently assess potential SINC-GFP association with emerin, 

lamin B1, or A-type lamins. SINC-GFP specifically co-precipitated native emerin 

suggesting SINC interacts with emerin directly, but not native lamin B1 (Figure 4.4). 

Table 4.3 Continued  
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These findings identified ER function, nuclear lamina structure, vesicular traffic, and 

other host pathways that may be antagonized or exploited by SINC during C. psittaci 

infection. 

 

 

 

 

 

 

 

 

 

Figure 4.4. Independent confirmation of SINC association with emerin. (A) Indirect 

Immunofluorescence images  (Zeiss Axio Imager Z.1) of C. psittaci CAL10-infected HeLa cells fixed 

with methanol at 36 hpi and double-stained with antibodies specific for SINC (α-SINC; green) and 

emerin (α-emerin; red). DNA was DAPI-stained. Bar, 10 µm. (B) Immunoblots of input lysates (IP) (2% 

loaded in each lane) and GFP pulldowns (3% loaded in each lane) from mock-transfected or pCAGGS-

sinC-GFP-transfected HEK293T cells probed with antibodies specific for SINC (α-SINC), emerin (α-

emerin), lamins A/C (α-lamin A/C) and or lamin B (α-lamin B). Molecular weight markers (kDa) are 

shown on the right.   
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Discussion 

 

Standard techniques to investigate protein-protein interactions such as pull-down, 

farwestern, co-immunoprecipitation and the yeast two hybrid systems failed to identify a 

possible SINC interacting partner (see Appendix 1) consistent with the previously 

observed difficulty in identifying interactors of nuclear envelope proteins (Collas, 2002; 

Roux et al., 2012; Kubben et al., 2014). Proximity analysis using the BioID system 

provided a viable alternative eliminating potential problems of target and/or bait 

solubility as physical proximity of bait and target is detected under normal subcellular 

localization conditions. Moreover BioID is able to detect proximal relationships even if 

they are weak or transient (Roux et al., 2012; Van Itallie et al., 2013; Van Itallie et al., 

2014; Kim et al., 2014). Our BioID results provided compelling confirmation that SINC 

associates with the INM, by demonstrating SINC proximity to lamin B1 and specific 

INM proteins including emerin, MAN1, LAP1 and LBR. Confirming the BioID results, 

SINC association with native emerin was demonstrated by GFP pull-down from cells 

(Figure 4.4). Emerin is a comprehensively studied INM protein that contains a LEM-

domain, is expressed in virtually all tissues (Tunnah et al., 2005) and appears to have 

important roles in nuclear lamina structure and function and genome organization, as well 

as potential roles in signal transduction and transcription (Berk, Tifft, et al., 2013). Loss 

of emerin is known to cause Emery-Dreifuss muscular dystrophy, the disease from which 

the protein gets its name as it was discovered by genetic mapping of this disease (Bione 

et al., 2004).  

The BioID analysis also demonstrated SINC proximity to the NPC protein ELYS, 

consistent with our importazole-based evidence that SINC access to the INM is importin-
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α/β-dependent (Figure 3.7). Whether SINC influences ELYS, which has a large 

unstructured chromatin-binding domain and is required to recruit the Nup107-160 

complex (‘Y complex’) during nuclear assembly (Franz et al., 2007; Bilokapic and 

Schwartz, 2013) deserves further investigation.  

Several other INM proteins were identified in either or both experiments (Table 

4.3), providing compelling confirmatory evidence of the association of SINC with the 

INM. Since SINC also translocates to the nuclear envelope of neighboring non-infected 

cells, it is likely that the proteins identified by biotinylation are proximal to SINC in both 

infected and uninfected cells, although an uneven, infection-dependent representation 

cannot be ruled out.  

The BioID results also revealed SINC proximity to at least 16 additional proteins, 

suggesting many future directions to understand which host pathways are manipulated 

during C. psittaci infection or pathogenesis. These proximal proteins include ER 

membrane proteins (LRRC59, SRP receptor, UBXN4) and proteins involved in vesicular 

trafficking, exocytosis, and calcium homeostasis (VAPA, synaptotagmin, synaptobrevin) 

(García et al., 2000; Weir et al., 2001; Quetglas et al., 2002; Yoshihara and Littleton, 

2002; De Vos et al., 2012; Morotz et al., 2012). The latter class of proteins may provide 

insight into the translocation of SINC to neighboring cells. BioID also identified a 

mitochondrial protein (MAVS) involved in the innate immune defense against viruses 

(Jacobs and Coyne, 2013) and VRK2 (vaccinia related kinase 2), one of two related 

kinases involved in anti-viral defense, suggesting SINC may target anti-viral signaling. 

On the other hand, VRK1 and VRK2 function in part by inhibiting BAF [BANF1; 

(Valbuena et al., 2011; Molitor and Traktman, 2014)], the essential DNA-binding partner 
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for all LEM-domain proteins, of which emerin is a member (Nichols, 2006; Margalit et 

al., 2007).  

As with any method, BioID does come with several limitations that must be taken 

into account. Although BioID identified a short list of SINC-proximal proteins (Tables 

4.1-3), several of which are represented by multiple biotinylated peptides across the full 

sequence of the protein (e.g. MAN1 and ELYS), the number of biotinylated peptides is 

not necessarily related to the distance from the biotin ligase (Roux et al., 2012; Kim et 

al., 2014). Moreover, biotinylation relies on the presence of primary amines, 

predominantly lysine, which vary from protein to protein both in terms of number and 

accessibility. Furthermore, the addition of excess biotin to cell culture medium may 

enhance the biotinylation of all proteins by other endogenous biotin ligases. Artificial 

biotinylation may consequently inhibit other secondary modifications, potentially altering 

the behavior of both the expressed fusion protein and other proximal proteins.  

Nonetheless, host proteins identified by proximity to SINC in living cells provide 

a unique high-throughput resource and platform for future studies of SINC trafficking 

and function. BioID strategies are readily applicable to other bacterial effectors and host-

pathogen interactions. We suggest BioID will be especially powerful to investigate 

pathogens like Chlamydia, for which few other experimental tools exist.  
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Methods for Chapter 4 

 

Purification of biotinylated proteins for mass spectrometry 

 

A PCR product from C. psittaci CAL10 genomic DNA encoding full-length SINC with 

engineered terminal KpnI and AflII restriction sites (primers BirA070Fusion_F/R; Table 

4.4) was cloned into the multiple cloning site of plasmid pcDNA3.1 mycBioID (kindly 

provided by Kyle Roux, Sanford Research Center, Sioux Falls, SD) generating 

pcDNA3.1-sinC encoding SINC amino terminally fused to myc and biotin ligase (BirA-

myc-SINC). 

 

Construct Primer name Primer Sequence 5' -> 3'  

pCDNA3.1-
BirA-SINC 

BirA070Fusion_F GTCAGGTACCGATGGGAATTAATCCAAGCGGTCAC 

 BirA070Fusion_R TGACCTTAAGTTAACCCTCTGATACAGTGAAAGCATCATAAG 

 

 

 

To generate stably transfected cells, HEK293 cells growing on 150-mm dishes were 

transfected with the BirA-myc-SINC or BirA-myc constructs using a scaled up reaction 

with Lipofectamine LTX reagent. After 48 hours, cells were placed under 500µg/mL 

G418 selection for two weeks, with media changes occuring every two days. Stable 

expression of BirA-myc-SINC or BirA-myc was assessed by IFA. Transfected HEK293 

cells stably expressing either BirA-myc (from pcDNA3.1 mycBioID) or BirA-myc-SINC 

were incubated 24 h in complete medium supplemented with 50 µM biotin. Five 150-mm 

dishes were used for each proteomic analysis. Biotinylated proteins were affinity-

captured as described (Roux et al., 2012; Van Itallie et al., 2014) with slight 

modifications. Briefly, cells were washed thrice with PBS and lysed in 5 mL lysis buffer 

Table 4.4: Primers used for ectopic expression of BirA-myc-SINC in HEK293 cells. 

Restriction sites highlighted in red.  
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[50 mM Tris, pH 7.4, 500 mM NaCl, 0.4% SDS, 5 mM EDTA, 1 mM DTT, 1x complete 

protease inhibitor (Roche)] and sonicated until the solution was homogeneous. Triton X-

100 was added to 2% final concentration. Lysates were then resonicated (5-10 s), 

supplemented with an equal volume of 50 mM Tris (pH 7.4, 4°C), and sonicated again 

(5-10 s). Lysates were centrifuged (20 min, 16,000g), and supernatants were incubated 

with 500 µl Dynabeads (MyOne Streptavidin C1; Life Technologies) overnight with 

rocking. Beads were collected and washed (10 min each, 25°C) sequentially as follows: 

twice in 1 ml wash buffer 1 (2% SDS in dH2O), once in wash buffer 2 (0.1% 

deoxycholate, 1% Triton X-100, 500 mM NaCl, 1 mM EDTA, 50 mM Hepes, pH 7.5), 

once with wash buffer 3 (250 mM LiCl, 0.5% NP-40, 0.5% deoxycholate, 1 mM EDTA, 

10 mM Tris, pH 8.1) and twice with wash buffer 4 (50 mM Tris, pH 7.4, 50 mM 

NaCl). Finally, beads were washed twice in 50 mM NH4HCO3 in preparation for mass 

spectrometry analysis.  

Trypsin digestion and preparation for mass spectrometry 

 

Beads were washed 5 times (400 µL each) in 25 mM NH4HCO3. On-bead tryptic digests 

were performed by adding 40 µL sequencing grade modified trypsin (0.02 µg/µL; 

Promega, Madison WI) in 25 mM NH4HCO3 and incubating 4 h at 37°C. Tubes 

containing the beads were placed on a magnetic stand and supernatants were collected. 

Beads were washed sequentially with 30 µL and 10 µL NH4HCO3, saving each 

supernatant. Supernatants were pooled and beads were discarded. DL-dithiothreitol (8 µL 

of 200 mM DTT; Sigma Aldrich) was then added to each solution and incubated 1 h at 

37°C. Proteins were alkylated for 45 min at room temperature in the dark with 32 µL of 

200 mM iodoacetamide (Sigma Aldrich), then quenched by adding 32 µL of 200 mM 
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DTT. Samples were trypsin-digested again (0.002 µg/µL, overnight, 37°C), then acidified 

by adding 10% trifluoroacetic acid to a final concentration of 1% and desalted on 

macrospin C18 columns (The Nest Group, Southborough, MA) per manufacturer’s 

instructions. Desalted peptide solutions were lyophilized and resuspended in 15 µL of 5% 

acetonitrile/0.1% formic acid.  

