
CURRICULUM VITAE 
Stephanie Lehman, PhD 

Department of Microbiology and Immunology 
University of Maryland Baltimore School of Medicine 

 
 

Department of Microbiology and Immunology 
University of Maryland School of Medicine 

685 West Baltimore Street 
HSF-I Suite 380 

Baltimore, Maryland 21201 
Email: stephanie.lehman@gmail.com 

 
EDUCATION 
2013-2018 University of Maryland Baltimore, Baltimore, MD 

Department of Microbiology and Immunology 
Doctor of Philosophy 
 

2006-2010 Colorado State University, Fort Collins, CO  
Department of Microbiology, Immunology and Pathology 
Bachelor of Science in Microbiology 

 
EMPLOYMENT HISTORY 
 
June 2013-Present  Graduate Research Assistant, T32 Training Grant in 

Immunity and Infection.  Graduate Program in Life 
Sciences, Department of Molecular Microbiology and 
Immunology, University of Maryland Baltimore, 
Baltimore, MD.  Lab of Dr. Abdu Azad. 

 
July 2010 – May 2013 Research Assistant, Bacteriology, Threat Characterization, 

National Biodefense Analysis and Countermeasures Center, 
Battelle National Biodefense Institute, Frederick, MD.   

 
August 2006 – May 2010 Hughes Undergraduate Research Scholar, Laboratory of 

Dr. Herbert Schweizer, Colorado State University.  Fall 
2006 – Spring 2010.  Paid mentorship under Dr. RoxAnn 
Karkhoff-Schweizer. 

 
HONORS AND AWARDS 
 
MONETARY FELLOWSHIPS AND AWARDS 
 2017 J.  Howard Brown Award for outstanding graduate student, 

First runner-up, Poster Presentation.  American Society for 
Microbiology local Maryland branch meeting, Baltimore, 
MD.   



 
2015-2016  T32 Training Grant in Immunity and Infection 
 
2016-2017 T32 Training Grant in Immunity and Infection (re-

awarded) 
 
2012 Outstanding Performance Award, National Biodefense 

Analysis and Countermeasures Center 
 
2011 SPOT Award for Excellence in Research, National 

Biodefense Analysis and Countermeasures Center 
 
2011  SPOT Award for Excellence in Safety, National Biodefense 

Analysis and Countermeasures Center 
 
2010 Outstanding Student Award, Colorado State University 
 
2006-2010 Merit Work Study Award, Colorado State University 
 
2008-2009 American Society of Microbiology Undergraduate 

Research Fellowship, National ASM 
 
2006, 2007,  Microbiology Undergraduate Scholarship, Colorado State  
2008, 2009  University, re-awarded annually 
 
2006, 2007, 2008 Colorado Distinguished Scholar Award, Colorado State 

University 
 
ACADEMIC AND RESEARCH AWARDS 
2012 Poster Presentation Winner, Spring Research Festival, Fort 

Detrick, Frederick National Lab, 2nd place 
2009-2010 Deans Honor List, College of Veterinary Medicine and 

Biomedical Sciences, Colorado State University,  
2006-2010 Howard Hughes Undergraduate Research Scholar Status, 

Colorado State University,  
2008 Honors Award, Poster Presentation, Celebrate 

Undergraduate Research and Creativity Symposium, 
Colorado State University 

 
PROFESSIONAL SOCIETY MEMBERSHIPS 
 
2008-Present  American Society for Microbiology, Student Member 
2013-Present  American Society for Rickettsiology, Student Member 
 
TEACHING SERVICES 



2017 Designed and mentored one Ph.D. rotation student project, 
one masters student project, and one post-baccalaureate 
summer project in lab of Dr. Abdu Azad 

 
2015-2017 Bacteriology Lab teaching assistant for 2nd year medical 

students in the Host Defenses and Infectious Disease 
(HDID) course. University of Maryland, Baltimore, School 
of Medicine. 

 
2014-2018 Creator, Grad School 101 Workshop series: Designed and 

organized 3 professional development workshops 
developed by students, for students.  University of 
Maryland, Baltimore, Graduate School. 

 
2015-2016  Student representative, MMI graduate program curriculum 

planning committee.  Designing and implementation of 
active learning techniques to enhance teaching 
efficacy/student retention. University of Maryland, 
Baltimore, Graduate School. 

 
2015-2018  Co-Chair, questioner, Microbial Pathogenesis Team 

Leader, Practice Qualifying Exams.  Individual tutoring 
and proctoring of practice exams.  University of Maryland, 
Baltimore, Graduate School. 

 
PUBLICATIONS 
 
Stephanie S.  Lehman*, Nicholas Noriea*, Karin Aistleitner*, Tina Clark, Cheryl 
Dooley, Joeseph Gillespie, Simran Kaur, Sayeed Rahman, Abdu Azad, Ted Hackstadt.  
2018.  The Rickettsia Ankyrin Repeat Protein 2 is a type IV secreted effector and co-
localizes with markers of the endoplasmic reticulum.  mBio.  (submitted) 
 
Driscoll TP, Verhoeve VI, Guillotte ML, Lehman SS, Rennoll SA, Beier-Sexton M, 
Rahman MS, Azad AF, Gillespie JJ.  2017.  Wholly Rickettsia! Reconstructed metabolic 
profile of the quintessential bacterial parasite of eukaryotic cells.  mBio 8:e00859-17.  
https://doi.org/10.1128/mBio.00859-17. 
 
Rennoll-Bankert KE, Rahman MS, Guillotte ML, Lehman SS, Beier-Sexton M, Gillespie 
JJ, Azad AF.  RalF-Mediated Activation of Arf6 Controls Rickettsia typhi Invasion by 
Co-Opting Phosphoinositol Metabolism.  Infect Immun.  2016 Nov 18;84(12):3496-3506.  
PubMed PMID: 27698019; PubMed Central PMCID: PMC5116726. 
 
Lehman SS, Mladinich KM, Boonyakanog A, Mima T, Karkhoff-Schweizer RR, 
Schweizer HP.  Versatile nourseothricin and streptomycin/spectinomycin resistance gene 
cassettes and their use in chromosome integration vectors.  J Microbiol Methods.  2016 



Oct;129:8-13.  doi: 10.1016/j.mimet.2016.07.018.  PubMed PMID: 27457407; PubMed 
Central PMCID: PMC5018448.   
 
Gillespie JJ, Phan IQ, Driscoll TP, Guillotte ML, Lehman SS, Rennoll-Bankert KE, 
Subramanian S, Beier-Sexton M, Myler PJ, Rahman MS, Azad AF.  The Rickettsia type 
IV secretion system: unrealized complexity mired by gene family expansion.  Pathog Dis.  
2016 Aug;74(6).  pii: ftw058.  doi: 10.1093/femspd/ftw058.  PubMed PMID: 27307105. 
 
Gillespie JJ, Phan IQ, Scheib H, Subramanian S, Edwards TE, Lehman SS, Piitulainen H, 
Rahman MS, Rennoll-Bankert KE, Staker BL, Taira S, Stacy R, Myler PJ, Azad AF, 
Pulliainen AT.  Structural Insight into How Bacteria Prevent Interference between 
Multiple Divergent Type IV Secretion Systems.  MBio.  2015 Dec 8;6(6):e01867-15.  
doi: 10.1128/mBio.01867-15.  PubMed PMID: 26646013; PubMed Central PMCID: 
PMC4676284.   
 
Rennoll-Bankert KE, Rahman MS, Gillespie JJ, Guillotte ML, Kaur SJ, Lehman SS, 
Beier-Sexton M, Azad AF.  Which Way In? The RalF Arf-GEF Orchestrates Rickettsia 
Host Cell Invasion.  PLoS Pathog.  2015 Aug 20;11(8):e1005115.  doi: 
10.1371/journal.ppat.1005115.  PubMed PMID: 26291822; PubMed Central PMCID: 
PMC4546372. 
 
*Authors contributed equally 
 
PRESENTATIONS 
Lehman SS, Abdu F. Azad.   T4-dependent secretion of Rickettsia Ankyrin Repeat 
Protein 2 during host cell infection.  Cold Spring Harbor Microbial Pathogenesis and 
Host Response meeting.  Cold Spring Harbor, NY.   September 12-16, 2017.  Poster 
Presentation.   
 
Lehman SS, Abdu F. Azad.   T4-dependent secretion of Rickettsia Ankyrin Repeat 
Protein 2 during host cell infection.  Crosstalk:  “Across Cells, Across Campuses” UMB - 
UMCP Annual Research Symposium, IBBR Campus, Shady Grove, MD.   June 21, 
2017.  Oral Presentation.   
 
Lehman SS, Abdu F. Azad.  T4-dependent secretion of Rickettsia Ankyrin Repeat Protein 
2 during host cell infection.  Maryland branch of the American Society for Microbiology, 
Baltimore, MD.  June 14, 2017.  Poster Presentation 
 
Lehman SS, Kristen E. Rennoll-Bankert, M. Sayeedur Rahman, Joseph J.  Gillespie, 
Mark L. Guillotte, Simran J. Kaur, Magda Beier-Sexton, Abdu F. Azad.  T4-dependent 
secretion of Rickettsia Ankyrin Repeat Protein 2 by Rickettsia typhi during host cell 
infection.  American Society for Rickettsiology Meeting, Lake Tahoe, CA.  June 20-25, 
2015.  Poster Presentation 
 
Lehman SS,  Abdu F. Azad.  T4-dependent secretion of Rickettsia Ankyrin Repeat 
Protein 2 by Rickettsia typhi during host cell infection.  Annual Graduate Student 



Presentation Symposium, Baltimore, MD.  June 2014, 2015, 2016, 2017.  Oral 
Presentations. 
 
Lehman SS, Abdu F. Azad.  T4-dependent secretion of Rickettsia Ankyrin Repeat Protein 
2 by Rickettsia typhi during host cell infection., Microbiology and Immunology 
Departmental Seminar series, Baltimore, MD.  2014, 2015.  Oral Presentation. 
 
M.  Firmani, S. Lehman, K.  Bower, S.  Dieringer-Boyer, B.  Dorsey, D.  Stratton, K.  
Delp, and D.K.R.  Karaolis.  2012.  Effect of Environmental Conditions on Burkholderia 
thailandensis Storage Stability, Frederick National Lab Fort Detrick Spring Research 
Festival. 
 
M.  Firmani, S. Lehman, K.  Wilhelm, S.  Dieringer-Boyer, B.  Dorsey, D.  Stratton, K.  
Delp, and D.K.R.  Karaolis.  2011.  Effect of Environmental Conditions on Burkholderia 
thailandensis Stability as a Model for Burkholderia pseudomallei.  American Society for 
Microbiology 2011 General Meeting, New Orleans, Louisiana. 
 
M.  Firmani, K. Wilhelm, S.  Lehman, K.  Delp, J.  Klubnik, L.  Diviak, L.  Wronka, T.  
Ferguson, and D.K.R.  Karaolis.  2011.  Effect of Environmental Conditions on In Vitro 
Growth and Survival of Burkholderia cenocepacia.  American Society for Microbiology 
2011 General Meeting, New Orleans, Louisiana. 
 
S.  Lehman, H.  P.  Schweizer, R. R.  Karkhoff-Schweizer.  2009.  Construction of a 
Nourseothricin Resistance Gene Cassette for Use in Burkholderia spp.  Efflux Pump 
Deficient Strains.  American Society for Microbiology 2009 General Meeting, 
Philadelphia, PA. 
 
S.  Lehman and R. R.  Karkhoff-Schweizer.  2008.  Evaluation of resistance to 
nourseothricin as an antibiotic selectable marker in efflux pump deficient Burkholderia 
species.  Celebrate Undergraduate Research and Creativity Symposium, Colorado State 
University, Fort Collins, CO. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 



 
Abstract 
 
Dissertation title: The Rickettsia Ankyrin Repeat Protein 2 is a type IV secreted effector 

and co-localizes with markers of the endoplasmic reticulum in mammalian cells 

Stephanie Lehman, Doctor of Philosophy, 2018 

Dissertation Directed By: Abdu Azad, PharmD, PhD, MPH 

 
Spotted fever and typhus group Rickettsia species are neglected zoonotic, vector-

borne bacteria that cause fatal infections and are distributed worldwide.  These pathogens 

efficiently invade host endothelial cells, rapidly escape the phagosome, and establish an 

“intracytosolic niche,” where they grow to high numbers before cell lysis.  Despite more 

than two decades of research, the mechanisms of rickettsial pathogenesis and cytosolic 

survival remain poorly understood.  A candidate virulence factor, Rickettsia ankyrin 

repeat protein 2 (RARP-2), is largely conserved in pathogenic strains, absent in non-

pathogenic strains, and shows increased expression in the mammalian stage of infection.  

Based on these observations, we hypothesized that RARP-2 functions to enhance 

pathogenesis during rickettsial infection in mammals.  This study demonstrates that 

RARP-2 is a cytosolically localized effector that is secreted by the type IV secretion 

system (T4SS) of Rickettsia species from both the typhus and spotted fever groups in 

order to modulate host pathways.  Analysis of homolog distribution and domains of 

RARP-2 in 43 Rickettsia spp. allowed for the detailed characterization of the C-terminal 

ankyrin repeats, an N-terminal putative cysteine protease motif, and a C-terminal 

secretion signal characterized by disorder and flexibility.  R. typhi RARP-2 is maximally 

expressed during the cytosolic phase of infection, is secreted via the T4SS, and 



overexpression results in the formation of cytosolic vesicular structures. The virulent R. 

rickettsii str. Sheila Smith (SS) RARP-2 homolog was observed to have 7 more Ank 

repeats than the avirulent str. Iowa-RARP-2.  While both SS- and Iowa-RARP-2 

homologs are secreted by the T4SS, only expression of SS-RARP-2 in the avirulent Iowa 

strain induced a lytic plaque phenotype characteristic of virulent strains.  SS-RARP-2 

also induced the formation of vesicular like structures in the host cytoplasm that were 

composed of ER membranes.  Mutation of the putative protease active site of SS-RARP-

2 abolished the lytic plaque phenotype but did not eliminate association with host 

membranes.  Characterizing RARP-2 and its cognate secretion system marks a significant 

advance in our understanding of rickettsial biology during the cytosolic stage of 

infection, and adds to the collective knowledge of how Ank domains are manipulated by 

obligate intracellular bacteria to regulate host cells. 
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CHAPTER 1:  INTRODUCTION AND BACKGROUND 

1.1 Rickettsia species: diseases, epidemiology and history 

Rickettsial diseases have been reported on every continent except Antarctica, and 

are transmitted to humans via blood feeding arthropod vectors.  Humans are typically 

considered accidental hosts for these pathogens, which maintain zoonotic cycles between 

a wide range of arthropods and vertebrates (1).  Rickettsia spp. are divided into discrete 

phylogenetic groups, each with distinct arthropod vectors and pathophysiologies (Figure 

1.1).  While spotted fever group (SFG) members are associated with hard ticks, typhus 

group (TG) rickettsiae are associated with insects, namely the human body louse and 

several flea species (2).  The transitional group (TRG) members are made up of 

rickettsiae transmitted by mites, fleas and hard ticks.  Other rickettsiae with unknown 

pathogenicity fall into more ancestral clades and are found in a variety of arthropods (3, 

4).   
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Figure 1.1: Illustration of the variation in pathogenicity of several Rickettsia spp., their diseases and 
arthropod vectors 
The gradient displays decreasing pathogenicity of select Rickettsia spp. (top), with their diseases listed 
below and arthropods listed above.  For example: R. rickettsii is vectored by the hard tick and causes Rocky 
Mountain spotted fever (RMSF); R. prowazekii is vectored by the human body louse or flea and causes 
epidemic typhus; and R. akari is vectored by the mite and causes rickettsial pox.  Rickettsial phylogenetic 
groups are indicated (lower left), and rickettsial disease vectors are indicated (lower right). 