Nano-LC-MS analysis 

 

Samples were analyzed by electrospray ionization in the positive ion mode on a hybrid 

quadrupole-orbitrap mass spectrometer (Q Exactive™, Thermo Fisher, San Jose, CA) 

coupled with a nanoflow LC system (NanoAcquity, Waters Corporation, Milford, MA). 

A 100 µm i.d. x 20 mm pre-column was in-house packed with 200Å, 5 µm C18AQ 

particles (Michrom BioResources, Auburn, CA). A 75 µm i.d. x 180 mm analytical 

column was pulled using a P-2000 CO2 laser puller (Sutter Instruments Company, 

Novato, CA) and packed with 100 Å, 5 µm C18AQ particles. Mobile phase A was 0.1% 

formic acid in water. Mobile phase B was 0.1% formic acid in acetonitrile. For each 

injection, sample (5 µL) was loaded on the pre-column at 4 µl/min for 10 min, in loading 

buffer (5% acetonitrile, 0.1% formic acid). Peptide separation was performed at 250 

nL/min in a 95 min run, in which mobile phase B started at 5%, increased to 35% at 60 

min, 80% at 65 min, followed by a 5 min wash at 80% and a 25 min re-equilibration at 

5%. Mass spectrometry (MS) data were collected in top-20 data-dependent acquisition 

experiment with 70K resolution for the full MS scan, and 17.5K resolution for higher 

energy collisional dissociation (HCD) MS/MS scans. Precursor ions were selected from 

the full scan m/z range of 350-2000 with isolation width of 2 m/z and dynamic exclusion 

of 30 s. HCD fragmentation was performed at energy NCE = 35. Acquired tandem mass 
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spectra were searched against a Homo sapiens UniProtKB database using search engine 

Comet v2014.01. Precursor mass tolerance was set at 10 ppm and binning tolerance of 

0.05 was used on fragment ions. Semi and full trypsin digestion after K or R (except 

when followed by P) with up to 2 missed cleavages, carbamido-methylation as static 

modification and oxidation of methionine as variable modification, were defined as 

searching parameters. Peptide spectral matches were validated using PeptideProphet and 

ProteinProphet algorithms. Peptide and protein identifications were filtered at probability 

of 0.9 and 0.95, respectively. 

GFP-pull-down method 

 

GFP-pull-down with agarose beads coupled to Alpaca α-GFP antibodies (Chromotek, 

Planegg, Germany) was performed according to manufacturer’s instructions with some 

modifications. Briefly, transfected HEK293T cells transiently expressing SINC-GFP 

(1x150-mm dish) and mock-transfected cells were washed thrice with PBS and lysed in 1 

mL lysis buffer (10 mM Tris/HCL pH 7.5; 150 mM NaCl; 0.5 mM EDTA; 0.5% NP-40). 

Cells were placed on ice for 30 mins with extensive pipetting every 10 mins and 

sonicated once (5-10 s) in a Branson Sonifier 250 (Branson Ultrasonics, Danbury, CT). 

Lysates were spun at 20,000g for 10 mins and the supernatants were incubated with pre-

washed GFP-Trap-A for 2 h at 4°C. Beads were washed three times with ice-cold wash 

buffer (10 mM Tris/HCL pH 7.5; 150 mM NaCl; 0.5 mM EDTA), and immunocomplexes 

disassociated by boiling in SDS-PAGE sample buffer before analysis by immunoblot. 
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Chapter 5 – Overall Discussion 

 

Summary 

 

Historically, research focusing on C. psittaci in the 1960s and 1970s established 

much of the foundations of modern Chlamydia research. In addition to the initial 

observation of the projection-like structures by Akira Matsumoto (discussed in Chapter 

1), Matsumoto and Manire were also the first to describe the effects of penicillin on the 

morphology of C. psittaci using electron microscopy (Matsumoto and Manire, 1970). 

Other important initial work on Chlamydia that was done using C. psittaci includes the 

characterization of energy intermediates produced by the host cell and required by 

Chlamydia for its unique intercellular mode of growth (Hatch, 1975b), the first 

description of the structural properties of EBs (Narita et al., 1976), the isolation of the 

first chlamydiaphage (Storey et al., 1989), and the ability of C. psittaci to infect 

macrophages (Wyrick and Brownridge, 1978). However, the past several decades of 

molecular biology work, especially regarding the characterization of T3S effectors and 

the T3S injectisome, has focused away from C. psittaci and has instead focused on C. 

trachomatis, the prevalent human genital and ocular pathogen, or C. pneumoniae, another 

human respiratory pathogen (Betts-Hampikian and Kenneth A Fields, 2010; Mueller et 

al., 2013). 

In this thesis, I have begun to describe the properties of the first known 

chlamydial T3S effector not found in C. trachomatis, thereby expanding the body of 

knowledge on the molecular biology of chlamydial species in general (currently severely 

lacking for non-C. trachomatis species) and potentially providing a molecular basis for 

the observed differential pathogenic properties among species.  
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SINC was initially found as part of a result of a computational prediction screen 

of multiple Chlamydia genomes to obtain candidate T3S effectors coupled with a 

heterologous Yersinia secretion assay to validate the predicted candidates (Hovis et al., 

2013). Subsequently, SINC was found to inhabit a region of local genomic similarity 

(some would say, “synteny”) to the previously characterized effector CT694 from C. 

trachomatis. This finding hints at a possible ancestral relationship between the two 

proteins. SINC was also found to be expressed starting at 24 hours, in a similar fashion to 

CT694.  

By immunofluorescence of infected cells and ectopic expression studies, SINC 

was found to specifically target and accumulate in the nuclear envelope of infected cells. 

Similar SINC orthologs from C. caviae and C. abortus were also found to have this 

unique property.  Surprisingly, transfer of SINC to uninfected cells next to the infected 

cell containing the inclusion was also observed by immunofluorescence. Differential 

permeabilization studies confirmed that SINC specifically targets the INM compartment, 

while the transfection of GFP-fused SINC fragments and experiments with the importin-β 

inhibitor importazole established the likely role of NPC’s in SINC entry to the nucleus to 

access this compartment. Finally, proximity to many known INM proteins was 

established by biotin ligase tagging, and an interaction with the LEM-domain containing 

protein emerin was established by GFP-pull-down assays.  

Taken together, these data provide compelling evidence that C. psittaci and other 

chlamydial species utilize a novel T3S effector to target critical host cell functions at the 

nuclear envelope for their benefit.  
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SINC: the first of a novel class of T3S effectors? 

 

 As stated in the previous section, nearly all knowledge of T3S effector biology in 

Chlamydia spp. comes from studies with C. trachomatis and C. pneumoniae, as well as 

two species used in models of C. trachomatis oculo-genital infection, C. muridarum and 

C. caviae. Broadly and with only a few exceptions, these known and well-characterized 

effectors currently fall into one of two categories; the early-secreted, invasion-related 

effectors and inclusion membrane “Inc” class effectors. However, there is also a 

substantial number of hypothetical proteins that may be T3S effectors, thought to be 

secreted based on multiple lines of evidence (Mueller et al., 2013). The impact of these 

putative effectors in pathogenesis is unknown, and highlights the substantial gap of 

knowledge that currently exists in chlamydial T3S effector biology. 

The Inc effectors play crucial roles in the biogenesis and maintenance of the 

inclusion by participating in lipid acquisition and avoidance of the endosomal pathway 

(Moore et al., 2008; Mital et al., 2013), and there is substantial diversity among Inc’s 

among Chlamydia spp and among strains of the same species (Rockey et al., 2002; Kari 

et al., 2008; Lutter et al., 2012). This Inc diversity likely contributes to species and strain-

specific differences in inclusion maintenance. 

In contrast, early secreted effectors are associated with alterations of the host cell 

plasma membrane that are necessary for the internalization of bacterial pathogens and are 

currently smaller in number than the Incs. These effectors are expressed late in the 

developmental cycle (24 hpi or after), yet are “preloaded” into the T3S injectisomes of 

elementary bodies for secretion early-cycle. There exist only two well-characterized early 

effectors: TARP and CT694 (Clifton et al., 2004; Hower et al., 2009). Both are secreted 
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minutes after initial contact with the host cell. TARP recruits actin and is capable of 

initiating actin polymerization independently, or in conjunction with Arp2/3 (Jewett et 

al., 2006; Jiwani et al., 2012). CT694 has been shown to bind to the host protein 

AHNAK, by which it may also modulate the recruitment of actin (Hower et al., 2009). 

CT694 also contains a membrane localization domain similar to other T3S effectors from 

other bacteria, including YopE, ExoS, and SptP, fueling speculation that CT694 may 

actually reverse actin reorganization after invasion (Bullock et al., 2012). 

SINC does not appear to fit into either of these two broad categories. While it 

shares a late expression pattern with CT694, its unique nuclear envelope localization 

observed by immunofluorescence and ectopic expression studies merit its placement in 

an entirely new category of nuclear-localizing effectors. Studies to determine if SINC is 

preloaded and released early in a similar fashion to CT694 or TARP were not carried out; 

therefore the possibility of SINC acting as an “early effector” cannot be ruled out at this 

time.  

SINC, CT694, and chlamydial phylogeny 

 

SINC appears to have a distinct relationship with CT694 based on where the two 

genes for these otherwise distinct T3S effectors are placed in the C. psittaci and C. 

trachomatis genomes. Both sinC and ct694 are located downstream of a gene encoding a 

conserved phosphoglycerate kinase, and upstream of two ORFs encoding conserved 

hypothetical proteins. This remains true for all sinC/ct694 orthologs in all currently 

sequenced Chlamydia genomes without exception. In C. trachomatis, the two 

downstream genes encode CT695 and CT696 (Figure 2.2), of which CT695 is a known 

T3S substrate that interacts with chaperone protein Slc1 (Pais et al., 2013).  One may 
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speculate that ORF71 of C. psittaci CAL10, which has 25% identity to CT695, may also 

be a T3S substrate and that this group of genes including ORFs encoding CT696/ORF72 

may together form a small operon of T3S effectors. 

There are also striking correlations between the interrelatedness of SINC/CT694 

orthologs and overall chlamydial phylogeny. Transfection of GFP-fused proteins has 

established that C. caviae GPIC and C. abortus S26/3 also encode SINC-like NE 

effectors (Figure 2.4). C. felis strain Fe/C-56 encodes a similar protein with 54%, 56%, 

and 54% identity to C. psittaci CAL10, C. caviae GPIC, and C. abortus S26/3 orthologs 

respectively, making it especially likely that C. felis also encodes a SINC-like NE 

effector.  