 

The largest global disease burdens are caused by TG member R. typhi, the 

causative agent of murine typhus; as well as several SFG rickettsiae: R. rickettsii (Rocky 

Mountain spotted fever (RMSF)), R. conorii (Mediterranean spotted fever), and R. 

africae (African tick bite fever).  Other frequently reported rickettsioses in Asia and 

Australia include R. sibirica, R. heilongjiangensis, R. japonica, R. honei and R. australis 

(5).  SFG ricketsioses often occur in sporadic and seasonal outbreaks, due to the seasonal 

activity of tick vectors (6).  Outbreaks of those rickettsioses spread by fleas, lice and 

mites are more common in areas with increased human crowding and exposure to rats, 

such as homeless populations or refugee camps (2).  
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Epidemic typhus.  Rickettsioses are some of the oldest known vector borne 

diseases (7, 8).  Epidemic typhus, caused by R. prowazekii, is typically transmitted by the 

human body louse and can rapidly spread due to overcrowding and poor hygiene.  The 

first description of its transmission was by Charles Nicolle at the Pasteur Institute in 

Tunis in 1909, although paleomicrobiology indicates that epidemic typhus has plagued 

humans since well before the 18th century (8).  Evidence of human infection with R. 

prowazekii has been found in soldiers from Napoleon Bonaparte’s Russian campaign 

(1812) (9), and in a mass grave from a typhus outbreak in Douai, a French city besieged 

during the War of Spanish Succession (1710-12) (10).  The disease presents with 

headaches, chills, high fever, coughing and severe muscular pain, followed by a 

characteristic macular eruption, or rash.  With a mortality rate of 60% in untreated cases, 

this disease is one of the most deadly rickettsioses (8).  Medical historians suspect 

epidemic typhus caused the mysterious Plague of Athens, occurring during the 

Peloponnesian War around 430 BC.  The Athenian general and historian Thucydides 

recorded the outbreak, describing a highly contagious disease with a pustular rash, high 

fever, and diarrhea.  Over three years, as many as 75,000 to 100,000 people, 25% of the 

city's population, died (8, 11).  This pathogen has been called the “scourge of armies”, as 

the disease is common in soldiers due to poor hygiene, crowding and increased louse 

transmission amongst infantry.  As such, it has also been implicated in millions of deaths 

during the Russian revolution, World War I and World War II (1, 8).  Based on its 

pervasiveness, high rate of transmission, high mortality rate, and reputation for 

decimating armies; epidemic typhus has been credited with causing more deaths than all 

the wars in human history, combined (1, 12).  Fortunately, with the advent of antibiotics 
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and increased hygiene limiting louse spread, this disease is rare in modern times.  Few 

outbreaks occur in the United States, while sporadic epidemics are still reported 

worldwide in Europe, Asia, and Africa.  The highest case numbers are reported in 

African countries, particularly in Ethiopia, Nigeria, and Rwanda, where areas of 

crowding and poor socioeconomic conditions are favorable for louse infestations (13, 

14).  

  Murine typhus.  Closely related to R. prowazekii and another member of the TG, 

R. typhi is the causative agent of murine typhus and is transmitted by the fleas of rodents, 

cats and opossums (15).  This pathogen is endemic in southern parts of the US like Texas 

and California, as well as Hawaii. While outbreaks occur regularly in the US, one of the 

largest occurred in 1940, when 2000-5000 disease cases were reported annually (16).  

Since then, rat control measures have helped decrease case incidence.  Today, the most 

important reservoirs for murine typhus in the US are opossums and cats, whose fleas are 

responsible for outbreaks in Spring and Summer months (15).  A recent study evaluating 

murine typhus in children noted an increase in reported murine typhus cases from 9 

Texas counties in 2003 compared with 41 counties in 2013 (17).  

Murine typhus is also a frequent cause of acute febrile illness in tropical regions 

of South East Asia, Africa, Central America, South America and parts of Europe (5).  

Large outbreaks continue to occur worldwide, including 378 confirmed cases in a 2001 

Nepal outbreak, 254 cases in a 1978 Kuwait outbreak, and a large outbreak in Portugal in 

1996 (18, 19). 

Underreporting makes it difficult to determine an accurate incidence of murine 

typhus.  A recent review on neglected tropical diseases conducted a meta-analysis of 
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acute febrile disease studies, focusing on those caused by murine typhus based on 

serology, PCR and culture (5).  Using 26 articles, the authors noted that the selected 

studies originated from every continent except Antarctica, and out of 8642 patients, 

17.2% were positive for murine typhus.  As with other rickettsioses, symptoms begin 

with headache, joint pain, fever and sometimes a rash.  Diagnosis of murine typhus is 

difficult, as the characteristic rash is only present in ~50% of cases, and patients 

frequently have no memory of a fleabite.  The disease presentation is also similar to a 

long list of other vector-borne and non-vector-associated infections, and is often 

misdiagnosed (15, 20, 21).  This mild illness can be self-limiting, but can result in serious 

complications or death if left untreated (15).  Acute cases of murine typhus-caused 

culture-negative endocarditis have been reported, as well as splenic rupture and central 

nervous system complications, such as aseptic meningitis and facial nerve palsy (15). 

Rocky Mountain Spotted Fever.  RMSF is one of the most severe SFG 

rickettsiosis, with mortality rates ranging from 20-80% in the pre-antibiotic era.  A 

“spotted fever of Idaho” was first reported in 1899 by Edward E. Maxey, who described 

the characteristic rash on patient’s ankles, wrists, and forehead, that rapidly spread to the 

rest of the body (22).  Later, from 1906-1910, Dr. Howard Ricketts experimentally 

identified the tick bite as the mechanism of RMSF transmission and isolated the 

bacterium, R. rickettsii.  He showed the pathogen cycled between hard ticks and 

vertebrates in the wild, and that ticks could transovarially pass the bacterium to their 

offspring (23–25).  Dr. Ricketts and others later observed regional and strain specific 

variations in virulence; for example, the fatality rate of RMSF from the Bitterroot Valley 

of western Montana was ~80%, while strains isolated from nearby Idaho were less than 
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5% fatal (24, 26).  Today, researchers hope to shed light on the molecular reasons for 

these variations by comparing genetically similar strains differing in pathogenesis to 

identify virulence factors.  RMSF continues to be an important pathogen of the western 

hemisphere, where cases continue to occur in nearly all 48 contiguous U.S. states, as well 

as parts of Central and South America.  While the case fatality rate in the U.S. has 

dropped to 20% if untreated, and 5% if treated, the incidence of cases has steadily 

increased over the last decade.  Only 424 cases of RMSF were reported in 1993, 

compared to 4470 cases reported in 2012 (27).  The fatality rate is much higher in Brazil, 

29.1% (1995-2004), possibly owing to further regional and strain specific variations in 

RMSF pathogenicity (28, 29).  

Treatment Challenges.  Treatment of rickettsial diseases is somewhat 

straightforward, as tetracycline and chloramphenicol antibiotics readily inhibit these 

pathogens through bacteriostatic mechanisms.  Yet, more than 50 years post the 

establishment of an effective antimicrobial treatment for RMSF, patients are still dying 

from outbreaks caused by this and other rickettsial diseases (30).  Initial misdiagnosis of 

patients, misunderstanding of arthropod-borne diseases, and reticence to prescribe 

tetracycline by clinicians are to blame for significant delays in treatment (6).  Clinicians 

frequently choose to treat patients first with ineffective beta-lactamase, aminoglycoside, 

and macrolide antibiotics, to which rickettsiae are resistant, or do not penetrate 

mammalian cells (31).  Thus, the illness can progress without obstruction, and late stage 

treatment with appropriate antibiotics often comes too late.  For example, RMSF patients 

treated with doxycycline after the 6th day of illness are at the greatest risk of dying.  

Currently no additional treatment options exist for these patients to increase their chance 
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of survival.  This is not an uncommon issue, as many diseases by intracellular pathogens 

present with flu-like symptoms and many cases lack clear evidence of arthropod bites.  

Thus, research into the underlying virulence mechanisms of bacterial pathogens like 

Rickettsia spp. is beneficial for discovering alternative therapies to antibiotics that may be 

more efficacious in the later stages of these dangerous infectious diseases (30). 

 

1.2 Molecular mechanisms of rickettsial pathogenesis 

Rickettsia spp. are small (0.2–0.5 µm by 0.3–2.0 µm), pleomorphic coccobacilli 

that stain Gram-negative.  Rickettsiae invade hosts at the site of an arthropod bite and 

primarily target microvascular endothelial cells bordering blood vessels.  Damage to the 

endothelium causes increased vascular permeability and fluid leakage, resulting in the 

characteristic dermal rash associated with rickettsial diseases, as well as late stage 

pathologies such as edema and acute renal failure (32, 33).  This increased vascular 

permeability allows for the infiltration of perivascular cells, including monocytes and 

macrophages, which are also invaded by rickettsiae (34).  These bacteria spread through 

the bloodstream to the brain, lungs, liver, heart, kidneys, spleen and skin.  Rickettsiae 

also spread through lymphatic vessels to regional lymph nodes, causing increased 

swelling and inflammation (35).  

Evasion of Complement.  Because rickettsiae spread through the bloodstream, 

they must first evade killing by host cell complement.  Three highly conserved rickettsial 

effectors have been implicated in complement evasion: adhesin of rickettsiae 1 and 2 

(Adr1, Adr2) (36, 37), and the Sca5 β-peptide (38) (Figure 1.2).  Both Adr1 and Adr2 

contain Sec secretion signals and were detected on the surface of R. rickettsii, R. conorii, 
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R. prowazekii and R. typhi (36, 39).  While Adr2 was initially suspected to be an adhesin 

as R. prowazekii invasion was inhibited with anti-Adr2 antibodies (40), heterologous 

expression of Adr2 on the surface of noninvasive E. coli did not cause adhesion to 

mammalian cells (36).  Further studies with both Adr1 and Adr2 demonstrate their ability 

to promote serum resistance and to bind host vitronectin, a complement regulator (37).  

The Sca5 β-peptide has also been implicated in promoting complement resistance 

through an interaction with host Factor H, which normally functions to protect host cells 

from aberrant complement dependent cytotoxicity (38).  Sca5, Adr1 and Adr2 are present 

in all Rickettsia spp., suggesting a conserved mechanism for serum resistance across the 

genus (39).   
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Figure 1.2:  Conservation and distribution across 55 Rickettsia genomes of genes encoding 18 effector 
proteins.  
Phylogeny at left estimated as previously described (41), with additional genomes annotated using RAST 
(42). Classification scheme for Rickettsia spp.: red, ancestral group; blue, transitional group; aquamarine, 
typhus group; and brown, spotted fever group.  Rickettsia helvetica is unclassified following recent 
recommendations (41). Protein names are listed at top and further described in the text.  Secretion pathway 
information is above protein names. Large red circles, full-length proteins; medium-sized blue circles, 
truncated proteins that may have additional fragments encoded by separate genes; and small black circles, 
probable pseudogenes with one or more fragments that do not span the complete protein. A lack of circles 
denotes missing genes, with zero significant matches using blastp (in some cases, small fragments are 
detectable with tblastn). For Sca2, D denotes divergent passenger domains fused to the conserved Sca2 β 
domain. Numbers on other circles depict proteins encoded by multiple genes.  
Reprinted from Ref (39) with permission from FEMS Microbiology Reviews. © 2014 Oxford University 
Press. 
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Cell Tropism.  The ability to attach and invade their target cells is essential to 

establish a rickettsial infection.  While many pathogenic bacteria display distinct tropism 

for invading specific cell types, rickettsiae are capable of invading a number of different 

cell types in vitro, including 1) primary cells: chick embryo fibroblasts, duck embryo 

fibroblasts, human and mouse monocytes and macrophages, human umbilical endothelial 

cells, and erythrocytes; as well as 2) a variety of immortalized and cancerous cell lines: 

mouse connective tissue fibroblasts (L929), hamster kidney fibroblasts, rhesus monkey 

kidney epithelial cells, African green monkey kidney epithelial cells, human lung 

fibroblasts, human lung epithelial cells, bone carcinoma epithelial cells, human cervix 

epithelial cells, immortalized mouse and human macrophages, human hepatocytes, and 

several tick and drosophila cell lines (35, 43–46).  This wide variety of cell types 

highlights the question of whether rickettsiae target a common receptor to invade all 

cells, or if they possess redundant mechanisms allowing for invasion of any cell type 

encountered.  Although many of the cell types listed above have been tested with more 

than one rickettsial species, it is not known whether some rickettsiae are unable to infect 

certain cell types, while other species can.  With the discovery of dozens of new 

rickettsial species, a comprehensive analysis of the invasion capabilities of divergent 

rickettsiae into a wide repertoire of host cells may shed light on which bacterial and host 

factors are required for invasion. 

Invasion.  Early studies revealed that both bacterial viability and host cell 

metabolic activity were required for invasion of non-phagocytic cells (44, 47).  This 

process was deemed “induced phagocytosis,” and involves two distinct steps: adhesion 

and invasion.  Adhesion of SFG rickettsia was initially believed dependent upon two 
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immunodominant surface proteins, Sca0 (formerly RompA) (48), and Sca5 (formerly 

RompB) (49).  These proteins are part of a superfamily of surface cell antigens (Scas), 

which are high-molecular-mass autotransporters (type V secretion, T5SS).  Of the 5 

conserved Sca families, 4 have been implicated in entry (39).  The conservation and 

function of all known entry related proteins are summarized in Figure 1.3.   
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Figure 1.3: Model for the variable pathways utilized by divergent Rickettsia species for host cell 
entry. 
General pathways for Typhus Group (TG, left) and Spotted Fever Group (SFG, right) rickettsiae species are 
inferred primarily from previous work on SFG rickettsiae species R. conorii [26] and R. parkeri [108] or 
data from the present study (R. typhi). At center, a conserved proximal hub of the pathway commences with 
Sca5 binding to host receptor Ku70 [110], which triggers a host-signaling cascade (gray box) involving c-
Cbl-mediated ubiquitination of Ku70, Rho-family GTPases Cdc42 and Rac1, phosphoinositide 3-kinase 
(PI3K) activity, and activation of tyrosine kinases (e.g., c-Src, FAK and p-TK) and their phosphorylated 
targets. The divergent distal arms of this pathway involve recruitment of factors for activating the actin 
nucleating complex (Arp2/3), which leads to host actin polymerization, extensive membrane ruffling and 
filopodia formation, and bacterial internalization in a clathrin and calveolin dependent process. For SFG 
rickettsiae, the WAVE complex recruits Arp2/3, with its activation via an unknown nucleation-promoting 
factor (either host or bacterial; e.g., RickA). While these processes remain to be characterized for TG 
rickettsiae, our work suggests that secreted RalF recruits the GTPase Arf6, precipitating an accumulation of 
PI(4,5)P2 that modulates the activities of a range of actin-associated host proteins (green star). Additional 
bacterial proteins, some of which are known to facilitate host cell entry, have white lettering with colored 
boxed backgrounds. Known pathways for protein secretion and host cell receptor-binding, as recently 
reviewed [45], are shown with solid black lines; all other modeled pathways (shown with dashed lines) are 
either inferred by homology (e.g., Sca1 of TG rickettsiae as an adhesin based on characterization for Sca1 
of R. conorii [36]) or estimated based on in silico analyses (e.g., Sca3 of TG rickettsiae as a putative analog 
to the α2β1 integrin-binding Sca0 of R. conorii [35]). A phylogenomics analysis across select Rickettsia 
species (bottom, left) illustrates the genomic variation underlying all of the bacterial components of the 
models. Adapted from our recent report on the Rickettsia secretome [45]. Red, ancestral group (AG); blue, 
transitional group (TRG); aquamarine, TG; brown, SFG. See Figure 1.2 for a more detailed distribution 
of effectors across rickettsial lineages. Reprinted from Ref (50) with permission by PLOS. © 2015 Rennoll-
Bankert et al. licensed under CC BY 4.0. 
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Sca5 is conserved in all rickettsial genomes and is composed of an N-terminal 

passenger domain containing a Sec signal that delivers the protein to the periplasm.  

From there, the C-terminal autotransporter domain (β-domain) creates a pore in the 

outermembrane for the secretion of the N-terminal passenger domain; which is cleaved at 

the bacterial surface in some cases (39).  While the β-domain of Sca5 is implicated in 

serum resistance, the passenger domain interacts with Ku70, a DNA repair protein also 

found on the surface of mammalian cells.  The Sca5-Ku70 interaction was found to 

mediate attachment and internalization through a clathrin- and caveolin-dependent 

endocytic event (32).   

Unlike the conserved Sca5, Sca0 is absent from TG rickettsiae (Figure 1.3, 

conservation schematic, bottom left).  Several studies suggested it is essential for SFG 

adhesion to host cell α2β1 integrins, and Sca3 has been proposed as a putative Sca0 

analog in TG rickettsia (48, 51).  However, an isogenic Sca0 mutant failed to show any 

invasion or growth defects in mammalian cell culture, and showed no changes in 

virulence relative to wild type in a Guinea pig model (52).   