Within the past several years, a new group of avian Chlamydia isolates have been 

obtained and their genomes sequenced. The result has been the addition of two new avian 

species to the Chlamydia genus: Chlamydia avium and Chlamydia gallinacae (Sachse et 

al., 2014), as well as a taxon with Candidatus status; Chlamydia ibidis (Vorimore et al., 

2013). Interestingly, these new avian species do not have similar SINC orthologs to C. 

psittaci CAL10, and instead the percent identity of the orthologs found in these genomes 

are in the 29-32% range.  

A list of all SINC orthologs from all 11 Chlamydia spp. and candidatus 

Chlamydia ibidis with their percent identities to either SINC or CT694 is presented in 

Table 5.1. Also included are three strains of C. psittaci that do not have similar SINC 

orthologs to CAL10, and instead have proteins that resemble the proteins from C. avium 

(C. psittaci strains 10_881_SC42 and 10_743_SC13, 99% identity) or candidatus 

Chlamydia ibidis (C. psittaci strain 10_1398_11, 100% identity).  These three C. psittaci 
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strains are in the minority – the other 35 strains uploaded to NCBI at the time of this 

writing all have SINC orthologs with 80.5% or greater identity to strain CAL10.    

 C. psittaci, C. caviae, C. abortus and C. felis encode the most conserved SINC 

orthologs with ~50% identity or greater, while C. suis, C. trachomatis and C. muridarum 

encode orthologs that most resemble CT694 with ~50% identity. Many proteins from the 

other species have intermediate or “mixed” homology. 

 

 

Species Strain Gene name 
Percent Identity to 

SINC 
Percent Identity to 

CT694 

C. psittaci CAL10 G5Q_0070 (SINC) 100 12.5 

C. abortus S26/3 CAB063 76 10.8 

C. caviae GPIC CCA_00062 54 14.2 

C. felis Fe/C-56 CF0942 54 13.6 

C. avium 10DC88 M832_08640 32 16.9 

C. psittaci 10_881_SC42 CP10881SC42_0293 31.2 17.8 

C. psittaci 10_743_SC13 CP10743SC13_0206 31.2 17.8 

C. gallinacea 08-1274/3 M787_0805 30 20 

Cand. C. 
ibidis 10-1398/6 H359_0134 29 14 

C. psittaci 10_1398_11 CP10139811_0815 29 14 

C. 
pneumoniae AR39 CP_0070 21.2 16.4 

C. pecorum E58 G5S_0369 17 19.1 

C. suis MD56 Q499_0753 14.6 47.6 

C. 
pneumoniae AR39 CP_0069 14.4 11.3 

C. muridarum NIGG TC_0066 13.9 53 

C. 
trachomatis Serovar D CT694 12.5 100 

 

 

 

 

Table 5.1: SINC and CT694 orthologs in all genome-sequenced Chlamydia species. Entries are 

sorted by percent amino acid sequence identity to SINC. C. psittaci strains are highlighted in red. 

Percent identities were generated with Uniprot alignments.  
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Interestingly, the three SINC-like NE effector encoding species along with likely 

SINC-like NE effector encoding C. felis cluster together when a phylogenetic tree of all 

Chlamydia spp. is generated using conserved genes (Figure 5.1). This clustering suggests 

that SINC and CT694 ortholog homology correspond to the overall relatedness of 

Chlamydia spp.  
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Indeed, when the SINC and CT694 orthologs from Table 5.1 are mapped on a tree based 

on sequence similarity, the result is a tree with groups resembling those of Figure 5.1 

(Figure 5.2). 
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Another tree generated with figtree and a bootstrapping algorithm illustrates the 

divergence of C. pecorum/C. pneumoniae, cand. C. ibidis, and C. avium/C. gallinacea 

into separate clades distinct from the “CT694-like” group and the “SINC-like” groups 

(Figure 5.3) 

 

 

 

 

 

 

 

Figure 5.3.  SINC and CT694 orthologs diverge into distinct clades. All entries from Table 5.1 

(gene names) were mapped phylogenetically using the Clustal Omega alignments Phylip output. The 

aln file was inputted into the RaxML phylogeny estimation program, and the resulting data visualized 

with figtree. Color numbers at divergence points indicate bootstrap values, with 100% corresponding 

to maximum confidence.  Figure produced with the help of Daniel Phillips. 
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The presence of several C. psittaci strains with SINC orthologs that closely 

resemble those of C. avium or candidatus C. ibidis suggests horizontal gene transfer 

within the avian host. Substantial evidence of lateral gene transfer events between 

genomes of Chlamydia spp. that can occupy the same inclusion has emerged from 

bioinformatics analysis of the sequenced genomes (Millman et al., 2001; Gomes et al., 

2004). Hybrid inclusions with DNA transfer events have also been demonstrated in vitro 

(DeMars et al., 2007; Suchland et al., 2009). However, the possibility that these C. 

psittaci strains are in fact other chlamydial species due to annotation error cannot be ruled 

out.  

While preliminary, these data suggest that CT694 and SINC have diverged from 

an ancestral gene in a common ancestor in a way that has closely mirrored the overall 

evolution of Chlamydia spp., perhaps to fulfill distinct roles in infection in different hosts 

and/or tissues. As more knowledge is gained on the role of SINC, CT694, and their 

orthologs in chlamydial infection, these differences may continue to shed light on the 

molecular mechanisms of tissue tropism and host specificity differences between 

Chlamydia spp. 

Modular organization of the SINC polypeptide 

 

In an attempt to characterize functional domains and generate a primary sequence 

map for SINC, different segments of the sinC sequence were cloned upstream of GFP to 

generate distinct overlapping GFP-fused SINC fragments in HeLa cells. These fragments 

showed different subcellular location(s) (Figures 3.3-4), suggesting SINC has multiple 

domains that mediate ER and INM-specific membrane association (residues 1-164), 

nuclear import (residues 151-341) and retention within the nucleus (residues 332-502). 
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This modular domain organization is consistent with other characterized T3S effectors 

from Gram-negative bacteria (Dean, 2011). Our results predict SINC has at least two 

separate domains that coordinately interact with NE proteins, because nuclear shape was 

highly abnormal in cells that expressed the N-terminal two-thirds of SINC (residues 1-

341; AB-GFP). Since many NE proteins form large multimeric complexes that 

coordinately participate in numerous host cell processes [(Georgatos, 2014), see below], 

it is not unexpected for SINC to have multiple binding partners at this site.  Future 

experiments should include GFP-pull-downs with these fragments to identity the emerin 

binding fragment as well as fragments that may bind to other NE proteins. 

 

The putative SINC NLS 

 

Some of the shorter truncations of at least 41 residues of the middle segment (B1, 

B1-3) generated clear nucleoplasmic localization of GFP, with the near complete 

abrogation of GFP signal outside of the nucleus (Figure 3.4). This pattern indicated that 

residues 218-239 may include an NLS capable of specifically bringing GFP into the 

nucleus. Deletion of residues 228-239 (the 11-mer that does not overlap with fragment 

B1-2) from the full length SINC sequence resulted in a polypeptide with severely 

diminished ability to enter the nucleus (Figure 3.4). These data suggest that this 11mer 

contains an NLS, although a role for residues 218-227 has not been ruled out since 

fragment Bl-3 contained these residues, yet SINC-GFP with a Δ228-239 deletion was still 

able to accumulate slightly in some parts of the envelope and also visibly distort nuclear 

shape. Supporting the role of an NLS recognized by importins, the small molecule 
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inhibitor of importin-β, importazole (Soderholm et al., 2011),  was able to block most 

SINC entry into the nucleus (Figure 3.5). 

It is known that NPCs do not permit transport of any molecule larger than 40kD, 

with passage becoming inefficient as molecular mass approaches the 20-40 kD range 

(Bonner, 1975; Paine et al., 1975; Ribbeck and Görlich, 2001). SINC has a molecular 

mass of ~54 kD; therefore, in order to access the INM and accumulate there in the 

manner observed, SINC likely requires an active mechanism of import. In this context, it 

would not be surprising that SINC has an NLS, although there remain several 

unanswered questions as to its precise nature and the mechanism of import. 

First, it is puzzling that a GFP fusion of the longer middle segment containing 

residues 151-341 only displays marginal enrichment inside the nucleus with substantial 

GFP signal left in the cytosol, since this segment also contains residues 218-239. It is 

possible that this larger segment folds in such a way to disrupt the ability of the NLS to 

be recognized, while it is unimpeded in the shorter fragments. Second, the 11mer stretch 

of fragment Bl-3 that did not overlap with B1-2 and was identified using the Δ228-239 

deletion construct as being important for nuclear import, is not well conserved in the 

SINC orthologs from C. caviae and C. abortus which also demonstrated NE-localization. 

Instead, the 218-227 upstream sequence displays greater identity between these species 

(Figures 2.6, 3.6).  

While requiring confirmation, it may be that only a few key residues are required 

in the 228-239 segment, such as the conserved positive R/K at position 233, and that 

these residues act in concert with the conserved segment at 218-225 to generate a 

functional NLS. 
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Overall, the SINC NLS may be a new sequence that depends on the classical 

importin-β at least in part, as suggested by the importazole result and the presence of 

importin-α, albeit with relatively low confidence, in one of the BioID screens (Table 4.3). 

SINC may also be recognized by one of the other importin-β family members of which 

there are over 20 in mammals (Ström and Weis, 2001). An alternative possibility is that 

SINC is transported via a “piggy-back” mechanism whereby SINC is physically 

associated with an NLS bearing partner, and the identified sequence is responsible for 

recognition of this partner. The detection of large SINC containing clusters by immuno 

electron microscopy is consistent with the notion that SINC does not travel alone from 

the inclusion to the nuclear envelope. 

As stated in chapter 3, the putative SINC NLS does not resemble the “classical” 

sequence recognized by importin α/β. Importantly, there are several other “non-classical” 

NLSs described in the literature, such as the PY-NLSs (Brittany J Lee et al., 2006), and 

the existence of many other nuclear proteins without clear described NLS sequences that 

still depend on importin-β family members (Twyffels et al., 2014).  

Future studies should attempt clarify the role of individual residues in the 218-239 

segment in SINC import into the nucleus, as well as identify any potential binding 

partners that may be responsible.  

 

SINC is proximal to ubiquitous INM proteins with diverse roles. 

 

Many bacterial T3S effectors are known to target nucleoplasmic components of 

the host cell nucleus. Plant pathogens such as Ralstonia spp. and Xanthamonas spp. 

harbor T3S systems that play a central role in pathogenesis (Buttner and He, 2009). In a 
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well characterized example from plant pathogens, the Transcription Activator-like (TAL) 

family of effectors includes NLS sequences to enter the plant cell nucleus as well as 

DNA recognition motifs to directly alter transcription (Voytas and Joung, 2009). 