Another autotransporter adhesin, Sca1 of R. conorii, was shown to facilitate 

adherence of E. coli to non-phagocytic cells, but was not sufficient to mediate entry (53).  

The mixed conservation of Sca1 across rickettsial lineages (Figure 1.3, conservation 

schematic, bottom left) further suggests it may not be essential, but may play a role in 

increasing rickettsial tropism or invasion efficiency.   

Sca5 currently appears to be the only demonstrated invasion-inducing effector 

conserved across rickettsial species, although it remains to be determined whether its host 
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target, Ku70, is present on the surface of all cell types rickettsiae can invade.  Other 

factors may remain to be discovered that facilitate novel invasion mechanisms. 

While the majority of knowledge on rickettsial entry dynamics is based on studies 

from SFG rickettsiae, recent evidence points to an invasion mechanism unique to TG and 

AG members that uses RalF.  RalF is a conserved Sec7 domain containing protein that 

functions in eukaryotes as a guanine nucleotide exchange factor (GEF) of ADP-

ribosylation factors (Arfs).  Bankert et. al showed that RalF of R. typhi directly activates 

Arf6, a protein known to induce actin remodeling and facilitate entry when activated by 

other intracellular pathogens like Salmonella, Yersinia, Chlamydia, and Shigella (50, 54).  

Arf6 accomplishes this task by activating phosphatidylinositol 4-phosphate-5 kinase 

(PIP5K), which catalyzes the synthesis of PI(4,5)P2 from PI(4)P.  This PI metabolism 

results in PI(4,5)P2 enrichment at the plasma membrane entry foci 5-30 min post 

infection (p.i.) (see schematic summary in Figure 1.3).  This enrichment is critical for R. 

typhi invasion, as depletion of PI(4,5)P2 from cells with ionomycin and calcium caused a 

defect in R. typhi infection. Arf6 mutants also decrease R. typhi infection, as do kinase 

dead PIP5K mutants.  Overproduction of PI(4,5)P2 by PIP5K is also deleterious to 

infection, demonstrating that a critical threshold of PI(4,5)P2 is required for invasion (50, 

54).  It remains unclear how RalF enters the host cell to induce these rearrangements, 

given the lack of injection machinery (like a type III or type IV secretion system pilus) 

(39).   

The mixed conservation of invasins RalF, Sca5, Sca1, and Sca2 underlies the 

probability that rickettsial lineages may engage divergent factors to promote attachment 

and invasion of target cells (54).  
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Actin Motility. As another member of the Sca family, Sca2 was initially 

evaluated as another a potential adhesin for SFG rickettsiae.  Indeed, when Sca2 of R. 

conorii was overexpressed on the surface of nonadherent, noninvasive E. coli, it was 

sufficient to facilitate both adherence and invasion of epithelial and endothelial cells (55).  

Later, other groups showed that Sca2 is a formin mimic, thus implying a role in actin 

motility (56, 57).  In support of this, a Sca2 mutant of R. rickettsii, made using a mariner-

based transposon system, displayed a small plaque phenotype, the loss of actin motility, 

and decreased virulence in a Guinea pig model (58, 59).  Another conserved rickettsial 

actin mimic, RickA, is an activator of the host Arp2/3 complex.  Reed et al. observed that 

SFG rickettsiae can use both Sca2 and RickA to undergo an early and late phase of actin-

based motility (schematic in Figure 1.4).  By comparing R. parkerii Sca2 and RickA 

transposon mutants, the authors observed that early (30 min p.i.) actin motility was 

dependent on RickA, while Sca2 mediated late (~48 hr. p.i.) actin motility.  Both proteins 

were necessary for cell-to-cell spread, although the Sca2 mutant phenotype was more 

severe (60).  This is consistent with observed actin motility with species possessing Sca2 

and RickA, while TG rickettsiae, which lack functional homologs of these two proteins, 

have limited to no actin motility (see conservation schematic in Figure 1.2) (61, 62).  The 

precise role of Sca2 in entry will require further evaluation.   
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Figure 1.4: SFG rickettsiae undergo two phases of actin-based motility early and late in infection 
Early motility is slower and curvier and requires bacterial RickA and host Arp2/3.  Late motility is faster 
and straighter and requires bacterial Sca2.  A phase transition involves changes in the localization of RickA 
and Sca2.  Reprinted from Ref (60) with permission from Elsevier Inc. © 2014 Elsevier Ltd.  
 

 

Intercellular Spread.  The actin motility of SFG rickettsiae was initially 

presumed to be the mechanism for their observed intercellular spread (1).  Based on 

studies from other intracellular bacteria, such as Listeria monocytogenes and Shigella 

flexneri, it was thought SFG rickettsiae use actin motility as a physical force to drive 

protrusion formation, engulfment and vacuolar escape.  Lamason et al. showed this is not 

the case for SFG member, R. parkerii, which produce no actin tails in the protrusion 

(schematic in Figure 1.5).  A Sca4 transposon mutant was obtained that showed a defect 

in cell-cell spread.  The authors noted the mutant was able to form protrusions, but spent 

more than twice as much time in the protrusion, indicating a role for Sca4 in promoting 

protrusion engulfment efficiency.  The authors further demonstrate Sca4 is secreted from 

R. parkerii and acts to reduce intracellular tension by competing with α-catenin for the 
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same binding site on vinculin.  By modulating the activity of vinculin, the interactions at 

adherens junctions are weakened, causing an imbalance of actomyosin tensile forces 

between the cells.  This results in increased membrane curvature that aids in resolution of 

the protrusion in the neighboring cell.   

 

Figure 1.5: SFG rickettsiae intercellular spread not associated with actin tails 
Infectious life cycles of L. monocytogenes and R. parkeri illustrating differences in the presence or absence 
of actin tails in protrusions and the organization of actin filaments in tails (actin tail, purple; bacterium, 
green). Reprinted from reference (46) with permission from Cell © 2016 Elsevier.  

 

These results present a novel pathway for spread without the apparent force of 

continued actin motility throughout the protrusion cycle. Since spread still occurs in Sca4 

mutants, further work will be needed to address what other effectors contribute to this 

process.  Interestingly, Sca4 is conserved across all rickettsial lineages (Figure 1.2), 

suggesting reducing intercellular tension is an evolutionarily conserved mechanism that 

benefits other rickettsiae that neither demonstrate actin-based motility, nor intercellular 

spread.  Since some Sca4 homologs in R. canadensis, R. typhi, and R. bellii are missing 

some vinculin binding residues (39), whether or not all Sca4 homologs have retained the 

same vinculin binding capability remains to be tested. 

Phagosomal Escape. Unlike other closely related obligate intracellular pathogens 

like Anaplasma spp. and Ehrlichia spp., rickettsiae do not reside inside a vacuole.  

Instead, rickettsiae lyse the phagosome and escape to the cytosol of host cells.  Three 

families of proteins have been studied for their role in rickettsial phagosomal escape, 
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namely hemolysins, phospholipase D, and phospholipase A.  One protein annotated as 

hemolysin, TlyC, is conserved in all rickettsiae.  TlyC membranolytic activity has been 

demonstrated using a heterologous expression assay, where it conferred a hemolytic 

phenotype to E. coli str. K-12 (63).  Phospholipase D (PLD) of R. conorii and R. 

prowazekii had membranolytic activity in vitro and anti-PLD antibodies protected Vero 

cells from cytotoxicity.  However, when TlyC and PLD were heterologously expressed in 

a Salmonella enterica serovar Typhimurium mutant defective in phagosomal escape, only 

a small portion of TlyC expressing salmonellae escaped to the cytoplasm, while 100% of 

PLD expressing bacteria escaped.  Yet, when Driskell et al. created a R. prowazekii pld 

mutant, no difference in cell culture growth was observed.  Rickettsial growth was not 

delayed, as observed by direct visual counts and quantitative PCR.  Escape from the 

phagosome was also not disrupted, with the authors observing rickettsiae in the 

cytoplasm as early as 10 min in mutant and wild type bacteria.  In the Guinea pig model, 

however, fever was significantly reduced in the pld mutant compared to wild type (64).  

Collectively, these data suggest that TlyC and PLD may play important roles during 

infection unrelated to phagosomal escape, and that other membranolytic factors must be 

involved to promote vacuole lysis.   

Lastly, two patatin-like phospholipase A2 enzymes have been identified. While 

Pat1 is conserved in most rickettsiae, Pat2 is primarily conserved in TG and a handful of 

other species sporadically (Figure 1.2).  Both Pat1 and Pat2 of R. typhi were 

demonstrated to have PLA2 activity, yeast cytotoxicity, are secreted during infection, and 

pretreatment of rickettsiae with anti-Pat1/Pat2 antibodies reduced rickettsial survival and 
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delayed phagosomal escape (65, 66).  How Pat1 or Pat2 use their membranolytic 

properties to promote pathogenesis remains to be determined. 

Effector synopsis.  The nutrient-rich eukaryotic host environment has allowed for 

the accumulation of mutations and gradual loss of rickettsial metabolic genes (35, 36).  

This “reductive genome evolution” governs the small sizes (~1.2 Mb) and minimal 

coding capacities (~1000 coding sequences) of Rickettsia genomes.  In spite of this, all 

intracellular bacteria must select for a diversity of surface structures, secretion systems 

and effectors to enable the crucial steps of invasion, intracellular survival, and escape 

from multiple host types (36).  Even after decades of study, these stages of rickettsial 

pathogenesis are still poorly resolved.  Out of the 18 secreted proteins that have been 

identified in Rickettsia spp., half have no clear functional role in pathogenesis, and 9 have 

not been linked to their cognate secretion system.  Only five of these have been 

genetically knocked out or mutated.  Functional analysis of these mutants revealed no 

effect on virulence (Sca0), two showing no deficiency in the protein’s initial proposed 

mechanism of pathogenesis (PLD, Sca2), and while the other two remain untested in 

regards to virulence (Sca4, RickA).   

1.3 The rickettsial “intra-cytosolic niche” mystery 

Investigations into the molecular mechanisms of rickettsial pathogenesis have 

made the most progress in understanding the initial stages of rickettsial infection: 

complement evasion (Adr1, Adr2), attachment (Sca0, Sca1, Sca5), invasion (Sca5, RalF), 

phagosomal escape (TlyC?, PLD?), motility (RickA, Sca2), and intercellular spread 

(Sca4).  Few, if any, effectors have been shown to act during the cytosolic phase of 

infection, which is arguably where these pathogens spend most of their life cycle.  
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Rickettsia spp. must establish an “intra-cytosolic niche,” where they slowly grow 

to high numbers before spreading via necrotic lysis (TG) or intercellular spread to other 

cells (SFG) (34).  Evolution has provided eukaryotic cells with a repertoire of defenses 

against intracellular bacterial invaders, including nutritional immunity (67) and cell-

autonomous defenses (68).  With a doubling time of 8-12 hours, how rickettsiae evade 

these defenses long enough to replicate and spread is not clear. 

The slow doubling time of rickettsiae is likely correlated with the need to obtain a 

substantial array of metabolites from the host.  Substantial genome reduction in 

rickettsiae has resulted in a patchwork of metabolic pathways, in which there are 

numerous missing enzymes and transporters.  Driscoll et al. reconstructed the rickettsial 

metabolic network and determined rickettsiae must import 51 host metabolites, the 

majority of which have never been shown to be imported by bacteria (69).  Whether some 

rickettsial effectors influence host metabolism in order to increase availability of 

metabolites or, importantly, to counteract host anti-microbial metabolite restriction, 

remains to be investigated.   

Despite living in the cytoplasm, cell-autonomous mechanisms of rickettsial 

recognition and clearance are limited to a handful of studies.  Cell-autonomous immunity 

is defined by the ability of an individual cell to defend itself against a pathogen by first 

detecting it via pattern recognition receptors (PRRs) and then executing an anti-microbial 

response (70).  Cytosolic PRRs, such as the cargo receptors of autophagy, RNA sensing 

RIG-1 like receptors, DNA sensing cGAS/STING and AIM2 inflammasome, 

peptidoglycan sensing NOD1/2, and multi-ligand sensing NLR inflammasomes, are all 

capable of recognizing bacterial pathogens (71).  Of all the cytosolic PRRs, only the 
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rickettsiae-inflammasome interaction has been published.  Smalley et al. showed R. 

australis was recognized by the NLRP-3 inflammasome based on cytokine secretion in 

THP-1 and bone marrow derived macrophages (72).  Interestingly, other authors have 

grown rickettsiae in non-activated macrophages for up to ~3 days p.i. without observing 

rickettsial or macrophage death (35, 73).  Smalley et al. did observe increased bacterial 

titers with NLRP3-/- mice in the spleen, but not in lung or liver tissues, suggesting 

NLRP3-mediated rickettsiae control might be tissue-specific (72).  Levels of pyroptotic 

cell death were not quantified, so it remains to be determined whether rickettsiae are 

controlled by inflammasome induced cytokines or pyroptosis or both.   

Smalley et al. also observed that most intracellular pathogens induce 

macrophages to secrete IL-1β and IL-18 after 4-6 hr. p.i., while R. australis induced 

secretion as late as at 8 hr. p.i. (high MOI) and at 12 hr. p.i. (low MOI).  The authors 

suggest that this delay in inflammasome activation may indicate rickettsiae utilize an 

inflammasome evasion mechanism during early infection (72).  While many examples 

exist for other intracellular pathogens, rickettsial effectors modulating inflammasome 

activation, pyroptosis, or recognition by any other cytosolic PRR, remain to be 

discovered.  

While 18 secreted effectors are recognized for Rickettsia spp., many are poorly 

understood and may be involved in evading PRRs or acquiring metabolites (34, 74).  

Other undiscovered cytosol-acting effectors likely yet remain.  Identification and 

characterization of rickettsial secreted effectors that facilitate intra-cytoplasmic survival 

and spread would be a valuable addition to our understanding of rickettsial pathogenesis.  
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1.4 Ankyrin repeat proteins as secreted bacterial effectors in the host cytoplasm 

The ankyrin (Ank) repeat is a eukaryotic motif frequently implicated in bacterial 

effectors involved in the subversion and manipulation of diverse host processes occurring 

in the cytoplasm and nucleus of parasitized cells (75, 76).  This motif has been implicated 

in secreted effectors of intracellular pathogens like Anaplasma phagocytophilum, 

Ehrlichia chaffeensis, Legionella pneumophila, Francisella tularensis, Orientia 

tsutsugamushi, and many others (75).  These bacterial Ank-repeat containing proteins 

(ARPs) are typically secreted by type IV secretion systems (T4SS) (76) and occasionally 

type I secretion systems (T1SS) (77, 78).   

Structurally, the Ank motif is composed of multiple ~33 residue repeating units 

with significant intra- and inter-repeat variation of residue number and composition 

(Figure 1.6 A).  These units assemble into an alpha-alpha-beta secondary structure, with 

the beta sheets projecting outward at 90° (Figure 1.6 B).  This creates a hairpin beta-loop 

that feeds into the next repeat.  Multiple repeats typically arrange into a curve, with the 

beta-loops lining the concave surface mediating protein-protein interactions (Figure 1.6 

C) (75).  Although more rare, the convex surface can also mediate these interactions and 

may involve more transient interactions with host proteins (79).   
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Figure 1.6: Conserved structural features of the ankyrin motif. 
(a) Two ankyrin consensus sequences, derived mostly from eukaryotic proteins (i, ii) are compared to a 
consensus sequence from bacterial proteins (iii).  Residues are colored using the CLUSTALW color 
scheme implemented in Jalview.  X that denotes any amino acid except C, G, and P and Z that can be a H, 
N or Y. (b, c) An ankyrin repeat is composed of two α-helices arranged in an antiparallel fashion, and a β-
loop that projects outward at an approximately 90° angle to facilitate the formation of hairpin-like β-sheets 
with neighboring loops. Panel (c) shows the crystal structure of ankyrin repeats for the cell cycle regulator 
Swi6 from yeast. 
Reprinted from Ref. (75) with permission from Trends in Microbiology.  © 2010 Elsevier. 