Mammalian pathogens such as Shigella spp., Yersinia spp. and Salmonella enterica 

serovars. secrete nuclear T3S effectors to modulate the host cell cycle, transcription, and 

cell signaling pathways (Haraga and Miller, 2003; Cornelis, 2006; Iwai et al., 2007; 

Mccoy et al., 2010; Dean, 2011). Modulation of nuclear function has also been recently 

observed in C. trachomatis, with evidence of a T3S effector dubbed NUE being able to 

target mammalian histones inside the nucleus (Pennini et al., 2010), as well as CT311, 

another chlamydial protein which appears to contain a functional NLS (Lei et al., 2013). 

However, the targeting of a bacterial protein specifically to the nuclear envelope of 

eukaryotic cells is unprecedented in biology, and reveals a novel interaction of 

Chlamydia with its eukaryotic host.   

While Chlamydia spp. appear to contain several T3S effectors that target the 

nucleus, it is important to note that growth of both C. trachomatis and C. psittaci has 

been observed in enucleated cells (Hatch, 1975a; Perara et al., 1990), therefore nuclear 

T3S effectors are not explicitly required for the growth of Chlamydia spp. in cell culture. 

Effectors like SINC, NUE, and CT311 may therefore be involved in modulating the 

interaction of Chlamydia with a multicellular host, potentially at the level of cell-cell 

communication or evasion of the immune system. The observation that SINC has the 

ability to travel to neighboring uninfected cells further suggests that SINC function may 

be important at the level of a multicellular host (see below). 
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Based on the results of differential permeabilization IFA studies and of BioID, 

SINC appears to associate specifically with the INM and is proximal to many proteins at 

this compartment, including emerin, MAN1, LAP1 and LBR. It must be noted that SINC 

proximity to these four particular INM proteins was not 'pre-ordained'. The human 

genome encodes five other LEM-domain proteins (Berk, Tifft, et al., 2013) and at least 

200 other NE membrane proteins (Schirmer, 2003; las Heras et al., 2014), most of which 

are uncharacterized. A subset of INM proteins including emerin, MAN1, LBR and LAP1 

is widely expressed and ubiquitous in human cells, whereas many others are limited to 

specific tissues (Zuleger et al., 2013). SINC proximity to ubiquitous NE proteins suggests 

SINC targets NE function(s) or pathway(s) that are essential or conserved in a broad 

spectrum of host tissues, consistent with the broad range of hosts and tissues C. psittaci 

can infect.  

Common features of these INM proteins appear to be association with chromatin 

and/or nuclear lamins (Hetzer, 2010).  Furthermore, many of these proteins interact with 

each other and likely form large multimeric complexes with multiple functions (Holmer 

and Worman, 2001). For example, LAP1 has been recently shown to co-

immunoprecipate with emerin and play a role in the maintenance of muscle, as 

conditional knockdown of LAP1 from striated muscle causes muscular dystrophy in 

mice. This pathology is worsened in mice with both LAP1 and emerin depleted (Shin et 

al., 2013). Since emerin has also been previously shown to interact with lamin A 

(Clements et al., 2000), and mutations in this gene also cause Emery–Dreifuss muscular 

dystrophy (Bione et al., 2004), it is likely that these proteins act as a complex for a 

critical function within muscle (Shin, Le Dour, et al., 2014).  MAN1 is also required for 
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the formation of eye, skeletal, and cardiac muscles in the Xenopus laevis model, and this 

phenotype is partially rescued by ectopic expression of emerin (Reil and Dabauvalle, 

2013). Although poorly documented, it is potentially relevant that some of the reported 

complications of psittacosis in humans include pericarditis, endocarditis, myocarditis and 

myalgia (Salisch et al., 1996).  

Moreover, these INM proteins also have diverse roles in NE structure (Fridkin et 

al., 2008; Simon and Katherine L Wilson, 2011; Sosa et al., 2013; Berk et al., 2014), cell 

signaling (Huber et al., 2009; Méndez-López and Worman, 2012), gene regulation 

(Demmerle et al., 2012; Amendola and van Steensel, 2014), heterochromatin 

organization (Solovei et al., 2013), cholesterol synthesis (Olins et al., 2010), circadian 

rhythm (Lin et al., 2014), F-actin regulation in both the cytoplasm and nucleus (Ho et al., 

2014) (Grosse and Vartiainen, 2013), and autophagy (Deroyer et al., 2014; Park et al., 

2014). These functions include many pathways interfered with or exploited by Chlamydia 

spp; including transcription with the histone methylating effector NEU (Pennini et al., 

2010), autophagy (Yasir et al., 2011), and cholesterol synthesis (Carabeo et al., 2003). 

Interestingly, LAP1 is known to be cleaved by CPAF, a protease released in the cytosol 

of Chlamydia-infected cells very late in development after lysis of the mature inclusion 

(Snavely et al., 2014). However, since C. trachomatis does not encode SINC, it is unclear 

how this observation may correlate with our findings. 

The biological impact(s) of stable SINC association with the INM in C. psittaci-

infected cells remains an important open question. Collectively the SINC-proximal 

proteins provide a blueprint for future studies to map SINC functional domains, and 
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understand how and why SINC targets the NE and other host pathways during 

chlamydial infection.   

  

 

SINC interacts with emerin 

 

SINC-GFP was found to co-immunoprecipate with emerin by GFP pull-down, 

suggesting that SINC may modulate the function of this protein specifically. Emerin has 

an interesting history. It was initially discovered from a genetic screen to map mutations 

responsible for Emery-Dreifuss muscular dystrophy (EDMD) (Bione et al., 2004). As 

stated in the previous section, this fact highlights the role of emerin and other LEM-

domain proteins in muscle maintenance. The symptoms of EDMD include general 

weakness and skeletal muscle wasting that progresses over many years (Helbling-Leclerc 

et al., 2002). In some cases, patients with EDMD develop cardiac conduction defects that 

can cause cardiac arrest (Vohanka et al., 2001). Albeit speculative, these are generally 

consistent with observed sequelae of C. psittaci infection both in humans and birds. 

Ironically, the discovery of emerin as a binding partner does not generate much 

new insight into SINC function; emerin has ~20 binding partners as part of what is likely 

a large multimeric complex at the NE and contributes to an enormous variety of 

subcellular processes. These processes include chromatin tethering (Demmerle et al., 

2012), nuclear structure (K K Lee et al., 2001), transcriptional regulation (Holaska et al., 

2006), signaling (Ho et al., 2014), and cell division (Liu et al., 2003). Emerin is well 

known for being one of seven LEM-domain-containing proteins at the human nuclear 

envelope, and the main known function of the LEM-domain is to bind to BAF, which in 



107 

 

turn mediates an interaction with chromatin and participates and many of the 

aforementioned processes (Shimi et al., 2004). Interestingly, BAF also participates in the 

integration of retroviral genomes by stabilizing pre-integration complexes (Suzuki and 

Craigie, 2002). BAF also binds to structural components of HIV virions (Mansharamani 

et al., 2003), and it is known that BAF and LAP2 are required for Moloney murine 

leukemia virus infectivity (Suzuki et al., 2004). Therefore, Chlamydia would not be the 

first pathogen described to coopt a LEM-domain protein and its partners. 

SINC was also found to target the nuclear envelope of S. cerevisiae, which does 

not have a conserved emerin homolog or lamins. However, yeast do have other LEM-

domain proteins such as LEM2 and MAN1 that functionally overlap with emerin 

(Gonzalez et al., 2012), further suggesting that SINC may target other INM or LEM-

domain proteins at the nuclear envelope.  

 A recent study by Berk et al. has determined that the emerin primary sequence 

has multiple regions of high-predicted intrinsic disorder, and suggested intrinsic disorder 

may play an important role in mediating the interaction of emerin with itself and other 

NE proteins (Berk et al., 2014), (Figure 5.4). 

 

 

 

Figure 5.4.  Predicted intrinsic disorder in emerin . Intrinsic disorder of the emerin primary 

sequence is predicted by PONDR-FIT (blackline; Xue et al., 2010) or PONDR-VLXT (blue line; gray 

shadows indicate prediction error; Romero et al., 2001). Adapted from Berk et al, 2014.  

 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CB4QFjAA&url=http%3A%2F%2Fwww.uniprot.org%2Ftaxonomy%2F11801&ei=HRtIVLhntZGxBM_kgPgC&usg=AFQjCNFJdVycm_eg1AIyQF3AhVMPPJ8ogQ&sig2=YtKF_qRHLxOW_V9L9yKjFw&bvm=bv.77880786,d.cWc
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CB4QFjAA&url=http%3A%2F%2Fwww.uniprot.org%2Ftaxonomy%2F11801&ei=HRtIVLhntZGxBM_kgPgC&usg=AFQjCNFJdVycm_eg1AIyQF3AhVMPPJ8ogQ&sig2=YtKF_qRHLxOW_V9L9yKjFw&bvm=bv.77880786,d.cWc
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 “Intrinsic disorder” is defined simply as the lack of a stable tertiary structure; 

there is now some evidence to suggest that intrinsic disorder may be important for 

binding targets with high specificity and low affinity, as well as allowing for a diversity 

of targets and multiple partners (Iakoucheva et al., 2002). Further, some studies have 

suggested that intrinsically disordered proteins are uniquely suited for signaling or for 

regulation by non-catalytic binding interactions (Dunker et al., 2002; Uversky, 2013). 

These considerations place emerin within a group of ~30% of eukaryotic proteins that 

lack a stable tertiary structure, and suggests that intrinsic disorder may be an important 

factor in determining molecular interactions at the NE. 

The SINC primary sequence was submitted to the same two intrinsic disorder 

prediction algorithms used in the Berk study, PONDR-FIT and PONDR-VLXT (Romero 

et al., 2001; Xue et al., 2010). Interestingly, predicted disorder from both algorithms was 

generally very high at the N-terminal half of the protein (Figure 5.5). 

 

 

 

Figure 5.5.  Predicted intrinsic disorder in SINC. Intrinsic disorder of the SINC primary sequence 

is predicted by PONDR-VLXT (right; Romero et al., 2001,) or PONDR-FIT (left; Xue et al 2010).  
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 Both algorithms gave very high disorder scores around amino acids 100-300; this 

region encompasses much of the residues 1-341 “AB” SINC fragment that was seen to 

distort nuclear shape (Figure 3.3).  

Overall, high-predicted intrinsic disorder in both SINC and emerin supports a role 

for the importance of intrinsic disorder in modulating SINC interaction to emerin and 

potentially other NE proteins. Future studies should determine the role of the disordered 

N-terminal region of SINC in its interaction with emerin or potentially other NE proteins.  