 

The Ank repeat is the most common protein-protein interaction motif in nature, 

likely due to 1) its ability to withstand significant sequence variation and maintain 

structure, 2) the variability in the number of repeats, and 3) its ability to pair with other 

functional modules (75).  The plasticity of this motif has made it a useful tool for 

bioengineering molecules called DARPins (designed ankyrin repeat proteins) for use in 

research (i.e. protein crystallization) and therapy (i.e. targeted induction of apoptosis in 

tumors) (80).   

While eukaryotic Ank motifs pair with hundreds of different functional domains, 

bacterial ARPs appear less promiscuous, with only 12 distinct domain pairings observed 
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with Ank motifs predicted from viral and bacterial genomes (75).  For example, 

Legionella pneumophilia, which encode 11 predicted Anks, pair the Ank repeats of AnkB 

with an F-box domain.  This domain pairing is not found in metazoans, although it is 

found in several viruses, Coxiella burnetti, Protochlamydia amoebophilus, and Orientia 

tsutsugamushi (75, 81).  Proteins with the F-box domain function in Skp1-Cullin-F box 

(SCF) E3 ubiquitin ligase complexes, which transfer ubiquitin from an E2 ubiquitin-

conjugating enzyme to a target protein (81).  AnkB is required for intracellular growth in 

macrophages and amoeba, and it is believed to recruit SCF E3 complex to the bacterial 

vacuole to decorate the membrane with ubiquitin to prevent lysosome fusion.  It is also 

implicated in increasing host protein ubiquitination and degradation to increase free 

amino acids, the carbon source of legionellae (82).   

Orientia tsutsugamushi str. Ikeda contains 20 ARP open reading frames (ORFs), 

16 of which are paired with an F-box domain, while 14 localize to the ER during ectopic 

expression.  However, only one of these ARPs has been characterized to function during 

infection, Ank9 (T1SS).  This protein directly interacts with the SCF complex during 

infection, as well as the endogenous coatomer protein complex subunit beta 2 (COPB2) 

which is a subunit of the COPI complex involved in Golgi-to-ER trafficking.  Ank9 

appears to target the Golgi early in infection through a novel GRIP-like Golgi 

localization domain, then through retrograde transport, traffics to the ER.  This effector 

has thus been implicated in disrupting protein secretion and inducing ER stress (83). 

Ehrlichia spp. encode two secreted ARPs (T4SS) that modulate the immune 

response to infection.  The Ank repeats of AnkA can mimic or interfere with the Ank 

repeats present in IκB, the inhibitor of NF-κB.  This interference causes a delay in the 
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translocation of NF-κB to the nucleus and dampens cytokine synthesis.  It has also been 

implicated in binding areas of condensed chromatin in the nucleus in order to influence 

cell cycle genes, thus pausing cells between the G1 and S phases.  The second ehrlichial 

ARP is p200, which directly binds adenine rich motifs in the promoters and introns 

various host cell genes associated with pathogenesis and immune evasion (84).  

Anaplasma spp. encode one ARP effector, AnkA (T4SS).  This protein 

translocates to the nucleus and binds AT-rich promoters to downregulate host gene 

transcription of CYBB [gp91(phox)] and other key host defense genes (85).  It is believed 

to enhance Anaplasma spp. infection by promoting neutrophil reprogramming to allow 

functional changes of the host that would improve microbial fitness and enhance 

pathogenicity (86). 

Coxiella spp. encode 15 predicted ARPs (T4SS), although few are well 

characterized (75).  Ectopic expression of several ARPs in infected HeLa cells indicated 

that AnkG colocalized with microtubules, AnkJ colocalized with mitochondria marker 

COXIV, and AnkN localized to lysosomal compartments and the bacterial vacuole, while 

the remaining ARPs localized diffusely to the host cytoplasm (87).  Another study noted 

that AnkB localized to the nucleus and nucleolus of mammalian and yeast cells, 

respectively. (88).  While AnkG ectopic expression localized to microtubules in the host, 

it has also been shown to inhibit apoptosis by interacting with host protein p32 and 

blocking p32-regulated pathogen-induced apoptosis (89). 

Despite the substantial evidence for ARP function in intracellular bacterial 

pathogenesis, a role for ARPs has not been explored during rickettsial infection. 
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1.5 Rickettsial ankyrin repeat containing proteins RARP-1 and RARP-2 

Rickettsia spp. harbor variable numbers of predicted ARPs.  A comprehensive list 

of predicted ARPs or an evaluation of their distribution in Rickettsia spp. is complicated 

by the variation between homologous proteins, inaccurate Ank repeat predictions, ORF 

over-prediction, and varying levels of genes acquired laterally (90).  Most rickettsial 

ARPs are conserved within rickettsial groups (39, 90).  The highest numbers of predicted 

ARPs are observed in larger rickettsial genomes, such as R. bellii (91), R. felis (92), R. 

massiliae (93), and R. buchnerii (94, 95), which show evidence of transposable elements, 

phage related elements and horizontal gene transfer.  As such, these genomes also contain 

larger numbers of ARPs, tetratricopeptide repeats, and gene duplications, all of which are 

often associated with mobile elements.  Fewer of these proteins are found in smaller 

genomes, such as those in TG rickettsiae, which have a paucity of mobile elements.  Only 

two Rickettsia Ankyrin Repeat Proteins, RARP-1 and RARP-2, are conserved across the 

majority of Rickettsia spp. (39).   

RARP-1 is a ubiquitous, Sec-TolC secreted effector believed to play a role in 

rickettsial pathogenesis.  It is comprised of an N-terminal Sec-signal sequence, a central 

domain containing two repeat regions, followed by a C-terminal domain harboring three 

Ank repeats (Figure 1.7).  Ammerman et al. showed that RARP-1 is translocated into the 

periplasm using an E. coli PhoA-based gene fusion assay.  PhoA is an alkaline 

phosphatase, which is only active once translocated through the Sec system into the E. 

coli periplasm (96).  By fusing the signal peptide of RARP-1 to PhoA, the authors could 

evaluate transformed E. coli for periplasmic-secretion by PhoA activity on LB agar 

containing a chromogenic PhoA substrate. Blue colonies indicated PhoA activity and 
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secretion, while white colonies indicated lack of PhoA activity and no secretion (97).  

Kaur et al. expanded on this work by finding RARP-1 was co-transcribed with the 

rickettsial TolC homolog, as well as another rickettsial hypothetic protein, RT0217 (78).  

TolC secretion was demonstrated via a heterologous E. coli secretion assay.  Mutational 

analysis of RARP-1 showed this secretion was dependent upon the C-terminal Ank repeat 

units, and the N-terminal sec signal.  In an isogenic tolC mutant, the authors showed 

RARP-1 secretion to the supernatant was abolished.  Finally, by complementing R. typhi 

tolC in the tolC-mutant E. coli, RARP-1 secretion was restored.  This confirmed that after 

RARP-1 is transported to the periplasm by the sec translocon, the TolC secretion system 

translocates it through the rickettsial outer membrane.  During R. typhi infection, the 

authors demonstrated these genes are all expressed, and that RARP-1 is secreted from 

rickettsiae and localizes to the cytosolic fraction of mammalian cells.  

RARP-2 proteins consist of a highly conserved N-terminal domain of unknown 

function, an Ank domain composed of multiple repeats, and a distinct C-terminal tail  

(Figure 1.7).  The function of RARP-2 is unknown and, although the mechanism of 

secretion has yet to be experimentally evaluated, it is predicted to be a T4SS substrate 

(39). While RARP-1 is conserved in all rickettsial species, RARP-2 is largely conserved 

in pathogenic rickettsiae.  It is conspicuously absent from rickettsial endosymbionts and 

Rickettsia spp. with no known vertebrate pathogenicity (39, 98, 99).  Despite evidence of 

ARPs as key virulence factors for many intracellular pathogens, the role of RARP-1 and 

RARP-2 in rickettsial pathogenesis remain unstudied.  
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Figure 1.7:  RARP-1 and RARP-2 domain architecture 
RARP-1 is a ubiquitous, Sec-TolC secreted effector believed to play a role in rickettsial pathogenesis.  It is 
comprised of an N-terminal Sec-signal sequence, a central domain containing two repeat regions, followed 
by a C-terminal domain harboring three Ank repeats.  RARP-2 proteins consist of a highly conserved N-
terminal domain of unknown function, an Ank domain composed of multiple repeats, and a distinct C-
terminal tail. 
 

1.6 Predictions of RARP-2 as a rickettsial virulence determinant 

RARP-2 homologs have been noted as potential virulence determinants for 

multiple Rickettsia spp.  Because genetic manipulation of rickettsiae is problematic (100), 

several studies have utilized comparative genomics to identify potential virulence factors. 

By comparing genomes of closely related pathogenic and non-pathogenic rickettsial 

species, genes important for the mammalian stage of infection can be identified.  

Felsheim et al. compared R. peacockii, an endosymbiont of Dermacentor andersoni 

ticks (101) to its closest pathogenic relative, the highly virulent R. rickettsii str. Sheila 

Smith (98).  The endosymbiont showed evidence of mobile genetic elements, such as a 

plasmid, 42 copies of the ISRpe1 transposon, as well as significant genome 

rearrangements (94).  These transposons contributed, in part, to a number of deleted and 

mutated genes whose loss may contribute to the lack of R. peacockii pathogenesis. These 
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genes include RARP-2, which appears to be deleted due to recombination of ISRpe1 

transposons (98).   

Interestingly, RARP-2 is also interrupted in other non-pathogens, although through 

independent mutational events. By comparing R. rickettsii strains of reduced 

pathogenicity to the virulent Sheila Smith strain, Clark et al. noted that RARP-2 is 

mutated in both the avirulent R. rickettsii strain Iowa (102) and the reduced virulence 

strain R (99).  Both the Iowa and R strain homologs contain a 588 bp deletion, which is 

absent in the virulent strains Sheila Smith and Morgan.  

Other studies have sought to identify virulence factors by comparing transcript 

expression in mammalian versus arthropod hosts, hypothesizing that virulence factors 

would be differentially expressed.  Ellison et al. showed increased rarP2 transcription 

during R. rickettsii Vero cell infection, compared to infection of I. scapularis tick 

embryo-derived cell line, ISE6 (103).  This increase was observed whether the cell lines 

were both cultured at 37°C, or if the ISE6 cells were cultured at an environmental 25°C.  

Another study showed that during infection of its natural vector, Amblyomma 

aureolatum ticks, R. rickettsii virulence gene expression is modulated in response to 

environmental stimuli (such as temperature elevation and blood components) (104).  

Importantly, these two factors have been linked to reactivation of R. rickettsii virulence 

(105–107).  The authors noted that rarP2 transcription in R. rickettsii infected A. 

aurolatum ticks increased significantly upon exposure to both blood and increased 

temperature, but neither alone.  This increase was observed from rickettsiae isolated from 

both male and female salivary glands, and only female midguts (104).   
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While much of the available rickettsial transcriptomic data exists from cell culture 

or tick infection, one recent study evaluated R. rickettsii gene expression during in vivo 

mouse infection compared to in vitro cell culture infection.  The authors saw a 5 fold 

increase in rarP2 transcripts isolated from the liver tissues of C3H/HeN mice infected for 

five days with 1x107 intravenous R. rickettsii Sheila Smith compared to cell culture 

(108).  

Cumulatively, the genomic distribution and expression data represent multiple 

lines of evidence suggesting RARP-2 may play a role in enhancing pathogenesis in the 

mammalian stage of infection.  

1.7 Project Goals 

To gain insight into the molecular mechanisms of rickettsial pathogenicity, this 

study evaluated the function of the rickettsial effector, RARP-2.  Based on the 

comparative genomics data, the expression data, its distribution, and the presence of the 

eukaryotic ankyrin domain, I hypothesized that RARP-2 functions as a secreted effector 

to enhance rickettsial pathogenesis during the mammalian stage of infection.   

The following studies outline the characterization of RARP-2 homologs from 

Rickettsia spp. from both typhus group and spotted fever group rickettsiae.  I initially 

evaluated the expression of R. typhi (TG) RARP-2 during infection, assessed its predicted 

type IV secretion mechanism, and visualized the localization of ectopically expressed 

RARP-2 in mammalian cells.  Attempts to identify an interacting partner are also 

presented. 

I expanded our analysis by evaluating the function of RARP-2 in R. rickettsii 

(SFG), which is somewhat more genetically tractable than TG members, given that they 
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form distinct plaques (59).  This allows for isolation of transformants without limiting 

dilution and enables direct visualization of changes in plaque morphology that might 

suggest disruptions in pathogenesis mechanisms like cell-cell spread or host cell lysis 

(59).  

Genomic comparisons of virulent and avirulent strains indicated RARP-2 might 

be a virulence determinant of R. rickettsii (99).  Thus, I constructed plasmids to 

complement the virulent R. rickettsii str. Sheila Smith RARP-2 into the avirulent str. 

Iowa, and evaluated RARP-2 secretion into the host, as well as its contribution to 

pathogenesis in cell culture and in a Guinea pig model.  I further performed domain 

analysis by creating RARP-2 mutants and observing for changes in phenotype.  Lastly, I 

began to identify mammalian host targets of RARP-2 using electron microscopy and 

confocal microscopy to observe RARP-2 colocalization with host organelles.  

The culmination of this work describes RARP-2 distribution across Rickettsia 

spp., its conserved domain architecture, and its cytosolic localization in host cells for both 

TG and SFG rickettsiae.  I demonstrate that RARP-2 is a T4 secreted effector, and 

present evidence that the number of Ank repeats plays a role in modulating RARP-2 

function. 
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CHAPTER 2:   THE RICKETTSIA ANKYRIN REPEAT PROTEIN 2 IS A TYPE 

IV SECRETED EFFECTOR AND CO-LOCALIZES WITH MARKERS OF 

THE ENDOPLASMIC RETICULUM1 

2.1 Abstract 

The virulence of strains of Rickettsia rickettsii, the tick-borne agent of Rocky 

Mountain spotted fever, varies considerably.  Genomic comparisons of R. rickettsii 

strains have identified a relatively small number of genes divergent in an avirulent strain.  

Among these is one annotated as Rickettsia Ankyrin Repeat Protein 2 (RARP-2).  

Homologs of RARP-2 are present in all strains of R. rickettsii, but the protein in the 

avirulent strain Iowa contains a large internal deletion relative to the virulent Sheila 

Smith strain.   RARP-2 is secreted in a type IV secretion system dependent manner and 

exposed to the host cell cytosol.  RARP-2 of Sheila Smith co-localizes with multi-

lamellar membranous structures bearing markers of the endoplasmic reticulum whereas 

the Iowa protein shows no co-localization with host cell organelles and evidence of 

proteolytic degradation is detected.  Overexpression of Sheila Smith-RARP-2 in R. 

rickettsii Iowa converts this avirulent strain’s typically non-lytic or opaque plaque type to 

a lytic plaque phenotype similar to that of the virulent Sheila Smith strain.  Mutation of a 

predicted proteolytic active site of Sheila Smith RARP-2 abolished the lytic plaque 

phenotype but did not eliminate association with host membrane.  RARP-2 is thus a type 

                                                
1 Stephanie S.  Lehman*, Nicholas Noriea*, Karin Aistleitner*, Tina Clark, Cheryl Dooley, Joeseph 
Gillespie, Simran Kaur, Sayeed Rahman, Abdu Azad, Ted Hackstadt.  2018.  The Rickettsia Ankyrin 
Repeat Protein 2 is a type IV secreted effector and co-localizes with markers of the endoplasmic reticulum.  
mBio.  (submitted) *authors contributed equally to this work. 
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IV secreted effector released from the rickettsiae into the host cytosol to modulate host 

processes during infection.  Overexpression of Sheila Smith-RARP-2 did not, however, 

restore the virulence of the Iowa strain in a Guinea pig model, likely due to the 

multifactorial nature of rickettsial virulence.  

Importance 

Members of the genus Rickettsia are obligate intracellular bacteria that exhibit a 

range of virulence from harmless endosymbionts of arthropods to the etiologic agents of 

severe disease.  Despite the growing number of available genomes, little is known 

regarding virulence determinants of rickettsiae.  Here we have characterized an ankyrin 

repeat containing protein, RARP-2, which differs between a highly virulent and an 

avirulent strain of R. rickettsii, the agent of Rocky Mountain spotted fever.  RARP-2 is 

secreted by a type IV secretion system into the cytosol of the host cell where it interacts 

with and manipulates the structure of the endoplasmic reticulum. RARP-2 from the 

avirulent strain is truncated by the loss of seven of 10 ankyrin repeat units but, although 

secreted, fails to alter ER structure.  Recognition of those rickettsial factors associated 

with virulence will facilitate understanding of regional and strain specific variation in 

severity of disease. 