 

 

 

SINC transport to neighboring cells 

  

The observation that SINC is translocated to neighboring uninfected cells 

represented a genuine mystery when it was first observed, and little progress has yet been 

made in solving this unique question. The odd neighboring cell staining was initially 

discovered accidently – inclusions from a low MOI infection were stained with SINC 

antibody by another student in the lab (Daniel Phillips, who could not locate MOMP or 

EF-Tu antibody normally used for this purpose). What resulted was the observation that 

single, isolated inclusions appeared to radiate SINC staining out in all directions whereby 

SINC was detected at surrounding nuclei with a polar effect, similar to a single light bulb 

(the inclusion) shining light on objects surrounding it (Figures 2.4, 3.5-6). The fact that 

all of stained nuclei, apart from that in the infected cell, were in other cells and thus 

separated by two plasma membranes does not seem to affect staining. Physical distance 

from the inclusion appears to be the only factor impacting staining intensity, as nuclei 
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further away from SINC producing inclusions had a decreased level of staining compared 

to closer nuclei.   

Interestingly, there is no evidence that transfected SINC-GFP is able to 

translocate to other cells as this “light bulb effect” has never been observed with 

transfected cells (Figure 2.5); this strongly suggests that the SINC-GFP fusion is unable 

to travel to neighboring cells. The apparent absence of SINC-GFP translocation to 

neighboring cells was due to one of two possibilities: 1.) the GFP tag interferes with the 

mechanism of neighboring cell translocation or 2.) another chlamydial factor(s) is 

required. An experiment to transfect cells with tagless-SINC ruled out the former 

explanation, as the “light bulb effect” was again not observed (Figure 3.7). Consequently, 

it appears that other chlamydial factors are required.  

One potential mechanism to explain the transfer of molecules from one cell to 

another is that of extracellular vesicles, dubbed “exosomes”. Exosomes are small (50-100 

nm) vesicles, formed by ‘budding’ into late endosomes, which are secreted by eukaryotic 

cells as a mechanism to deliver signaling molecules including RNA, lipids or proteins, 

and thereby communicate with other cells. Exosomes can be exploited by pathogens of 

humans, including Mycobacterium tuberculosis, to deliver bacterial or viral gene 

products (Fleming et al., 2014), or, in the case of HIV-1, potentially the pathogen itself 

[‘Trojan horse’ hypothesis; (Gould et al., 2003)]. Over 40 distinct mycobacterial gene 

products were identified in exosomes isolated from M. tuberculosis-infected cells (Giri et 

al., 2010).  
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SINC packaging within exosomes and release at the cell surface for uptake by 

neighboring cells was a plausible hypothesis, and a relatively easy one to test with 

exosome inhibitors and the transfer of infected cell medium to uninfected cells.  

Known exosome inhibitors BAPTA-AM, GW4869 and omeprazole were tested 

along with vesicular trafficking and cytoskeletal inhibitors brefeldin A and nocodazole as 

is detailed in chapter 3. Results from these experiments initially seemed to suggest to us 

that exosomes may be involved, as BAPTA-AM and GW4869 produced a statistically 

significant reduction in the amount of SINC in all nuclei compared to the amount in 

inclusions by IFA (Figure 3.6). However, several caveats to these results weaken the 

exosome hypothesis. First, exosome inhibitors are known to be pleiotropic such that non-

specific effects on cell or chlamydial growth that could indirectly impact SINC 

expression or translocation cannot be eliminated. Second, the inhibitors interfered with 

SINC translocation from the inclusion to the nucleus within the infected cell. Third, the 

light-bulb effect is inconsistent with an exosome-based mechanism as exosomes should 

be able to readily diffuse to all sides of a neighboring cell, not selectively the most 

inclusion-proximal face such that nuclear envelope staining should be uniform. Taken 

together, the results suggest that the inhibitors may not be acting on a putative 

intercellular SINC transport through exosomes. Instead, they may be inhibiting some 

other process(es) affecting intracellular SINC transport from inclusion to nucleus.  

To investigate the exosome hypothesis for SINC transport in another more direct 

way, a medium transfer experiment was performed. Medium from infected cells at 36 

hpi, presumably containing SINC exosomes, was transferred to an uninfected cell 

monolayer and the presence of SINC tested by IFA several time points post medium 
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transfer as detailed in chapter 3. The vast majority (>99%) of cells did not have any 

detectable SINC up to 12 hours post medium transfer, strongly suggesting that exosomes 

within the medium do not contain SINC. Overall, the results of these experiments 

strongly suggest that exosomes are not responsible for SINC transport to neighboring 

cells.  

The manner by which SINC transports itself to neighboring cells is then left as an 

important open question. SINC might reach neighboring cells by a mechanism involving 

the construction of cell-cell junctions by Chlamydia. The construction of such junctions 

would be necessary due to the fact that well established communicating junctions (gap 

junctions) are typically only permeable for molecules up to 1 kD in molecular mass (Cao 

et al., 1998). Passage through these junctions is also dependent on charge and the 

connexin proteins that constitute the channel, which have different permeability 

properties (Weber et al., 2004; Eckert, 2006; Kanaporis et al., 2011).  

There is another mechanism of intercellular communication, in addition to 

exosomes and gap junctions, that has emerged in the last ten years that may provide a 

plausible explanation for the travel of SINC to neighboring uninfected cells. These are 

thin, membranous bridges that connect the cytoplasms of two cells dubbed “tunneling 

nanotubes” (TNTs). TNTs were first discovered in rat pheochromocytoma cells as small 

tubes 50-200 nm in diameter connecting cells up to several cell diameters away; 

Subsequently these structures have been described in other cell types including epithelial 

cells, fibroblasts, neurons, and immune cells (Gerdes et al., 2013). These structures have 

also been shown to mediate the intercellular transfer of cytoplasmic molecules such as 
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EGFP-actin, organelles such as mitochondria, and large pathogenic molecules such 

prions and HIV virions (Kimura et al., 2012).  

SINC is an ~54 kD protein, therefore these hypothetical Chlamydia-constructed 

TNTs would be suitable for the transport of this protein to neighboring cells. TNT 

transport would also be consistent with SINC proximity to several vesicular trafficking 

proteins in the BioID assay (Tables 4.2-3), as these structures have been observed to 

support long distance vesicular trafficking between cells (Rustom et al., 2004; Önfelt et 

al., 2006). Chlamydia-constructed TNTs would also change the permeability of infected 

cells to small molecules such as fluorescent dyes, allowing this hypothesis to be tested 

with the mixing of dye-labeled-infected and unlabelled-uninfected cells.  

In the future such experiments could continue to shed light on the mysterious 

manner by which SINC transfers itself to uninfected cells. This is a particularly important 

area of future work, as C. psittaci is distinguished from C. trachomatis by its ability to 

cause systemic infection in birds and humans (Stewardson and Grayson, 2010; Knittler et 

al., 2014). The ability of C. psittaci to broadly disseminate a secreted protein to the INM 

of uninfected cells thus has wide pathogenesis implications. 
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Appendix 1 – Unsuccessful attempts at interacting partner identification 

 

Introduction  

 

Upon the initial discovery of SINC localization and accumulation at the nuclear 

envelope, finding an interacting partner for SINC at this site was a priority. To this end, I 

attempted multiple techniques that have been traditionally used for this purpose before 

moving to the biotin ligase experiment (BioID). These techniques included co-

immunoprecipitation, polyhistidine tag pull-down, far-western blot and a yeast-2-hybrid 

screen. None of these techniques yielded usable data, consistent with previous 

observations on the difficulty of studying NE protein interactions (Roux et al., 2012; 

Kubben et al., 2014). They are presented here as useful information for students 

attempting to study protein-protein interactions of nuclear envelope proteins.  

   

Early co-immunoprecipation attempt 

 

Early co-immunoprecipation experiments utilized a commercially available IP kit 

involving DSS crosslinker. (Pierce Crosslink IP kit #26147). I coupled antibody against 

SINC to the protein A beaded agarose resin and attempted to capture SINC or SINC-GFP 

along with potential interacting proteins in the column after washing. The sample 

consisted of C. psittaci-infected HeLa cell lysates and/or HeLa cells transfected with the 

SINC-GFP construct. Any non-SINC proteins found in the eluates would have been sent 

for mass spectrometry analysis at the UMB core facility.  

Several protocol modifications were attempted in an attempt to improve antibody 

immobilization on the resin or increase the amount of protein captured (see methods). 
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However, specific bands pertaining to SINC or to partners were never detected. 

Representative results of a typical experiment are presented in Figure A.1.  

 

 

 

PulPuf 

  

 

Techniques using recombinant SINC with a poly-histidine tag 

 

Next, a histidine pulldown method was attempted using talon nickel-affinity resin, 

an E. coli BL21 lysate containing SINC recombinantly expressed with an N-terminal 

polyhistidine tag, and HeLa cell lysates. SINC was first bound to a column containing the 

resin by running the BL21 lysate through and washing; the HeLa cell lysate was 

Figure A1.1.  Representative results of unsuccessful co-immunoprecipitation attempts. SINC-

GFP and interacting partners were not successfully purified using crosslinked antibody on protein A 

resin. Shown is a Coomassie stained SDS-PAGE gel containing the following samples: ET = eluate 

from transfected cells, EnT = eluate from nontransfected cells,  FT-T = flowthrough lysate from 

transfected cells, FR-nT = flowthrough lysate from transfected cells,  T-L= transfected cell lysate 

before passage through column, nT-L = nontransfected control lysate before passage through column, 

FT1 = initial flow through after binding of antibody, before crosslinking,  FT2 = flowthrough after 

antibody crosslinking, before passage of cell lysate.  L= protein ladder 
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subsequently applied to the column, before washes and elution with imidazole. A control 

experiment with uninduced BL21 lysate (no SINC) was also used. Any bands that eluted 

with His-SINC only were to be identified with SDS-PAGE and sent for mass 

spectrometry analysis at the UMB core facility.  

This experiment was attempted twice; no bands corresponding to specific non-

SINC proteins were detected in either attempt. Efforts were also complicated by the 

tendency of His-SINC to self-cleave, giving an atypical ~45 kD band in some 

experiments. Representative results are presented in Figure A.2.  

 

 

 

Figure A1.2.  Representative results of unsuccessful His-pulldown attempts. His-SINC and 

interacting partners were not successfully purified using Talon nickel affinity resin. Shown are 

Coomassie stained SDS-PAGE gels from one experiment using two columns; one with BL21 lysate 

expressing His-SINC and the other with a control lysate.  They contain the following samples in the 

order they were applied to the column, exluding the ladder, from left to right: C L = control BL21 

lysate, W1-2 = washes 1-2, H = HeLa lysate flowthrough after incubation,  W3-4= third and fourth 

washes, E1-3 = elutions 1-3.  L= protein ladder. Atypical bands corresponding to cleaved SINC are 

present in the elutions on the bottom gel, particularly E2.  
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Following these two attempts, a final attempt with recombinant His-SINC was 

made to identify a partner. This time the far-western-blot technique was employed; a 

HeLa cell lysate was run on SDS-PAGE and transferred to a PVDF membrane, followed 

by blocking of the membrane, the incubation of BL21 lysates containing or not 

containing recombinant His-SINC, and the probing with primary and secondary 

antibodies against His-SINC. Any extra bands that clearly appeared in the His-SINC 

sample and not in the sample probed with control lysate were to be investigated further. 

Like the two previous attempts, no specific bands were found that clearly 

corresponded to specific binding of His-SINC to a protein on the membrane. This 

experiment was also attempted twice. Representative results are presented in Figure A.3. 
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Yeast-2-Hybrid screen attempt 

 

 Lastly, another attempted technique for the identification of SINC interacting 

partners was the Yeast-2-Hybrid screen. This technique had one main advantage over the 

previous ones; the potential to screen thousands of putative interactors in a relatively 

Figure A1.3.  Representative results of unsuccessful Far-western blot attempts. A SINC 

interacting partner was not successfully identified with Far-western blots. Shown are two western blots 

from one experiment using two membranes at two exposure times; one membrane was probed with 

BL21 lysate expressing His-SINC (right, both panels) and the other was probed with a control lysate 

(left, both panels).  CL = control BL21 lysate.  SL = His-SINC containing BL21 lysate. Following 

exposure to the lysates overnight, the membranes were probed with anti-His primary antibody and an 

anti-Mouse HRP secondary. Longer exposure time (bottom) reveals a similar banding pattern present 

in control sample that is also present in His-SINC sample, albeit at lower intensity.  
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short time. The goal was to obtain some “hits” of possible SINC partners that would then 

be subsequently tested with other techniques. 

 The Matchmaker Gold Yeast-2-Hybrid System from Clontech was utilized for 

this screen. The basic contents of this system consists of two yeast strains and two 

plasmids: The Y2H Gold “bait” strain and the Y187 “library/prey” strain, as well as 

plasmids pGBKT7 (“bait plasmid”, contains Trp biosynthesis gene and adds GAL4 DNA 

binding domain to inserted gene product) and pGADT7 (“prey plasmid”, contains Leu 

biosynthesis gene and adds GAL4 activating domain to inserted gene product). The yeast 

strains are both auxotrophic for leucine, tryptophan, histidine, and alanine; useful 

characteristics for selection of transformed yeast and for the use of reporter genes.  

 The principle behind the Yeast-2-Hybrid screen is that a diploid yeast cell 

containing both plasmids would only assemble a functional GAL4 transcription factor if 

the two proteins cloned in both plasmids interact. Then, the following reporter genes 

would be activated that allow the yeast to grow on the plate: AUR1-C for an enzyme that 

confers resistance to highly toxic drug aureobasidin A (AbA), and HIS3 and ADE2 for 

histidine and adenine biosynthesis, respectively. In addition, the fourth reporter gene, 

MEL1, codes for alpha galactosiadase which cleaves X-α-gal yielding a blue product and 

giving easily identifiable blue colonies.  

 Preliminary steps before conducting the screen included a control hybridization 

experiment using provided proteins (p53 cloned into PGBKT7 and SV40 large T antigen 

cloned into PGADT7) known to interact and recommended by Clontech, the verification 

that transformed yeast expressed the fusion proteins as expected via western blot, and the 

testing of both the Y2H Gold strain by itself and Y2H/Y187 diploids containing empty 
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pGADT7 and pGBKT7-SINC for autoactivation of reporter genes by SINC-

GAL4DNABD. Yeast strains expressed fusion proteins as expected, control interactions 

provided by Clontech did activate reporter genes, and SINC-GAL4DNABD did not 

activate reporter genes. In addition, several direct matings were conducted, among them 

SINC-pGBKT7 mated with Lamin-A-pGADT7 as well as with SINC cloned into both 

plasmids. None of the direct matings activated reporter genes. 

All of the aforementioned steps verifying that the system functions properly were 

executed without incident, thus giving a “green light” to proceed with the screen utilizing 

SINC cloned into pGBKT7 as bait and a HeLa cDNA library cloned into pGADT7 as 

prey.  Per directions by Clontech (see Methods), a pre-grown 50 mL culture of Y2H Gold 

transformed with SINC-PGBKT7 was mixed with the Y187 library containing HeLa 

cDNA cloned into PGADT7 in a two liter flask and mated for 20-24 hours. The culture 

was subsequently spun down and plated on SD plates lacking leucine and tryptophan and 

containing X-α-gal and AbA. Blue colonies were to be picked and their cDNA sequenced 

for potential SINC interactors. 

 However, many non-blue colonies were able to grow on the plates, and these 

constituted the vast majority. Those that did appear blue did not grow again once picked. 

After two screen attempts this experiment was abandoned in favor if the biotin ligase 

approach.  

 

Discussion 

 

The early co-immunoprecipitation attempt was of limited usefulness; likely due to 

the localization and overall properties of SINC and its partners. Since it is known that 
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SINC localizes specifically to the nuclear envelope or is closely associated with it, an 

interacting protein is likely to be either integrally or peripherally associated with one or 

both nuclear membranes, presenting additional challenges to the co-IP method because 

the SINC/target complex must be efficiently freed from the membrane without disrupting 

their interaction. This is especially important when one does not know what to look for in 

the eluted sample; necessitating the need for Coomassie staining and mass spectrometry 

in this case. Unfortunately, the sensitivity of the technique is limited as a portion of 

SINC/partner complexes will be in the insoluble fraction of any lysate due to the 

hydrophobic nature of membrane proteins. As a consequence, the technique has very low 

sensitivity and will not detect low abundance complexes.  

Typically, all lysis buffers are non-denaturing and all wash buffers have low ionic 

strength to avoid disrupting native protein confirmations and protein-protein interactions. 

In this case, the lysis conditions must be harsh enough to efficiently extract the complex 

from the cell debris. Faced with this challenge, I attempted to use various lysis buffers in 

my co-IP experiment made with different detergents, including Triton X 100 and 

CHAPS, and even a denaturing buffer such as RIPA. None were successful in pulling out 

a binding partner in sufficient enough quantities to be visible in an SDS-PAGE gel.  

The His-pulldown attempts were associated with several problems. First, changes 

in conformation with one or both partners associated either with the polyhistidine tag or 

the lysis of HeLa cells with RIPA buffer may have interfered with targets binding to the 

recombinant protein. Second, the tendency of recombinant His-SINC to cleave into a 

smaller fragment may have also interfered with the binding of targets.  Finally, like the 
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early co-IP this technique was of limited sensitivity due to its reliance on Coomassie 

staining. Any putative low abundance target proteins would not be detected. 

The far-western blot attempts suffered from one of the same limitation as the His-

pulldown in that changes in conformation could have interfered with recombinant SINC 

binding to its targets. There was also the additional difficulty of detecting specific bands 

that were different from the control blot. 

The Yeast-2-Hybrid screen initially represented a promising alternative to screen 

for potential interactors. Yet, no positive colonies were found in two screening attempts. 

This is a curious result, as Yeast-2-Hybrid is notorious for being prone to high numbers 

of false positives (Deane et al., 2002). However, putative interactions between SINC and 

its partners under this system take place within the yeast cell nucleus that is missing 

many of the mammalian proteins that are present at this site. In the context of NE biology 

this could present a significant problem, as many of these membrane proteins assemble 

into multimeric complexes and thus may not behave normally within the yeast cell when 

expressed. Further, expressed fusion proteins may not be able to fold properly or have the 

normal post-translational modifications required for function. Therefore, although yeast-

2-hybrid was worth attempting with SINC, it did not prove to be useful.  

Overall, all of these attempts highlight the difficulty of detecting unknown 

interactions of a membrane protein complex when one does not have some indication of 

what to look for. All of these techniques would have almost certainly been more fruitful 

if they had been attempted after the BioID technique, which gave crucial information on 

proximal proteins that could have been blotted for in elutions, or could have been direct 

mating attempts with Yeast-2-Hybrid.  
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Materials and Methods 
 

Co-immunoprecipitation 

 

Co-immunoprecipitations were attempted with Pierce Crosslink IP kit #26147 according 

to the manufacturer’s instructions, with some modifications. Briefly 20μL of the resin 

slurry was added into a Pierce Spin Column and centrifuged at 1000 × g for 1 minute. 

The resin was washed 2x with 200μL of 1X Coupling Buffer. Antibody was prepared for 

coupling by adding add 5μL of 20X Coupling Buffer, 85μL of water and 10μL of 

antibody directly to the resin in the column. The column was incubated on a rotator or 

mixer at room temperature for 30-60 minutes, and the flow-through was saved for SDS-

PAGE analysis. The column was then washed thrice with 1x Coupling Buffer, before the 

addition of 50µl of 450μM DSS. The column was incubated on a rotator or mixer at room 

temperature for 30-60 minutes, before being washed thrice with 100 µl elution buffer to 

remove noncrosslinked antibody, then twice with 200µl lysis/wash buffer. Infected or 

transfected cell monolayers were lysed with lysis/wash buffer, the cell debris pelleted (10 

min, 13,000g), and the supernatants incubated on a column containing control agarose 

resin to pre-clear non-specific interactions to the agarose. The pre-cleared lysate was then 

added to the immobilized antibody and incubated at 4ºC overnight. The following day, 

columns were washed twice with lysis/wash buffer, once with conditioning buffer. 

Captured proteins were then eluted in 60 µl of elution buffer. Samples were subsequently 

analyzed by SDS-PAGE and Coomassie blue staining. Several attempts were made with 

this approach both with transfected and infected cells; various modifications were also 
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attempted including adding 2-3x antibody to the columns, sonicating lysates without 

centrifugation before adding them to the control agarose, and the use of different buffers 

containing different detergents (1% CHAPS or NP-40). 

 

Histidine pulldown 

 

A sinC PCR product containing engineered Nde1 and Xho1 sites was generated in a two-

step reaction to remove an endogenous Xho1 site. This product was cloned into the 

pET19b vector giving SINC an N-terminal polyhistidine tag. The primers used for this 

cloning are presented in Table A1.1.  