2.2 Introduction 

 Rickettsia spp. are arthropod-borne Gram-negative, obligate intracellular parasites 

of their eukaryotic hosts.  Members of the genus Rickettsia are classified into three 

monophyletic groups; the spotted fever group (SFG), the typhus group, and a transitional 

group, with additional basal lineages unclassified (90).  R. rickettsii is a member of the 

SFG rickettsiae and the causative agent of Rocky Mountain spotted fever (RMSF); the 
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most severe of the SFG rickettsiosis.  Even today, RMSF is a potentially life-threatening 

disease with mortality rates reaching 20% if not treated appropriately (6).  Strains of R. 

rickettsii differ markedly, however, in the severity of human disease they cause as well as 

in their virulence in animal model systems (99, 109).  Since its earliest recognition, it was 

observed that cases in the Bitterroot Valley of western Montana were much more severe 

than surrounding areas with case fatality rates upward of 80% before the advent of 

antibiotics (24).  This contrasts with fatality rates near 5% in nearby Idaho.  Recent 

genomic comparisons of the highly virulent R. rickettsii Sheila Smith strain to the 

avirulent Iowa strain (102) and strains of intermediate virulence (99) identified 

differences in several genes, which might represent potential virulence determinants (99, 

102).  

 One such factor is an ankyrin repeat containing protein, the Rickettsia ankyrin 

repeat protein-2 (RARP-2) (39) (A1G_ 05165 in Sheila Smith, RrIowa_1113 in Iowa).  

While RARP-2 homologs are present in all R. rickettsii strains, both the avirulent Iowa 

and the moderately virulent R strain share a 588 bp deletion in this gene, leading to a 

lesser number of ankyrin repeats in the mature proteins (99, 102). 

 The ankyrin domain is the most common protein–protein interaction motif in 

nature (110), and evidence points to ankyrin repeat containing proteins (ARPs) as key 

virulence factors of intracellular bacteria (76).  Due to high flexibility and sequence 

degeneracy, ankyrin domains allow for interaction with a diversity of cellular targets 

(75).  Each ARP characterized from the intracellular pathogens Anaplasma 

phagocytophilum, Ehrlichia chaffeensis, Legionella pneumophila, and Orientia 

tsutsugamushi performs a unique task, such as directly influencing gene transcription, 
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hijacking vesicular trafficking, interrupting signaling, or organelle disruption (77, 84, 

111–115). Despite the occurrence of ARPs in all rickettsial genomes, their roles during 

rickettsial pathogenesis remain unstudied.   

Given the capacity of ARPs to act as virulence factors, it has been proposed that 

differences in RARP-2 may contribute to the increased virulence of the Sheila Smith 

strain (99, 102).  Here, we demonstrate that RARP-2 is a type IV secreted effector, but 

only the Sheila Smith RARP-2 homolog (SS-RARP-2) co-localizes with ER membranes 

during infection. Expression of the virulent Sheila Smith RARP-2 homolog (SS-RARP-2) 

in the avirulent Iowa strain restores the lytic plaque phenotype characteristic of virulent 

R. rickettsii strains but does not change virulence in a Guinea pig model.  

 

2.3 Results 

Conservation of RARP-2 in the genus Rickettsia.   

 A genomic comparison of strains of R. rickettsii that differ in virulence identified 

a limited number of genes that uniquely diverged in the avirulent Iowa strain (99).  One 

of these genes, RrIowa_1113, is annotated as RARP-2 in R. typhi (39).  Architecturally, 

RARP-2 proteins contain a highly conserved N-terminal domain of unknown function, a 

variable ankyrin domain comprised of 3-12 ankyrin repeat units, as well as a distinct C-

terminal tail (Figure 2.1 and Figure 2.2).  In addition to a single nucleotide polymorphism 

that distinguishes R. rickettsii Iowa rarP-2 from the other R. rickettsii strains, Iowa also 

has a deletion of 588 bp relative to the highly virulent Sheila Smith strain that deletes 7 of 

the 10 ankyrin repeat units.  This deletion is also present in the moderately virulent R. 

rickettsii R strain (Figure 2.1); another western Montana isolate that is closely related to 

Sheila Smith but of reduced virulence (99). 
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pRAMF2 Rickettsial Expression Vector 

 To evaluate whether SS-RARP-2 contributes to the increased virulence in strain 

Sheila Smith, we expressed SS-RARP-2 in the Iowa strain and evaluated changes in 

phenotype.  RARP-2 homologs were cloned into a rickettsial expression plasmid, 

pRAMF2 (Figure 2.1), a modified version of the pRAM18dRGA plasmid (116). This 

plasmid was modified to allow for recombinant expression of N- and C-terminal FLAG 

tagged proteins in rickettsiae using the strong ompB promoter. The ompB promoter was 

chosen to drive the expression cassette due to high levels of expression in the transformed 

bacteria (data not shown). The rpsL promoter is used to drive rifampin resistance and the 

ompA promoter was used to drive GFP in order to identify positive transformants. The 

rpsL-rparr2- ompA -gfp cassette is located on a section of the plasmid backbone separate 

from the multiple cloning site and associated FLAG tag to prevent read through. 
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Figure 2.1 RARP-2 organization and expression vector description.   
(A) Conservation of RARP-2 in R. rickettsii and selected species of the spotted fever and typhus groups of 
rickettsiae.  Note that the number of ankyrin repeats differs in strains of R. rickettsii.   See Figure 2.2 for 
additional species and information.  (B) pRAMF2 plasmid engineered for expression in rickettsiae.  The 
ompB promoter expresses N-term FLAG tagged proteins of interest, the ompA promoter expresses GFP to 
identify transformants. 
 

Figure 2.2: RARP-2 homologs are conserved in pathogenic rickettsiae and harbor variable ankyrin 
repeats. 
In silico analysis of RARP-2 homologs across 49 Rickettsia genomes. Proteins were retrieved from NCBI 
using R. typhi str. Wilmington RARP-2 (locus tag RT0600) as the query in a blastp search against the NR 
(All GenBank+RefSeq Nucleotides+EMBL+DDBJ+PDB) database, coupled with a search against the 
Conserved Domains Database (117).  Searches were performed with composition-based statistics across 
“Rickettsia”.  No filter was used.  Default matrix parameters (BLOSUM62) and gap costs (Existence: 11 
Extension: 1) were implemented, with an inclusion threshold of 0.005. Subjects were aligned using 
MUSCLE, default parameters (118).  The alignment was manually adjusted to delineate predicted ankyrin 
repeats using a consensus ankyrin repeat model (110).  These analyses indicated that RARP-2 homologs 
consist of a highly-conserved N-terminal domain (NTD) of unknown function, an ankyrin domain 
composed of 3-12, 28-residue repeats, as well as a C-terminal tail containing a predicted T4SS signal.  
Phylogeny at left estimated as previously described, with additional genomes annotated using RAST. 
Rickettsia classification scheme for follows previous studies: red, ancestral lineages; blue, Transitional 
Group; aquamarine, Typhus Group; and brown, Spotted Fever Group. Rickettsia helvetica is unclassified 
following recent recommendations. NOTE: divergent RARP-2 homologs (found only in R. belli and R. 
felis) share less than ~37 %ID with RARP-2 proteins in the N-terminal domain, with very different ankyrin 
repeat sequences that do not match RARP-2 ankyrin repeats in reciprocal blastp searches. 
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Expression of SS-RARP-2 in an avirulent strain restores a lytic plaque phenotype 

 Strains of R. rickettsii differing in virulence have been shown to form distinct 

plaque phenotypes (102, 119). The avirulent R. rickettsii Iowa demonstrates characteristic 

non-lytic, opaque plaques, compared to the lytic, clear plaque phenotype of virulent 

Sheila Smith.  Both SS-RARP-2 and Iowa-RARP-2 were expressed from pRAMF2 as N-

terminal Flag-tagged fusion proteins in R. rickettsii Iowa.  Expression of SS-RARP-2 in 

Iowa restored the lytic plaque phenotype characteristic of the virulent strain (Figure 2.3). 

Expression of Iowa-RARP-2 in R. rickettsii Iowa did not change the plaque phenotype, 

indicating the lytic phenotype was not simply due to overexpression of the SS-RARP-2 

homolog.  

Vesicular structures are formed by SS-RARP-2 but not Iowa-RARP-2 

 The localization of the RARP-2 homologs expressed in R. rickettsii Iowa during 

infection of eukaryotic cells was examined (Figure 2.3).  
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Figure 2.3: Expression of RARP-2 homologs in the R. rickettsii Iowa strain.   
 (A) Plaque morphologies of R. rickettsii Iowa, R. rickettsii Sheila Smith and R. rickettsii Iowa expressing 
Iowa RARP-2 (Iowa:I-RARP-2) or Sheila Smith RARP-2 (Iowa:SS-RARP).  Expression of the SS-RARP-
2 homolog in the Iowa strain restores a lytic plaque phenotype. Bar = 10 µm.  (B) Extra-rickettsial 
structures are formed following expression of SS-RARP-2 from R. rickettsii Iowa but not expression of 
Iowa-RARP-2 or MTase.  Flag-tagged RARP-2 was detected using an anti-Flag antibody (red).  Rickettsiae 
are expressing GFP (green).  Corresponding Nomarski differential interference contrast 696 (DIC) images 
are provided. Bar = 10 µm. 
 

The SS-RARP-2 construct displayed pleomorphic structures in the cytosol of infected 

cells and was not observed in association with the rickettsiae.  Iowa-RARP-2 did not 

exhibit such structures nor did a Sheila Smith control fusion protein, A1G_06690, 
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annotated as a methyltransferase (MTase), predicted to be cytosolically localized.  

Expression of SS-RARP-2 from the virulent R strain yielded similar vesicular structures (

Figure 2.4).   

Figure 2.4: Expression of SS-RARP-2 from the virulent R strain yields similar vesicular structures as 
those expressed from the avirulent Iowa strain. R 
SS-RARP-2 infected cells at 48 hr p.i. were fixed and stained with an anti-Flag antibody (red) and merged 
with images showing GFP-rickettsia (green) and DAPI (blue). 
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We therefore examined expression of these proteins during infection over a 72 hr 

interval post-infection (Figure 2.5).  Expression of all constructs was detectable by 

immunoblotting at 24 hr post-infection (hr. p.i.). The cytosolic structures formed by SS-

RARP-2 were detected by 24 hr. p.i. and at each time point thereafter. Both SS-RARP-2 

and the MTase showed some evidence of processing. However, the Iowa-RARP-2 

exhibited a more extensive and marked proteolytic breakdown, with maximal expression 

observed at 48 hr. p.i.. At no time did Iowa-RARP-2 or MTase display extra-rickettsial 

cytosolic structures (not shown).   

 

 

Figure 2.5: Expression of RARP-2 during infection. 
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(A) FLAG-tagged SS-RARP-2, Iowa-RARP-2, MTase, and pRAMF2 empty vector control were over-
expressed from R. rickettsii Iowa in Vero76 cells (MOI=1) and sampled at 12, 24, 48, and 72 hr. p.i. for 
immunoblotting with an anti-FLAG antibody.  Dots to the right of the bands indicate the major breakdown 
products of Iowa-RARP-2 at 48 and 72 hr p.i..  Reduced signal at 72 hr is presumably due to further 
proteolysis of the products.  Tubulin was used as a loading control.  (B) Cultures infected with SS-RARP-
2-FLAG were fixed at times corresponding to panel A and stained with anti-FLAG antibodies (red) for 
observation by IFA.  GFP expressing rickettsiae are green.  Corresponding Nomarski differential 
interference contrast images are provided.  Bar = 10 µm. 
 

To confirm the expression and internal localization of the MTase in rickettsiae, a 

lysozyme treatment step was included in the immunofluorescent staining to confirm 

expression and localization within rickettsiae (Figure 2.6). 
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Figure 2.6: Flag -MTase is expressed and is internally localized in rickettsia.  
MTase was expressed from pRAMF2 as an N-terminal Flag-fusion in R. rickettsii Iowa in Vero cells. Fixed 
cells were incubated with 5mg/ml lysozyme (Sigma-Aldrich) in 10 mM Tris-HCl (pH 7.5) for 1 hour at 
37˚C (+lysozyme) or not (-lysozyme) and stained for immunofluorescence as described in the Materials 
and Methods. Bar = 10 µm. 

 

A rabbit polyclonal anti-peptide antibody was prepared to examine native RARP-

2 and tested for reactivity against RARP-2 in Sheila Smith and Iowa infected cells. The 

antibody recognized overexpressed recombinant RARP-2 but did not detect specific 

antigen from parental R. rickttsii (Figure 2.7 A), suggesting that RARP-2 may be of low 
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abundance. RARP-2 from Sheila Smith and Iowa appeared to be transcribed equivalently 

and at approximately the same level as dnaK (Figure 2.7 B). 

 

Figure 2.7: An anti-RARP-2 antiserum fails to detect native RARP-2 from wild-type R. rickettsii 
Sheila Smith and Iowa.  
A) The antibody recognized overexpressed recombinant RARP-2 but did not detect specific antigen from 
parental rickettsiae, suggesting that RARP-2 may be of low abundance. Anti-Flag staining of the 
recombinant proteins is shown in green. Anti-RARP-2 is shown in red. A panel showing the merged 
images is also provided. Dots to the right of the bands indicated RARP-2 fragments recognized by the 
antiserum. B) RT-qPCR showing equivalent transcription of RARP-2 from Sheila Smith and Iowa.  Three 
Vero cell cultures flasks per strain were infected with rickettsiae and harvested at 48 h p.i. Medium was 
removed and cells were lysed in 6 ml Trizol. 200 µl 1-bromo-3-chloropropane/ml Trizol was added and 
samples were centrifuged at 16,000 x g for 15 min. RNA was extracted from the aqueous phase using the 
NEB Monarch Total RNA Miniprep kit. After extraction, an additional DNA removal step was performed 
using the Turbo DNA-free kit (Thermo Fisher). RNA quality was checked on 1 % TBE gels. Primers were 
designed using the IDT PrimerQuest tool (RARP2_F: CTGATGAAGGTACAACTCCTGTATTA, 
RARP2_R: CGGCTCCTGAATGACAAGAA , DnaK_F: CCAAGAGGTTTGCCACAAATAG, DnaK_R: 
GCTCTTTACCGCTTGCTTTATC). Gene fragments of DnaK and RARP2 were cloned into TopoTA, and 
plasmids were used to establish standard curves and calculate qPCR efficiencies and copy numbers. RT-
qPCR was performed using 1 ng of purified RNA with the Luna Universal One-Step RT-qPCR kit (NEB) 
on a Roche Light 872 Cycler II. Efficiencies were 2.00 for RARP2 and 1.96 for DnaK. No-RT controls 
were included for all samples and did not show any amplification. All reactions were performed in 
triplicate on biological triplicate samples 
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To better resolve the organization of these structures, immunoelectron microscopy 

using horseradish peroxidase conjugated secondary antibodies with diaminobenzidine 

detection was performed on R. rickettsii Iowa expressing each of these constructs.  At an 

ultrastructural level, SS-RARP-2 was observed in association with membranous material.  

Consistent with the results by immunofluorescence, the structures were also found to be 

pleomorphic but with multilamellar structures frequently observed (Figure 2.8). 

 

Figure 2.8: Immunoelectron microscopy of SS-RARP-2 induced formation of multi-lamellar 
structures in the host cytosol.   
FLAG-tagged SS-RARP-2, MTase, and pRAMF2 empty vector control were expressed from R. rickettsii 
Iowa infecting Vero76 cells (MOI = 1; 48 hr. p.i.).  Cultures were fixed and stained with anti-FLAG 
antibody with an anti-mouse-horseradish peroxidase-conjugated secondary antibody.  Specimens were 
developed with the Pierce DAB Metal-Enhanced Substrate Kit prior to embedding and sectioning for 
transmission electron microscopy.  Bar = 5 µm. 



 47 

RARP-2 structures co-localize with ER markers 

 The source of the membranes associated with SS-RARP-2 is unknown. Therefore, 

we screened for co-localization of these structures with markers for various cellular 

organelles by immunofluorescence (Figure 2.9).  SS-RARP-2 was observed in 

association with the ER-markers calnexin and protein disulfide isomerase (PDI).  No co-

localization was observed with markers for the Golgi apparatus (GM130), lysosomes 

(Lamp1), ubiquitinated proteins (ubiquitin), or microtubules (β-tubulin).  

 

Figure 2.9: RARP-2 structures colocalize with ER markers.   
R. rickettsii SS-RARP-2 was expressed from R. rickettsii Iowa in Vero76 cells (MOI 1).  Cultures were 
stained with anti-FLAG antibody (red) and observed by IFA after 48 hr. p.i. Pleomorphic structures were 
observed in the cytosol of infected cells.  Cultures were counter-stained for various organelles: ER, 
lysosomes, Golgi, ubiquitin, and β-tubulin (white).  RARP-2 structures only colocalize with the ER 
markers calnexin and PDI. Rickettsiae expressing GFP are green. Arrowheads identify multiple RARP-2 
vesicular structures co-localizing with ER markers. Bar = 10 µm.  
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Association with autophagosomes was assessed by examination for co-

localization of the SS-RARP-2 structures with expressed GFP-LC3, and no co-

localization was observed (Figure 2.10). These data suggest that SS-RARP-2 structures 

are derived from ER membrane. 

 

Figure 2.10: RARP-2 does not associate with autophagosomes.    
Potential association with autophagosomes was assessed by examination of the SS-RARP-2 structures with 
co-expressed GFP-LC3.  GFP was used as a negative control.  No association with LC3 was observed.  Bar 
= 10 um.   
 

RARP-2 is secreted from R. rickettsii during infection. 

 The structures formed by expressed SS-RARP-2 are clearly not associated with 

the intracellular rickettsiae.  RARP-2 has previously been predicted to be a type IV 

secretion system (T4SS) effector (39).  To confirm secretion from rickettsiae and 
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exposure to the cytosol, we transformed R. rickettsii Iowa with reporter plasmids 

encoding N-terminally Glycogen Synthase Kinase (GSK)-tagged SS-RARP-2, Iowa-

RARP-2, or GFP control proteins.  GSK-tagged fusion proteins are phosphorylated only 

upon exposure to host cytoplasmic Ser/Thr kinases and are commonly used to evaluate 

secretion of various bacterial effectors into the host cytoplasm (120–122).  In a time-

course experiment, SS-GSK-RARP-2 was expressed and phosphorylated by 24 hr p.i. 

whereas GSK-GFP was expressed but not phosphorylated (Figure 2.11 A).    

 Examination of SS-RARP-2 and Iowa-RARP-2 at 48 hr p.i. indicated that both 

are translocated and exposed to the cytosol (Figure 2.11 B). As was observed with the 

Flag-tagged Iowa-RARP-2, Iowa-GSK-RARP-2 showed evidence of proteolytic 

degradation.   
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Figure 2.11: SS-RARP-2 and Iowa-RARP-2 homologs are secreted when expressed from R. rickettsii 
during host cell infection. 
 (A) GSK-tagged SS-RARP-2 and GSK-tagged GFP were expressed from R. rickettsii Iowa and samples 
collected at 24, 48 and 72 hr. p.i.  Specimens were immunoblotted for detection with an anti-GSK epitope 
tag antibody and an phospho-GSK specific antibody to detect tagged protein exposure to host cytosolic 
kinases.   GFP-GSK was used as a non-secreted control protein and does not shown reactivity with the anti-
phospho-GSK probe.  Host cellular phospho-GSK is indicated by an asterisk.  (B) GSK-tagged SS-RARP-
2, GSK-tagged Iowa-RARP-2 and GSK-tagged GFP were expressed from R. rickettsii Iowa. Whole cell 
lysates were prepared from infected cultures at 48 hr. p.i. and probed for phosphorylation of the GSK 
epitope as above.  Despite proteolysis of GSK-Iowa-RARP-2, multiple fragments were phosphorylated 
indicating secretion and exposure to the cytosol.   
 

Ectopic Expression 

 To evaluate RARP-2 effects on host cells in the absence of additional rickettsial 

proteins, we ectopically expressed full length GFP-SS-RARP-2 in Vero cells (Figure 

2.12) and visualized the transfected cells by microscopy. The SS-RARP-2 construct 

formed large pleomorphic structures morphologically identical to those formed after 
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secretion from rickettsiae.  Neither Iowa-RARP-2 nor the MTase formed similar 

structures even when expressed within the cytosol of eukaryotic cells.  Collectively, the 

results suggest that Iowa-RARP-2 is secreted from rickettsiae, but even when present in 

the cytosol does not form membranous structures as does RARP-2 from the virulent 

Sheila Smith strain. 

 

 

Figure 2.12: Ectopic expression of RARP-2 in Vero cells.   
Pleomorphic vesicular structures are formed by R. rickettsii Sheila Smith RARP-2 during ectopic 
expression (arrowheads).  GFP-tagged RARP-2 homologs or an empty GFP expression vector were 
transfected into HeLa cells, fixed after 18 hrs of expression, and visualized by confocal microscopy.  R. 
rickettsii Sheila Smith RARP-2 (SS-RARP-2); R. rickettsii Iowa RARP-2 (Iowa-RARP-2); R. rickettsii. 
Sheila Smith methyltransferase A1G_06690 (MTase); pEGFP-C1 empty vector control (GFP).  Bar = 10 
um. 
 

RARP-2 is a Type IV Secreted Effector 

 The T4SS coupling protein VirD4 regulates effector entry into the secretion 

channel (123). The Rickettsia VirD4 homolog (RvhD4) has been shown to directly 
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interact with the T4SS effector RalF (50) as well as those of bacteria closely related to 

Rickettsia, Ats1 of Anaplasma phagocytophillum and ECH0825 of Ehrlichia chaffeensis 

(124, 125). 

 To evaluate the potential role of RARP-2 as a T4SS effector, we tested for an 

interaction of R. rickettsii and R. typhi RARP-2 with RvhD4 by co-immunoprecipitation.  

Flag-tagged SS-RARP-2 and R. typhi RARP-2 were co-immunoprecipitated using anti-R. 

typhi RvhD4 antibody or pre-immune serum as a negative control.  Following 

immunoprecipitation by anti-RvhD4 antibody, RARP-2 was detected by immunoblotting 

using anti-R. typhi RARP-2 or anti-FLAG antibody (Figure 2.13 A,B).  RARP-2-Flag was 

not precipitated by the preimmune serum.  These results indicate interaction of RARP-2 

with the T4SS effector coupling protein RvhD4, implying RARP-2 is a T4SS effector. 

 The association of R. typhi RARP-2 with RvhD4 was corroborated by a bacterial 

two-hybrid assay (Figure 2.13 C,D).  Collectively, these data indicate that RARP-2 

interacts with the T4SS effector coupling protein RvhD4 and that RARP-2 is a T4SS 

effector.  
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Figure 2.13: Type IV secretion of RARP-2 from SFG and TG rickettsiae. 
(A)  FLAG-tagged SS-RARP-2 expressed in R. rickettsii str. Iowa was co-immunoprecipitated using anti-
RvhD4 antibody or pre-immune serum (PI). Input (In) and precipitated proteins (IP) were detected by 
immunoblot using anti-RvhD4 antibody (left), and anti-FLAG antibody (right). The expected size for SS-
RvhD4 is 66 kda (black arrow), and the expected size for SS-RARP-2 is 70 kda (grey arrow).  (B) 
Endogenous R. typhi RARP-2 (Rt-RARP-2) homolog was co-immunoprecipitated from using anti-RvhD4 
antibody or pre-immune serum (PI). Input (In) and precipitated proteins (IP) were detected by immunoblot 
using anti-RvhD4 antibody (left), and anti-Rt-RARP-2 antibody (right). The expected size for Rt-RvhD4 is 
67 kda (black arrow), and the expected size for Rt-RARP-2 is 70 kda (grey arrow).  (C) A bacterial-2-
hybrid assay was performed by transforming codon optimized RvhD4 bait and Rt-RARP-2 prey vectors 
into E. coli. Growth on dual selective media indicates the RARP-2 C-terminal tail interacts with RvhD4 
(FL), and this interaction is abolished when 37 residues of the Rt-RARP-2 C-terminal tail are deleted 
(ΔCT).  (D) Quantification of panel C. Percent growth was calculated from co-transformed bacterial colony 
forming units (CFUs) on dual selective screening medium relative to CFUs obtained on non-selective 
medium. Error bars represent mean ± SD of three independent experiments (Student’s two-sided t-test). 
 

Functional domain analysis of RARP-2. 

 ARP effector domain architectures frequently co-exist with various functional 

modules.  RARP-2 might act similarly to other known microbial ARPs that use the 

ankyrin repeats for substrate binding, while the N-terminus possesses the functional 
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domain that acts on the associated host protein (75).  While the C-terminal region of 

RARP-2 has been predicted to contain ankyrin repeats, the highly conserved N-terminal 

region has no predicted functional similarity to known proteins based on BlastP searches.  

However, structural modeling of the N-terminal region using Phyre2 (126) revealed 

similarities to clan CD cysteine proteases (Figure 2.14) (127).   

Figure 2.14: RARP-2 N-terminal domain harbors a putative clan CD cysteine protease active site. 
Using Phyre2 (126), we modeled several RARP-2 homologs to clan CD cysteine endopeptidases (data not 
shown).  Accordingly, we aligned several RARP-2 homologs with proteases from selected clan CD 
families: legumain (C13), caspase-1 (C14), clostripain (C11) and gingipain R (C25).  The sequence 
segments containing the experimentally identified or predicted catalytic His and Cys residues (pink and 
yellow) in each of the four families and RARP-2 homologs were subsequently adjusted based on a previous 
study (127).  Upstream of the catalytic residues there is a block of four predominantly hydrophobic residues 
(green). Other residues that tend to be conserved between the families are printed in white on black. Blue 
numbers indicate amino acid coordinates flanking the active site. Accession numbers from UniProt: 
Q99538, human legumain; P49046, jack bean (Canavalia ensiformis) asparaginyl endopeptidase; P42665, 
Schistosoma japonicum haemoglobinase; P49048, Caenorhabditis elegans hypothetical protein T05E11.6; 
Q92643, human GPI8 protein; P42574, human caspase 3; P55210, human caspase 7; P55212, human 
caspase 6; O01382, Drosophila melanogaster caspase; P29466, human caspase 1; P42573, Caenorhabditis 
elegans CED3 protein; P09870, Clostridium histolyticum α-clostripain; Q8A866, Bacteroides 
thetaiotaomicron clostripain-related protein; Q9WYY6, Thermotoga maritime clostripain-related protein; 
Q51816, Porphyromonas gingivalis gingipain R; B0VHP1, Cloacimonas acidaminovorans putative 
gingipain R; F2I9M7, Fluviicola taffensis gingipain R; A0A075MRD2, endosymbiont of Acanthamoeba 
sp. UWC8 uncharacterized protein; Q1RID2, Rickettsia bellii putative ankyrin repeat protein RBE_0801; 
Q4UKP4, Rickettsia felis uncharacterized protein; Q1RI97, Rickettsia bellii uncharacterized protein; 
Q68WC7, Rickettsia typhi uncharacterized protein; A0A0H3AY85, Rickettsia rickettsii str. Sheila Smith 
uncharacterized protein; B0BUJ3, Rickettsia rickettsii Iowa uncharacterized protein. 
 



 56 

 



 57 

 

We therefore generated FLAG-tagged constructs with the predicted catalytic 

cysteine mutated to an alanine (C109A).  Constructs with the C-terminal domain deleted 

from C109A were created (C109A-ΔCT).  In addition, wild-type RARP-2 (with the 

cysteine intact) but with the ankyrin repeat domain deleted (ΔAnk) were also expressed.   

These constructs were transformed into R. rickettsii Iowa, and transformants were 

analyzed for changes in SS-RARP-2 localization and differences in plaque phenotypes 

(Figure 2.15 and Table 2.1).  No transformants were recovered for SS-RARP-2 lacking 

the C-terminus (SS-RARP-2-ΔCT) in three attempts.  

 



 58 

 

Figure 2.15: The C-terminal tail and ankyrin repeats are required for the formation of RARP-2 
vesicular structures.   
(A) Deletion constructs were over expressed from R. rickettsii str. Iowa infecting Vero76 cells (MOI 1). 
Constructs examined were: SS-RARP-2 as an N-terminal Flag-fusion (RARP2-N); RARP2-N with the 
ankyrin repeat domain deleted (RARP2-N-ΔAnk); RARP2-N with the predicted catalytic cysteine mutated 
to an alanine (RARP2-N-C109A); and RARP2-N with the C-terminal domain deleted from C109A were 
created (RARP2-N-C109A-ΔCT).  Cultures were stained with anti-FLAG antibody (red) and observed by 
IFA after 48 hr. p.i.  (B) Plaques expressing RARP-2 deletion constructs in R. rickettsii str. Iowa infecting 
Vero76 cells (MOI 1) were imaged 48 hr. p.i. MTase, methyltransferase used as non-secreted control 
protein. GFP-expressing rickettsiae are green. Bar = 10 mm. (B) Plaque morphologies of R rickettsii Iowa 
expressing each of the constructs above. Bar = 10 µm. C. Immunoblot probed with anti-Flag antibody 
demonstrating expression of Flag-tagged recombinant proteins above and the absence of signal from 
parental R. rickettsii Iowa. All panels are from a single gel and immunoblot taken at the same exposure. 
Lanes were separated for presentation.  
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N-term	
Tag	 Plasmid	Name	

Strain	
transformed	

into…	
Transformation	
Successful?	

Plaque	
Phenotype	

Vesicular,	
ER-like	

Structures
?	

FLAG	 pRAMF2-SS-FL-RARP2	 Iowa	 yes	 lytic	 Yes	

FLAG	 pRAMF2-Io-RARP2	 Iowa	 yes	 opaque	 No	

FLAG	 pRAMF2-SS-RARP2-ΔCT	 Iowa	 no	 nd	 nd	

FLAG	 pRAMF2-SS-ΔAnk+CT	 Iowa	 yes	 opaque	 No	

FLAG	 pRAMF2-SS-RARP2-C109A	 Iowa	 yes	 opaque	 Yes*	

FLAG	 pRAMF2-SS-RARP2-ΔCT-C109A	 Iowa	 yes	 opaque	 No	

FLAG	 pRAMF2-SS-RARP2-MTase	 Iowa	 yes	 opaque	 No	

GSK	 pAHG-N-SS-RARP2	 Iowa	 yes	 lytic	 nd+	

GSK	 pAHG-N-Io-RARP2	 Iowa	 yes	 opaque	 nd+	

	Table 2.1: Transformation results and phenotypes of RARP-2 constructs used in this study 
The table summarizes whether or not the indicated plasmids were successfully transformed into the 
indicated strain of R. rickettisii, whether the plaque phenotype was lytic or opaque, and whether or not 
vesicular structures were observed by IFA microscopy.  CT, C-terminal tail; *, perinuclear, smaller 
punctae; nd, no data; +, secreted GSK phosphorylation detected by immunoblotting. 

 

The SS-RARP-2-C109A construct was secreted and formed vesicular structures 

although these tended to be smaller and showed a more peri-nuclear localization.  

Association with ER markers was retained (Figure 2.16).  However, the SS-RARP-2-

ΔCT-C109A mutant did not form structures and produced opaque plaques.  T4SS 

secretion signals are typically localized to the C-terminus of effector proteins (128–131), 

thus may signify a failure of secretion.  Interestingly, the plaque phenotype was also 

opaque for SS-RARP-2-C109A, suggesting that even though this construct is secreted 

and associates with membrane, the cysteine is essential for the lytic phenotype of SS-

RARP-2.  
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Figure 2.16: The SS-RARP-2-C109A construct is secreted and forms peri-nuclear vesicular 
structures but retains association with ER markers.  

Iowa::SS-RARP-2 C109A-infected cells at 48 hr p.i. were fixed and stained with an anti-Flag antibody 
(red) 931 and anti-calnexin or PDI (white). Images were merges and include DAPI staining (blue). 