Construct Primer name Primer Sequence 5' -> 3'  

pET19b-His-SINC 

CAL10-

0062_F_Nde1_Pet19b 
GTCACATATGGGAATTAATCCAAGCGGTCAC 

 

CAL10-

0062_R_Xho1_Pet19b 
TGACCTCGAGACCCTCTGATACAGTGAAAGCATCATAAG 

 062_MidF_Pet19b GAGCACTAGCTCTAGTTCTTTGG 

 062_MidR_Pet19b CCAAAGAACTAGAGCTAGTGCTC 

pGBKT7-SINC-myc-

DNABD and 

pGADT7-SINC-HA-

AD 

070_pGBKT7_Nde1_F GTCACATATGATGGGAATTAATCCAAGCGGTCACAG 

 070_pGBKT7_Xma1_R TGACCCCGGGTTAACCCTCTGATACAGTGAAAGCATCATAAGC 

 

 

 

Recombinant SINC was expressed in BL21 E. coli with an N-terminal poly-His tag. The 

culture was spun down and resuspended in 5 mL of equilibration buffer (50 mM sodium 

phosphate, 300 mM NaCl, pH 7.0) and was lysed by passage through a French pressure 

cell twice followed by three ten second bursts of sonication using a Branson Sonifier 250. 

His-SINC was immobilized on a 5mL polypropylene column (Thermo Scientific) with 

Talon metal affinity Resin (Clontech, Mountain View, CA). HeLa cell lysate in 

Table A1.1: Primers used in cloning SINC to pET19b, pGBKT7 and pGADT7. 

Restriction sites highlighted in red. Mutations highlighted in blue.  
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equilibration buffer similarly lysed by passage through a French pressure cell twice 

followed by three ten second bursts of sonication using a Branson Sonifier 250 was then 

passed through the column. The column was washed thrice with 5 mL equilibration 

buffer per wash, followed by three elutions with equilibration buffer containing 150 mM 

imidazole. Samples were subsequently analyzed by SDS-PAGE and commassie blue 

staining. 

 

Far-western blot 

 

The far-western blot consisted of a basic immunoblotting protocol with one major 

modification. Cell lysates were harvested in RIPA buffer containing Complete Mini 

protease inhibitor cocktail tablets (Roche, Indianapolis, IN), resolved by SDS-PAGE in 

12.5% gels (Bio-Rad) and transferred to Amersham Hybond-P PVDF membranes (GE 

Healthcare Life Sciences, Little Chalfont, UK). Membranes were blocked overnight in 

PBS with 0.1% Tween 20 (PBS-T) and 5% milk, and subsequently incubated the next 

night with BL21 lysate containing recombinant His-SINC diluted 1/1000 in 5% milk. 

Membrane was then incubated 1 hour at 4°C with α-SINC [guinea pig; 1/6,000 dilution 

(Hovis et al., 2013)] washed three times (5-min each) in PBS-T, detected using 

horseradish peroxidase-conjugated secondary antibodies specific for guinea pig; (Life 

Technologies) IgG in 5% milk PBS-T, and visualized using Supersignal West Femto 

substrate (Thermo Scientific, Waltham, MA). 
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Yeast-2-Hybrid 

 

A PCR product from C. psittaci CAL10 genomic DNA encoding full-length SINC with 

engineered Nde1 and Xma1 restriction sites at the ends (primers 070_pGBKT7, Table 

A1.1) was cloned into the cloning site of pGBKT7 generating pGBKT7-sinC-

GAL4DNABD. The same PCR product was cloned into the cloning site of pGADT7 

generating pGADT7-sinC-GAL4AD. Yeast strains Y2H-Gold and Y187 were 

transformed using the lithium acetate/single stranded carrier DNA/Polyethylene Glycol 

method as described (Gietz and Woods, 2006). Expression of both bait and prey fusion 

proteins was verified with immunoblotting with α-myc and α-HA antibody, 

respectively, as these tags were also added by the vectors.  

As a first step, it was critical to determine that SINC fused to the GAL4 DNA binding 

domain did not activate any reporter genes. Y2H-Gold strain containing pGBKT7-sinC-

GAL4DNABD was plated onto, SD/-Trp, SD/-Trp/X-α-gal and SD/-Trp/X-α-gal/AbA 

agar plates. The Y2H-Gold strain containing the SINC fusion protein grew normally 

on SD/-Trp and SD/-Trp/X-α-gal, and could not grow when AbA was added. This 

lack of growth indicated that no reporter genes were activated merely by expression 

of the SINC fusion protein. The Yeast-2-Hybrid screen was conducted using the 

Matchmaker Gold Yeast Two-Hybrid System according to the manufacturers’ 

instructions from Clontech, as follows. One colony of bait strain containing the SINC 

fusion protein was inoculated into 50 ml of SD/–Trp liquid medium. The flask was 

incubated shaking (250–270 rpm) at 30°C until the OD600 reached 0.8 (16–20 hr). 

The cells were pelleted (1,000 g for 5 min) and the supernatant discarded. The pellet 

was resuspended to a cell density of >1x108 cells per mL in SD/–Trp (4–5 ml). 1 ml 
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aliquot of the library strain was thawed in a room temperature water bath. 10 µl was 

removed for titering on SD/–Leu agar plates. 1 ml of the library strain was mixed with 

the bait strain in a sterile 2 L flask.  45 ml of 2xYPDA liquid medium (with 50 µg/ml 

kanamycin) was added. The flask was incubated at 30°C for 20–24 hr, slowly shaking 

(40 rpm). After this incubation, the cells were centrifuged (1,000 g for 10 min) and 

the supernatant discarded. The yeast cells were resuspended in 10 ml of 0.5X 

YPDA/Kan liquid medium, and plated on Double Drop Out (DDO, missing both Trp 

and Leu)/ X-α-gal /AbA plates. Small volumes were also plated on SD/–Trp, SD/–

Leu , SD-DDO to calculate number of clones screened and mating efficiency per 

instructors from Clontech. Plates were monitored for 3-5 days and colony growth 

observed.  
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Appendix 2 – Unsuccessful attempts to gain information on SINC function 

 

Introduction 

 

In addition to unsuccessful techniques looking for SINC interacting partners, I 

also attempted several techniques to gain insight into SINC function. I began these 

studies by attempting to identity any potential toxicity of SINC expression in both S. 

cerevisiae and HEK293T cells. This was an attractive area of investigation as many T3S 

effectors are toxic to cells that overexpress them, and this phenotype can be exploited to 

gain information about subcellular targets and mechanism of action particularly in yeast 

cells (Valdivia, 2004). The results of these experiments are presented here. 

 Finally, an attempt was made to investigate transcriptional effects due to SINC 

expression in HEK293T cells via microarray, due to the connection of NE proteins and 

gene expression as discussed in earlier chapters. This experiment detected little, if any, up 

or downregulated genes but came with significant caveats due to imperfect experimental 

design. The results and a discussion of experimental procedures are presented here.  

 

SINC-expressing S. cerevisiae have no growth defect 

 

 The yeast S. cerevisiae shares much of its molecular physiology with “higher” 

eukaryotes, and many human genetic disease-associated genes are conserved in yeast 

(Foury, 1997; Mager and Winderickx, 2005). It is not unexpected, then, that bacterial 

effectors that target such conserved pathways would be detrimental to the growth of S. 

cerevisiae (Lesser and Miller, 2001). Yeast growth and gene expression are also 

relatively easy to control by adjusting environmental conditions. For these reasons, the 
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utilization of S. cerevisiae has proven to be an efficacious tool for the characterization of 

secreted bacterial effectors (Lesser and Miller, 2001; Slagowski et al., 2008; Siggers and 

Lesser, 2008). 

 Considering this background, expressing SINC in yeast and assaying for the 

existence of any growth defects, either due to SINC expression by itself or in conjunction 

with an environmental stressor, was a significant priority. To address this aim, yeast 

strains BY4742 and W303 were transformed with sinC cloned into plasmid 

pRS316/GAL1 and grown on synthetic complete medium (SC) lacking uracil and 

supplemented with either non-inducing 2% glucose or 2% galactose to induce expression. 

Expressed SINC was given an HA tag by this vector.  

CT694 was also cloned into pRS316/GAL1 and used as a positive control, as this 

effector has been previously found to inhibit the growth of yeast (Sisko et al., 2006). The 

SARS Coronavirus protein 3B was used as a negative control, as this protein does not 

affect the growth of yeast (Matt Frieman, unpublished). Cultures were monitored visually 

and by measuring of the optical density value at 600 nm wavelength at regular intervals. 

In addition to testing the effect of protein expression alone, the yeast cells were stressed 

with SC/Galactose medium supplemented with 6mM caffeine and 1µg/ml nocodazole.  

Surprisingly, there was no difference found in the growth rate of yeast growth in 

all conditions (Figure A2.1). 
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The result with CT694-HA expressing yeast was particularly unexpected given 

previously published data; however we reasoned this could be due to interference from 

the HA-tag fusion, as previous reports utilized a CT694-GFP fusion. If this is the case, 

we also reasoned that the tag could also be interfering with SINC activity. Therefore, we 

removed the HA tag from the sinC containing pRS316/GAL1 plasmid and replaced it 

with GFP as described in the methods section of chapter 2.   

We obtained the CT694-GFP plasmid from the Raphael Valdivia laboratory and 

used it as a positive control. CT694-GFP gave both yeast strains a slow growth 

phenotype as previously reported. However, SINC-GFP expressing yeast were still able 

to grow normally. At this point, this experimental approach was abandoned.   
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Figure A2.1: SINC expression has no detectable effect on yeast growth. 

Representative results of experiments to determine the effect of SINC expression on 

yeast growth. In this experiment, yeast strain BY4742 expressing the indicated proteins 

were grown on synthetic complete medium (SC) lacking uracil and supplemented with 

2% galactose to induce expression of fusion proteins supplemented with 6 mM caffeine 

as an additional stressor. The SARS Coronavirus 3B protein was used as a negative 

control. There are no significant differences in yeast growth rate.  
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SINC and SINCΔ228-239 expression decreases HEK293T cell number 

 

 With the knowledge that SINC did not limit the growth of yeast, an attempt was 

made to establish if transient SINC expression affected the growth of human cells. 

HEK293T cells were chosen for this experiment due to their highly transfectable nature, 

ensuring many cells would express SINC-GFP post transfection. HEK293T cells were 

transfected with GFP, CT694-GFP, SINC-GFP, or mock transfected and their numbers 

counted 24 hours later by hemacytometer. SINC-GFP and CT694-GFP were able to 

significantly reduce cell number in comparison to mock or GFP-transfected cells (Figure 

A2.2).  