 

In transformants lacking the ankyrin repeat domain (ΔAnk), cytosolic structures 

were not observed and the plaque phenotype remained opaque (Figure 2.15 and Table 

2.1).  Because the C-terminal tail of the ΔAnk construct is intact, we would predict it is 

secreted, but may not function normally.  This conclusion is reinforced by the 

observation that Iowa-RARP-2, which contains only three ankyrin repeats vs. ten in SS-

RARP-2, is secreted but does not form cytosolic vesicular structures.  Collectively, this 

domain analysis data indicates that the C-terminal tail and ankyrin repeat domains are 

necessary for vesicular structure formation and that the C-terminal tail is required for 

secretion.  
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Expression of SS-RARP-2 homolog in avirulent Iowa strain does not restore 

virulence in guinea pig model 

 The Guinea pig model of infection was used to determine the effect of RARP-2 

complementation on R. rickettsii Iowa virulence.  Guinea pigs were inoculated with 100 

plaque forming units (PFUs) of R. rickettsii Sheila Smith, R. rickettsii Iowa, R. rickettsii 

Iowa expressing SS-RARP-2, or R. rickettsii Iowa expressing MTase.  Temperatures 

were monitored for 16 days.  Only those animals infected with R. rickettsii Sheila Smith 

developed fevers thus complementation of R. rickettsii Iowa with Sheila Smith RARP-2 

did not restore virulence to the avirulent Iowa strain (Figure 2.17).  All animals showed 

seroconversion indicating they were infected.  This level of inoculum does not provide 

sufficient antigenic mass to cause seroconversion without replication (102).   

 
Figure 2.17: Complementation of RARP-2 in R. rickettsii Iowa does not restore virulence.   
Guinea pigs were infected with approx. 100 PFU of R. rickettii Sheila Smith, Iowa, Iowa:SS-RARP-2, or 
Iowa:MTase and temperatures monitored for 16 days.   
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2.4 Discussion 

 Strains of R. rickettsii differ dramatically in the severity of disease in humans as 

well as in animal model systems despite being genetically very similar (99, 132).  R. 

rickettsii has a small genome of approx 1.3 Mbp that is predicted to encode approx. 1350 

proteins (102).  Comparative genomics has identified relatively few differentially 

encoded genes as putative virulence factors (99, 102), but thus far no molecular basis for 

the strain level differences in virulence has been discerned.  One of these putative 

virulence factors is the ankyrin-repeat containing protein RARP-2, which in the avirulent 

Iowa strain contains a large internal deletion relative to the virulent Sheila Smith strain 

and possesses one non-synonymous SNP not observed in other R. rickettsii strains (99).  

Here we have complemented the avirulent Iowa strain with RARP-2 from virulent Sheila 

Smith.  Using epitope-tagged versions of RARP-2 expressed from rickettsiae or 

ectopically in eukaryotic cells, we show that RARP-2 is secreted into the cytosol of the 

host and that RARP-2 from the virulent strain associates with host ER to form 

membranous structures.  RARP-2 from the avirulent Iowa strain was also secreted into 

the cytosol but did not exhibit demonstrable association with membrane.  Interestingly, a 

critical cysteine residue from a predicted protease catalytic active site on RARP-2 was 

required for the lytic plaque phenotype but not for association with host membrane.  

Interaction with a rickettsial VirD4 homolog indicates that secretion is via a T4SS.  

Although expression of Sheila Smith RARP-2 in R. rickettsii Iowa altered the phenotype, 

it was unable to restore virulence in a Guinea pig model of infection.   

 Rickettsia genomes encode variable numbers of predicted ankyrin repeat 

containing proteins.  Genomes showing high incidences of horizontal gene transfer such 
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as R. felis, R. bellii, and R. massiliae are most abundant in ARPs (133).  The most 

conserved ARPs are RARP-1 and RARP-2 (39).  The ubiquitous RARP-1 was recently 

characterized as Sec-TolC secreted effector (78), while RARP-2 is a predicted rickettsial 

effector conserved in most, but not all, Rickettsia species (39).  RARP-2, when present, 

consists of an N-terminal domain of unknown function, an ankyrin domain composed of 

3-12 repeats, as well as a distinct C-terminal tail.  The reduced number of ankyrin repeats 

in RARP-2 of the attenuated R. rickettsii strains is suggestive of possible reductive 

evolution although the impact on virulence is unclear.  Alignment of RARP-2 from the R. 

rickettsii virulent strain Sheila Smith and the avirulent strain Iowa shows the deletion of 

internal ankyrin repeats from Iowa but conservation of the first two and last repeats, as 

well as the C-terminal tail.  Interestingly, this conservation of the first two and last 

repeats occurs across all rickettsial RARP-2 homologs.  It is possible that the ankyrin 

repeats play a role in targeting of RARP-2 in the host cell.  Neither the Iowa-RARP-2, 

containing only three ankyrin repeats, and the SS-RARP-2-ΔAnk construct formed 

vesicular structures.  It is possible that with a diminished or deleted ankyrin repeat 

domain, the protein is aberrantly targeted.  A greater number of ankyrin repeats may 

increase the avidity of RARP-2 for its target.  

Structural modeling of the N-terminal domain, suggests that RARP-2 may possess 

cysteine protease active site similar to other clan CD cysteine proteases such as 

eukaryotic legumains and caspases, and bacterial gingipains and clostripains, which are 

secreted effectors from highly pathogenic bacteria (127, 134, 135).  This may be related 

to the loss of the lytic plaque phenotype after mutation of the potential catalytic cysteine 

residue in SS-RARP-2.  Interestingly, no SS-RARP-2-ΔCT transformants could be 
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recovered; yet after mutating the putative protease catalytic cysteine 109 to an alanine, 

ΔCT transformants were readily obtained and appeared to not be secreted compared to 

SS-RARP-2-C109A.  If the N-terminal domain indeed harbors a protease activity, this 

could contribute to toxicity when over-expressed without a secretion signal.  It is 

unknown whether endogenous autocatalytic protease activity occurs in an incorrectly 

targeted Iowa RARP-2 and contributes to the proteolytic breakdown observed.  

RARP-2 homologs from members of both the spotted fever group and typhus 

group directly interact with the T4SS coupling protein, RvhD4.  This suggests that, 

despite having some phylogenetic group-level variation in their C-terminal-tail secretion 

signals, RARP-2 homologs are T4SS effectors. All sequenced Rickettsia spp. genomes 

encode a T4SS (123), and several putative rickettsial T4SS effectors have been predicted 

(39).  RARP-2 appears to be a cytosolically localized T4SS effector.  Clearly, RARP-2 

from the virulent Sheila Smith strain targets different sites within the host cell once 

secreted; likely due to the presence of additional ankyrin repeat units.   

Previous studies indicate RARP-2 gene expression increases during rickettsial 

transition to a mammalian host environment.  Transcription of R. rickettsii R strain rarP-

2 showed a ≥3-fold increase during Vero cell infection compared to infection of a Ixodes 

scapularis tick embryo-derived cell line, ISE6 (103). Similarly, Galletti et al. showed a 2-

fold increase in R. rickettsii Taiaçu rarP-2 expression in ticks with both simultaneous 

blood-feeding and temperature upshift compared to unfed, room temperature ticks (104).  

Whether RARP-2 is necessary or functional during rickettsial growth in arthropods 

remains to be determined.   
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 The lytic plaque phenotype has classically been correlated with virulent strains of 

R. rickettsii, while opaque plaques were associated with avirulent strains incapable of 

lysing the host cell (43, 136–138). The restoration of the lytic phenotype in Iowa 

expressing SS-RARP-2 suggested potentially higher virulence compared to the avirulent 

parental strain. Surprisingly, there was no change in the ability to cause fever in the 

guinea pig model of infection.  The Iowa strain has several genomic differences from the 

virulent strains (99).  It is likely that factors other than RARP-2 prevent complementation 

of virulence in the Guinea pig model.  We had previously observed that reconstitution of 

another potential rickettsial virulence factor, RelA/SpoT, in the Iowa and R strains also 

influenced lytic vs. opaque plaque phenotypes but did not alter virulence in the Guinea 

pig model (139).  Plaque phenotype alone may therefore not be a reliable marker for 

virulence in R. rickettsii.   

The availability of multiple complete genome sequences along with recent 

advances in rickettsial genetics (140) now offer the opportunity to more fully characterize 

the molecular basis for rickettsial pathogenesis.  Although genomic comparisons provide 

some guidance as to certain genes that may be involved in pathogenesis, bioinformatics 

alone will not suffice for associating genotype to phenotype.  For example, some 

rickettsial proteins, such as the autotransporter Sca2, are present and functional in many 

avirulent SFG rickettsiae yet their disruption in R. rickettsii decreases virulence (59).  A 

comprehensive inventory of rickettsial virulence determinants will therefore necessitate a 

number of complementary approaches. 
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2.5 Materials and Methods 

Bacterial strains, growth and purification.  R. rickettsii strains Sheila Smith (141) and 

Iowa (102, 142)(6, 49) were grown and propagated at 34oC in Vero cells in M199 

medium plus 2% fetal bovine serum and purified by Renografin density gradient 

centrifugation (143) with modifications (144).  Infected cells were lysed by Dounce 

homogenization and partially purified by differential centrifugation followed by 

centrifugation through a 30% Renografin pad. The rickettsiae were washed twice in 

250mM sucrose for use in plasmid transformations or infections.  Numbers of viable 

rickettsiae were determined by plaque assay on Vero cell monolayers as previously 

described (59, 145).  Procedures for R. typhi growth and purification are found in the 

supplemental Materials and Methods.   

 

Transformation of Rickettsia.  Purified R. rickettsii were transformed with plasmids as 

previously described (58, 59).  Clonal transformants were obtained by 4 repetitions of 

picking individual plaques, expanding the plaques in Vero cell monolayers with M199 

and 200 ng/ml rifampin for PCR verification, and then recloning as previously described 

(59). 

 

Plasmid Construction.  The shuttle vector pRAMF2 was modified from the original 

rickettsial shuttle vector pRAM18dRGA vector developed by Burkhardt et al. (116). 

Specifically, pRAM18dRGA was digested with Kpn1 to remove the multiple cloning site 

(MCS). A synthetic MCS was ordered from Integrated DNA Technologies (Coralville, 

IA) which contained restriction enzyme sites (PspOM1 and RsrII) to insert a promoter of 
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interest followed by an ATG start codon and in-frame FLAG tag sequence. Immediately 

following the FLAG sequence are restriction sites (BsiWI/BssHII) to allow in-frame 

insertion of a gene of interest for recombinant expression followed by an in-frame stop 

codon. The synthetic MCS was designed as two separate ~60bp single-stranded 

complementary DNA fragments which, when annealed, contained overhangs that 

simulated Kpn1 digestion.  The MCS was then cloned into the Kpn1 digested 

pRAM18dRGA. The pRAMF2-SS-RARP-2-ΔAnk construct was created by dual-

digestion of the pRAMF2 vector as described above, but with InFusion insertion of two 

fragments: 1) residues 1-279 and 2) residues 560-616.  Site directed mutagenesis 

(QuikChange Lightning Site-Directed Mutagenesis Kit, Agilent) was used to create the 

C109A mutants.   pAHG was constructed by replacing the N-terminal FLAG tag of 

pRAMF2 with GSK (MSGRPRTTSFAES). 

 EGFP fusions to the N-terminus of RARP-2 were constructed using pEGFP- C1 

(Clontech, Mountain View, CA).   Genes were amplified from R. rickettsii strains as 

indicated using forward primers (IDT, Coralville, IA) that incorporated an XhoI or 

BamH1site and reverse primers (IDT) that incorporated an EcoRI site.    

 The plasmid expressing GFP-LC3 (54) was a kind gift of Dr. T. Yoshimori. 

 

Ectopic Expression.  Plasmids were used to transfect Vero cells on glass cover slips in 

24 well plates using Lipofectamine reagents (Invitrogen) according to the manufacturer's 

instructions. 
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Antibodies.  Monoclonal antibodies (mAb) 13-2 and 13-3 have been previously 

described (55).  Anti-Flag was from Sigma.  Monoclonal antibody to LAMP-1 was 

obtained from the Developmental Studies Hybridoma Bank.  Anti-calnexin and anti-

GM130 were from Abcam.  Anti-mono- and poly-ubiquitin were from Enzo Life 

Sciences and anti-Beta-tubulin was from BD Pharmingen.  Secondary antibodies (anti-

mouse AlexaFluor 488, anti-rabbit AlexaFluor 594, or peroxidase-conjugated F(ab')2 

donkey anti-mouse IgG) were from Jackson Immunoresearch.  

 

Immunofluorescence.  Vero cells were infected with rickettsia at a MOI of 5 overnight 

at 37°C in M199 media.  Monolayers were fixed in 3.7% paraformaldehyde and 

permeabilized with Phosphate Buffered Saline (PBS) with 0.01% Triton X-100 and 

0.05% Sodium Dodecyl Sulfate (SDS).  Fixed coverslips were stained with a rabbit anti-

R. rickettsii antibody and either mAb 13-2 or 13-3, washed, and detected with anti-mouse 

AlexaFluor 488 or anti-rabbit AlexaFluor 594.  Images were acquired on a Nikon Eclipse 

80i microscope with a 60X 1.4-numerical aperture oil immersion objective and a Nikon 

DS-Qi1Mc camera.  Confocal microscopy was performed on a Zeiss LSM-880.   

 

SDS-PAGE and immunoblotting.  R. rickettsii lysates in Laemmli buffer were 

separated by electrophoresis on a 10% sodium dodecyl sulfate-polyacrylamide gel for 1 

hr at 150 V. Protein was transferred at 100 V for 1 hr to a PVDF membrane for 

immunoblotting with primary antibody for 1 hr in Odyssey blocking buffer (LiCor).  

Blots were washed with Tris-buffered saline, 0.1% Tween-20 (TBST) and incubated with 
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appropriate secondary antibody.  Blots were processed and imaged using the LI-COR 

Odyssey CLx Infrared Imaging System according to manufacturer's instructions.  

 

GSK Secretion Assay.  The glycogen synthase kinase (GSK) tag was fused to RARP-2 

as described above.  Secreted GSK-tagged protein was detected by immunoblotting with 

a phosphospecific GSK-3β antibody (Cell Signaling Technology).  A GSK-3β-Tag 

Antibody (Cell Signaling Technology) was used to detect total (non-phosphorylated and 

phosphorylated) GSK.  

 

Transmission Electron Microscopy. Vero cells were grown on Thermanox coverslips 

(Nunc) and infected at an MOI of approx. 1 with R. rickettsii Iowa expressing SS-RARP-

2-Flag, SS-MTase-Flag, or parental Iowa for 48 hrs.  Cells were rinsed twice with HBSS 

and fixed with periodate-lysine-paraformaldehyde (PLP fixative: 75mM lysine, 37mM 

sodium phosphate, 10mM sodium periodate, 2% paraformaldehyde) plus 0.25% 

glutaraldehyde for 2 hrs at room temperature.  Specimens were processed for 

transmission electron microscopy as previously described (56). Micrographs were 

acquired using a Hitachi 7500 TEM (Hitachi High Technologies America, Inc.) at 80 kV 

and recorded on a bottom mount AMT camera system (Advanced Microscopy 

Techniques. Corp.).  

 

Co-Immunoprecipitation. Sample collection and crosslinking. Five T150 flasks of R. 

rickettsii str. Iowa expressing FLAG-tagged SS-RARP-2 infected Vero76 cells (72 hr 

p.i.) or R. typhi infected Vero76 cells (48 hpi) were partially purified by double sucrose 
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cushion. The final pellet was washed twice with 1X PBS at 16,000 x g for 10 min at 4°C. 

Partially purified rickettsiae were resuspended in 1 mL 1X PBS and cross-linked with 80 

µl of 25 mM DSP in dry DMSO (dithiobis succinimidyl propionate), Thermo Fisher 

Scientific) and incubated on ice for 2 hrs, and halted with 20 µl TrisHCl pH 7.5 for 15 

min at RT.  Cross-linked rickettsiae were washed three times in 1X PBS to remove 

unreacted cross-linkers, and the final pellet was resuspended in 1 mL of lysis buffer 

composed of 1X IP Lysis Buffer (Dynabeads Co-Immunoprecipitation Kit, Thermo 

Fisher Scientific), 100 mM NaCl, 1X HALT Protease Inhibitor Cocktail (Thermo Fisher 

Scientific), 10 mg/ml freshly prepared lysozyme from hen egg white (Sigma), 10 mM 

Tris HCl pH 7.5. The sample was incubated in lysis buffer for 30 min at 37°C, then 

sonicated (6.5 setting) 3 x 30 seconds on ice. For R. rickettsii str. Iowa samples, this 

lysate was used directly for Co-IP, while R. typhi samples were centrifuged 16,000 x g, 

4°C, 10 min and the soluble supernatant fraction was used for Co-IP.  