 

 

 

 

 

Figure A2.2 SINC expression impacts cell growth/viability. HEK293T cells were 

placed on a 12-well plate with 1x10
5 

cells per well in 1 mL. After 24 hours, cells were 

transfected with pCAGGS-sinC-gfp, pCAGGS-ct694-gfp, pCAGGS, or mock-

transfected. Total cell numbers per well was determined with the hemacytometer 48 

hours post transfection. The experiment was repeated three times with three replicates per 

treatment. A significant effect (p=0.002) of the transfected construct is observed such 

that transfection of SINC-GFP and CT694-GFP results in significantly fewer cells than 

mock transfection or transfection of GFP.  
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To ensure that SINC-GFP localization at the nuclear envelope was specifically 

responsible for the observed reduction in cell numbers, the SINCΔ228-239-GFP 

construct was also tested. Paradoxically, this construct reduced cell numbers to a 

significantly greater extent than SINC-GFP (Figure A2.3).  

 

 

 

 

 

Transient SINC-GFP transfection does not significantly affect the transcriptome  

 

 Many type III secreted effectors alter host signaling-dependent transcription for 

the benefit of the pathogen. To investigate the possibility of transcriptional effects, 

microarrays were used with extracted RNA from SINC-GFP transfected HEK293T cells 

compared to mock transfected cells to look for differences in the transcriptome profile. A 

concurrent experiment using CT082-GFP transfected cells served as a general plasmid 
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Figure A2.3 SINCΔ228-239-GFP expression impacts cell growth/viability to a 

significantly greater extent than SINC-GFP. HEK293T cells were placed on a 12-well 

plate with 1x10
5 

cells per well in 1 mL. After 24 hours, cells were transfected with 

pCAGGS-sinC-gfp, pCAGGS, or pCAGGS-sinCΔ228-239-gfp. Total cell numbers per 

well was determined with the hemacytometer 48 hours post transfection. The experiment 

was performed once with four replicates per treatment. A significant effect (p=0.0001) of 

the transfected construct is observed such that transfection of SINC-GFP and CT694-

GFP results in significantly fewer cells than mock transfection or transfection of GFP.  
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control. There were zero up or downregulated genes induced by SINC-GFP expression at 

a 4-fold cutoff compared to controls, and 29 upregulated and 1 downregulated at a 2-fold 

cutoff (Table A2.1). Due to the relatively small changes in expression, these results were 

not pursued further.  
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Gene  Protein Name Fold change 

IFI6 interferon, alpha-inducible protein 6 3.44049 

LCN2 lipocalin 2 3.18287 

MX1 

myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 

(mouse) 3.15176 

UBE2L6 ubiquitin-conjugating enzyme E2L 6 2.92195 

BIRC3 baculoviral IAP repeat-containing 3 2.85069 

ISG20 interferon stimulated exonuclease gene 20kDa 2.81903 

PTX3 pentraxin 3, long 2.69824 

CTSS cathepsin S 2.65090 

SAA1 serum amyloid A1 2.63707 

C15orf48 chromosome 15 open reading frame 48 2.61259 

DDX58 DEAD (Asp-Glu-Ala-Asp) box polypeptide 58 2.47225 

CXCL1 

chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating 

activity, alpha) 2.41343 

DKK1 dickkopf homolog 1 (Xenopus laevis) 2.40672 

HERC6 hect domain and RLD 6 2.37864 

IGFL1 IGF-like family member 1 2.37787 

TCN1 transcobalamin I (vitamin B12 binding protein, R binder family) 2.37438 

IL24 interleukin 24 2.34096 

IFITM1 interferon induced transmembrane protein 1 (9-27) 2.26137 

S100P S100 calcium binding protein P 2.25241 

NCF2 neutrophil cytosolic factor 2 2.24806 

CCL5 chemokine (C-C motif) ligand 5 2.22579 

NT5E 5'-nucleotidase, ecto (CD73) 2.21244 

HTN3 histatin 3 2.20297 

EDN1 endothelin 1 2.11360 

IL1A interleukin 1, alpha 2.10771 

AREG amphiregulin 2.08167 

SAA2 serum amyloid A2 2.06572 

USP18 ubiquitin specific peptidase 18 2.02834 

SDC4 syndecan 4 2.02212 

PLCXD3 phosphatidylinositol-specific phospholipase C, X domain containing 3 -2.37135 

  

 

 

 

 

Table A2.1 Microarray results. HEK293T cells were placed on a 12-well plate with 

1x10
5 

cells per well in 1 mL. After 24 hours, cells were transfected with pCAGGS-sinC-

gfp or a mock transfection with four replicates per treatment. pCAGGS-ct082-gfp 

transfected wells were used as a general plasmid control. Extracted RNA was analysed 

by Prime View Array (Affymetrix, Santa Clara, California). Shown are genes uniquely 

upregulated or downregulated by pCAGGS-sinC-gfp. Data analysis was kindly 

performed by Garry Myers at the IGS.  
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Discussion 

 

The yeast growth phenotype experiments were initially promising avenues of 

investigation given that they have been used in the past for T3S effectors from many 

bacteria, including Chlamydia. However, SINC appears to be a unique case in that clear 

expression of SINC and NE localization in the yeast (Figure 2.9) does not lead to any 

discernible impact on yeast growth. The reasons for this result are unknown, however one 

can speculate a number of possibilities. First, it is entirely possible that the pathway 

targeted by SINC in “higher” eukaryotic cells does not exist or is not well conserved in 

yeast. While S. cerevisiae cells contain some LEM domain proteins, they do not have a 

nuclear lamina (Steglich et al., 2014) or a BAF homolog (Margalit et al., 2007). If these 

components absent from the yeast cell are targeted by SINC then it may result in NE 

localization with no phenotype, as observed. This would hold true for other NE proteins 

or processes that may be unique to the mammalian or the avian host; this is especially 

evident when one considers the role of NE proteins in muscle. Second, it may be that the 

process modulated by SINC exists in the yeast but does not affect its growth. Finally, 

interference from both HA and GFP tags cannot also be ruled out as tagless SINC was 

never expressed in yeast.  

 To test the effect of SINC on cell homeostasis of mammalian cells, the numbers 

of transfected HEK293T cells were tested 24 hours post transfection of various 

constructs. Expression of SINC-GFP in HEK293T cells did appear to reduce cell number 

compared to the GFP control. This experiment was repeated with SINCΔ228-239-GFP, 

which does not appear to enter the nucleus at the same extent, to establish SINC entry 

and accumulation at the NE as the cause of this phenotype. However, the even greater 
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reduction observed by SINCΔ228-239-GFP casts into doubt the specificity and 

physiological relevance of these results.  

 Finally, the microarray conducted with HEK293T cells was the only attempt to 

determine if SINC expression leads to changes in the transcriptome. As previously stated, 

this remains an attractive area of investigation as many NE proteins, including emerin, 

are involved in transcriptional regulation. This particular experiment resulted in no 

significant difference; however a better-designed experiment may prove to be more 

useful for various reasons. First, the experiment described in this appendix used 

transiently transfected HEK293T cells. While HEK293T cells are known for their highly 

transfectable nature, there are still significant numbers of cells that are not transfected and 

therefore any transcriptome differences from SINC expressing cells are diluted out by the 

non-expressors. To improve this experiment a stable, inducible cell line would ensure 

higher levels of expression and a better control condition. Second, microarrays are now 

well known to miss many RNA transcripts. An RNA Seq experiment would provide 

better coverage of up or downregulated transcripts and hence more information on 

potential SINC function. An experiment like this should be high on the list of priorities 

for SINC studies going forward.  
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Materials and Methods 

 

Yeast transformation and growth 

 
A PCR product from C. psittaci CAL10 genomic DNA encoding full-length sinC was 

cloned into the cloning site of pRS316/GAL1 yeast expression vector with HA or GFP 

tags as described in chapter 2. A PCR product from C. trachomatis serovar D genomic 

DNA encoding full-length ct694 (Table A2.1) was cloned into the cloning site of 

pRS316/GAL1 yeast expression vector as similarly.  

 

pRS316/GAL1-
ct694-GFP 

CT694_F_SacII_HA GTCACCGCGGATGAGTATTCGACCTACTAATGGGAGTGG 

 
CT694_R_Xma1_HA TGACCCCGGGGTCTAAGAAAACAGAAGAAGTTATGACAGTTAGTGTTTG 

 

 

 

Yeast strains BY4742 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) or W303 (MATα leu2-

3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15) [phi
+
] were transformed using the 

lithium acetate/single stranded carrier DNA/Polyethylene Glycol method as previously 

described (Gietz and Woods, 2006). Transformants were grown on synthetic complete 

medium (SC) lacking uracil and supplemented with 2% galactose to induce expression. 

Media was supplemented with 6mM caffeine and 1µg/ml nocodazole as an additional 

stressor in some experiments. Yeast culture OD600 was measured at the time points 

indicated on a Beckman Coulter Spectrophotometer. 

Cell Counting 

 

HEK293T cells were placed on a 12-well plate with 1x10
5 

cells per well in 1 mL DMEM 

as determined by hemacytometer. After 24 hours, cells were transfected with pCAGGS-

Table A2.2: Primers used in cloning CT694 to pRS316/GAL1. Restriction sites 

highlighted in red.  
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sinC-gfp, pCAGGS-sinCΔ228-239-gfp, pCAGGS-ct694-gfp, pCAGGS-gfp, or mock 

transfected. Post transfection cells (48 hours) were gently washed once with PBS, treated 

with 50 µL trypsin-EDTA at 37 degrees for several minutes, then resuspended in 950 µL 

PBS. Total cell number per well was determined with the hemacytometer. Experiment 

depicted in Figure A2.2 was repeated three times with three replicates per treatment. 

Experiment depicted in Figure A2.3 was done once with three replicates per treatment. 

One-way ANOVA followed by Holm-Sidak post hoc test was used to compare the mean 

number of cells per well. 

Microarray 

 

HEK293T cells were placed in 8 wells of a 12-well plate with 1x10
5 

cells per well in 1 

mL DMEM as determined by hemacytometer. After 24 hours, cells were transfected with 

pCAGGS-sinC-gfp or a mock transfection with four replicates per treatment. RNA was 

extracted from each well with RNAeasy Mini Kit (Qiagen, Venlo, Netherlands) 

according to the manufacturer’s instructions. The extracted RNA was then given to the 

Nick Ambulos laboratory for analysis by Prime View Array (Affymetrix, Santa Clara, 

California). pCAGGS-ct082-gfp transfected wells were used as a general plasmid control. 

Data analysis was kindly performed by Garry Myers at the IGS.  
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