Co-immunoprecipitation. The Co-IP was performed according to kit instructions. 

Briefly, anti-RvhD4 antibody and pre-immune rabbit serum were buffer exchanged to 

Melon purification buffer using the Zeba Desalting Column (Thermo Fisher Scientific) 

buffer exchange procedure. Purified pre-immune rabbit IgG was obtained using the 

Melon Gel IgG Spin Purification Kit (Thermo Fisher Scientific). For each Co-IP, an 

excess of antibody (25 µg per mg of beads) was used to crosslink 7.5 mg of 2.8 µm 

superparamagnetic Dynabeads® M-270 Epoxy beads. After overnight crosslinking, the 

beads were washed with Tween20 according to the kit instructions. The protocol for 

Coomassie stain analysis was used for Co-IP with some changes. Briefly, the 7.5 mg of 

washed, antibody crosslinked beads were transferred to a new tube and washed with 
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extraction buffer (1X IP Lysis Buffer, 100 mM NaCl, 1X HALT Protease Inhibitor 

Cocktail). The beads were then resuspended in the crosslinked, partially purified 

rickettsial lysate, ensuring the same protein concentration (~5 mg/ml as determined by 

Nanodrop) was applied to both pre-immune and anti-RvhD4 beads. The sample and 

beads were incubated on a roller for 30 min at 4°C, then washed as per kit instructions. 

The beads were then resuspended in 100 µl PBS and processed for immunoblotting for 

RvhD4 and RARP-2.  

 

Bacterial Two Hybrid Assay.  Full-length Rt-RARP-2 and Rt-RARP-2-ΔCT (removing 

37 terminal residues) genes were amplified by PCR using R. typhi genomic DNA cloned 

into pTRG “prey” plasmid (BacterioMatch II two-hybrid system; Stratagene, La Jolla, 

CA).  R. typhi RvhD4 (AAU03764), codon-optimized for E. coli, was cloned into the 

pBT “prey” plasmid.  The bait (pBT-RvhD4) and prey (pTRG-Rt-RARP-2 or pTRG-Rt-

RARP-2- ΔCT) plasmids (100 ng each) were co-transformed into BacterioMatch II 

reporter electrocompetent cells by electroporation according to the manufacturer’s 

instruction (GenePulser Xcell, Bio-Rad,Hercules, CA). The percent growth of colony 

forming units (CFU) of reporter cells harboring recombinant plasmids on dual selective 

screening medium were calculated relative to CFUs obtained on non-selective His 

dropout medium by a drop plate method for counting CFUs (57).  

 

Guinea Pig inoculations.  Female Hartley strain Guinea pigs (350 g) were purchased 

from Charles River Laboratories (Massachusetts) and housed in an animal biosafety level 

3 laboratory under a protocol approved by the Rocky Mountain Laboratories Animal 
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Care and Use Committee.  Guinea pigs were implanted with transponders (Bio Medic 

Data Systems, Inc., Seaford, DE) to monitor temperatures.  R. rickettsii strains Sheila 

Smith, Iowa, Iowa::pRAMF2-SS-RARP-2, or Iowa::pRAMF2-MTase were inoculated 

intradermally with 100 PFU. Temperatures were monitored for 16 days after infection. 

Animals were euthanized on day 28 and sera collected for antibody titration. 

 

Acknowledgements 
This work was supported by the Intramural Research Program of the NIAID/NIH 

(1ZAAI000977-12 to TH) and NIH grants (R01AI017828 and R01AI126853 to A.F.A. 

and R21AI26108 to J.J.G. and M.S.R.).  S.S.L. is supported in part by NIH/NIAID 

T32AI007540.  We thank Dr. Uli Munderloh for her generous sharing of plasmid 

pRAM18dRGA.  We also thank Magda Beier-Sexton for administrative and technical 

support to the UMB authors.    



 73 

CHAPTER 3:  CHARACTERIZATION OF THE RICKETTSIA ANKYRIN 
REPEAT PROTEIN-2 OF R. TYPHI 

3.1 Introduction 

Bacterial ankyrin repeat-containing proteins (ARPs) comprise a diverse class of 

secreted effectors, with many intracellular species utilizing ARPs to subvert host cell 

signaling networks and other cellular pathways.  Rickettsia typhi encodes an ARP termed 

Rickettsia Ankyrin Repeat Protein 2 (Rt-RARP-2), which is composed of an N-terminal 

domain (NTD) with unknown function, and a C-terminal domain (CTD) containing 11 

ankyrin (Ank) repeats and a C-terminal tail secretion signal.  In silico analysis of RARP-

2 homologs across 65 Rickettsia genomes reveals a highly conserved NTD, yet the CTD 

varies extensively Ank repeat number varies extensively.  Given the capacity of ARPs to 

function in virulence, and the importance of secretion systems [e.g., the type IV secretion 

system (T4SS)] in ARP translocation, I investigated Rt-RARP-2 for its 1) distribution 

and domain architecture, 2) expression and secretion during host cell infection, 3) 

mechanism of secretion, 4) subcellular localization in host cells, and 5) putative host 

interacting partners.   

 

3.2 Results 

In silico analysis of RARP-2 homologs across 65 Rickettsia genomes.  

RARP-2 homologs consist of a highly conserved NTD of unknown function, an 

Ank domain composed of 3-12 repeats, as well as a variable C-terminal tail that is 

conserved within distinct rickettsial groups (Figure 2.2).  Phylogenomic analysis of 

RARP-2 indicates that, contrary to many rickettsial effectors that are conserved only 
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within individual rickettsial groups (e.g., RickA, Sca0, Sca1, Sca2, Sca3, RalF) (39), 

RARP-2 is largely conserved across rickettsial lineages (Figure 1.2).  It is present in most 

species of SFG, TG and TRG, though notably it is absent in the R. akari/R. australis 

lineage.  Aside from the latter two divergent pathogens, those species lacking RARP-2 

were isolated from arthropods and are believed to be non-pathogens:  R. peacockii, R. 

montanensis, R. buchnerii, Rickettsia endoparasite of Adalia bipunctata, and Rickettsia 

endoparasite of Ichthyophthirius multifiliis, Rickettsia sp. str. MEAM1 of Bemisia tabaci, 

Rickettsia endoparasite of Culicoides newstead, Rickettsia endoparasite of Ixodes 

pacificus str. Humboldt, Rickettsia endoparasite of Ixodes scapularis.   

RARP-2 is present in 3 copies in R. bellii spp. and 2 copies in R. felis, although 

these are significantly more divergent than other RARP-2 homologs.  The divergent 

RARP-2 homologs share less than ~37 %ID with RARP-2 proteins in the N-terminal 

domain, and have very different ankyrin repeat sequences that do not match RARP-2 

ankyrin repeats in reciprocal blastp searches.  Interestingly, despite this divergence, at 

least one of the divergent homologs in each of these species does retain the His-Cys 

predicted cysteine protease active site (detailed later in this chapter), suggesting these 

residues may be vital for a function in the divergent RARP-2 homologs as well. 

Aside from the R. akari/R. australis lineage, the abovementioned distribution of 

RARP-2 suggests that this effector is not required to infect the arthropod host.  This 

hypothesis is supported by previous work showing ≥3-fold increased transcription of the 

R. rickettsii str. R RARP-2 gene during Vero cell infection, compared to infection of 

Ixodes scapularis embryo-derived cell line, ISE6 (103).  Furthermore, Galletti et al. 

showed a 2-fold increase in R. rickettsii str. taiaçu RARP-2 gene expression in ticks with 
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both simultaneous blood-feeding and temperature upshift, but not with either alone (104).  

Collectively, this suggests RARP-2 gene expression increases during rickettsial transition 

to a mammalian host environment.   

 
In silico characterization of the ankyrin repeats 

The RARP-2 Ank repeats were identified using a combination of SMART 

database predictions, as well as the Ank repeat consensus motif determined by Mosavi et 

al (110).  This allowed for manual delineation of each repeat.  Alignment of R. rickettsii 

virulent strain Sheila Smith (Rr_SS) and avirulent strain Iowa (Rr_Io) shows the 

expansion of internal Ank repeats (3-9) and conservation of the first two and last repeats 

(Figure 3.1 A).  To determine whether certain repeats were more conserved than others 

across all the RARP-2 homologs, I created a dendrogram to group repeats by similarity. 

Every Ank repeat from the 43 homologs was individually separated, with all repeats (n = 

336) aligned using MUSCLE (default parameters).  I then evaluated the dendrogram for 

inter- or intra-repeat similarity.  The 1st, 2nd and last Ank repeats consistently grouped 

together (Figure 3.1 B), with the intervening Anks grouping together and mixed 

throughout (not shown).  This phenomenon is conserved across all 43 RARP-2 homologs 

(complete genomes only).   

Majority rule consensus sequences were generated for four groups: the 1st, 2nd, 

intervening, and terminal Ank repeats of each RARP-2 homolog (Figure 3.1 C).  This 

revealed the increased inter-Ank sequence conservation regarding Ank 1, 2, and the 

terminal ank, and increased intra-Ank sequence conservation with the intervening anks.   

Using Phyre2 homology modeling (126), the Ank region of Rt-RARP-2 was 

threaded with 100% confidence (10-26% sequence identity) to 31 structures of Ank 
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repeat containing proteins from bacteria (n=5), viruses (n=1), eukaryotes (n=22), and 

synthetic designed ankyrin repeat proteins (DARPins) (n=3).  A representative structure 

of Rt-RARP-2 threaded to BurrH DNA-binding protein from Burkholderia rhizoxinica 

(100% confidence, 16% ID) is shown in Figure 3.1 D, indicating that RARP-2 is 

thermodynamically capable of adopting a typical ARP fold, despite tremendous sequence 

divergence from ARPs of other prokaryotic, eukaryotic and viral proteins.   

Finally, despite the different selective pressures operating on Ank repeat primary 

sequence, a consensus sequence of all 28-residue Ank repeats from all 43 RARP-2 

homologs illustrates high conservation, indicating a common origin of the RARP-2 Ank 

repeat (Figure 3.1 E). 
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Figure 3.1: The first, second and last ankyrin repeats of are conserved across 43 RARP-2 homologs 
A) Alignment of R. rickettsii virulent strain Sheila Smith (Rr_SS) and avirulent strain Iowa (Rr_Io) shows 
the expansion of internal ankyrin repeats and conservation of the first two and last repeats.  δ, start of C-
terminal tail containing T4SS secretion signal.  B) Dendrogram generated from alignment and simple 
phylogeny (MUSCLE, default parameters) of every Ank repeat from the 43 RARP-2 homologs (n = 336) 
indicated the 1st, 2nd and last Ank repeats consistently group together.  C) Majority rule consensus sequence 
of Ank repeats cross 43 RARP-2 homologs, illustrating increased inter-Ank sequence conservation 
regarding repeats 1, 2, and the terminal Ank, and increased intra-Ank sequence conservation with the 
intervening repeats. Upper-case residues indicate strict inter-Ank sequence conservation of that residue, 
lower-case residues indicate some variability at this position. The consensus squares show which residues 
or types of residues are conserved at each position across all RARP-2 Ank repeats. Yellow, 100% 
conservation of this residue.  D) RARP-2 homologs thread using Phyre2 to known Ank structures.  Shown 
is SS-RARP-2 threaded to burrH of Burhkolderia rhizoxinica, indicating that RARP-2 is 
thermodynamically capable of adopting a typical Ank fold.  (E) Sequence logo (WebLogo3) depicts the 
conservation of residues across each 28-residue ankyrin repeat from 43 RARP-2 homologs (closed 
genomes only).  For panels C,D: Red, negative charge (DE). Green, polar hydrophilic (PCNQST).  Purple, 
aromatic (WFY).  Black, non-polar hydrophobic (GAVLIM). Blue, positive charge (KRH). 
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In silico characterization of the N-terminal domain 

Using the R. typhi RARP-2 NTD as a query, blastp searches against the non-

redundant NCBI protein database yielded a few divergent homologs in several other 

rickettsial genomes (e.g. R. bellii RARP-2 homolog Q1RID2, and rickettsial 

endosymbiont of Acanthamoeba sp. UWC8 RARP-2 homolog A0A075MRD2).  

Structural modeling of these divergent homologs revealed a common fold similar to 

proteins from several families of cysteine endopeptidases all grouping under clan CD.  

The active site motif of clan CD cysteine proteases has been delineated as a catalytic diad 

(H,C) preceded by a block of hydrophobic residues (127).  Several members of clan CD 

were aligned to both divergent and conserved RARP-2 homologs (Figure 3.2), revealing 

the active site motif identified by Chen et al. is present, and suggesting a putative 

cysteine protease function for the NTD of RARP-2.   
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Figure 3.2:  RARP-2 alignment with clan CD cysteine proteases and Phyre2 modeling	
Using Phyre2 (126), several RARP-2 homologs modeled to clan CD cysteine endopeptidases (B-E).  A) 
Accordingly, we aligned several RARP-2 homologs with proteases from selected clan CD families: 
legumain (C13), caspase-1 (C14), clostripain (C11) and gingipain R (C25).  The sequence segments 
containing the experimentally identified or predicted catalytic His and Cys residues (pink and yellow) in 
each of the four families and RARP-2 homologs were subsequently adjusted based on a previous study 
(127).  Upstream of the catalytic residues there is a block of four predominantly hydrophobic residues 
(green). Other residues that tend to be conserved between the families are printed in white on black. Blue 
numbers indicate amino acid coordinates flanking the active site. Accession numbers from UniProt are 
listed in Figure 2.14.  Phyre2 structural modeling of R. bellii RARP-2 homolog Q1RID2 threading to B) 
human MALT1 paracaspase and C) metacaspase2 from Trypanosoma brucei, and rickettsial endosymbiont 
of Acanthamoeba sp. UWC8 RARP-2 homolog A0A075MRD2 to D) human legumain, and E) C. difficile 
TcdB cysteine protease domain. Percent confidence and sequence identity reported in methods. 
 

In silico analysis of the RARP-2 C-terminal T4SS secretion signal 

RARP-2 is an effector secreted by the rickettsial T4SS (39).  Secretion is mediated 

by a coupling protein (VirD4 family) that directly interacts with effectors to regulate their 
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entry into the T4SS channel.  Unlike other bacterial secretions systems (i.e. Sec 

translocon), the signal sequence of T4-effectors is unclear (146).  The canonical vir T4SS 

of Agrobacterium tumefaciens has been studied extensively, and a C-terminal enrichment 

of positively charged residues has been implicated in facilitating secretion (131).  

Legionella pneumophillia Dot/ICM T4SS effectors are enriched in C-terminal 

hydrophobic residues (147), while a later study identified a C-terminal “E-block motif” 

of 6-8 glutamate residues within a subset of translocated substrates (148).  Another study 

involving the T4SS of the bacterial plant pathogen Xanthomonas axonopodis pv. citri 

identified a C-terminal consensus motif unique to Xanthomonas spp. (149).  Effectors of 

the Bartonella henselae T4SS appear to have a bipartite secretion signal, where both an 

internal Bep intracellular delivery domain and a short C-terminal positively charged tail 

mediated translocation (129).  The C-terminal tail of R. typhi T4SS effector RalF is 

enriched in positively charged lysine residues and was required for interaction with the 

rickettsiales vir homolog D4 (RvhD4) (50).  A similar enrichment of positively charged 

residues was not identified, however, in the RARP-2 C-terminal tail, which contains few 

positively charged residues and a moderate enrichment of glutamates and hydrophobic 

residues (Figure 3.3).  Yet, the C-terminal tail of Rt-RARP-2 was similarly required for 

interaction with RvhD4 (Figure 2.13). 

 

Figure 3.3: Alignment of the C-terminal tail of 43 RARP-2 homologs 
Sequence alignment of 43 RARP-2 homologs (divergent excluded, complete genomes only) using 
AliView. Colors are SeaView default, with each amino acid a unique color.  
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Another possible mechanism for recognition of T4-effectors could be intrinsic 

disorder in the tail.  When the A. tumefaciens T4-effector VirE2 was crystalized, the 

region containing the C-terminal secretion signal contained no electron density, 

suggesting a flexible and possibly unstructured region might be the signal recognized by 

the coupling protein (130).  Disorder occurs when a region contains fewer “order-

promoting” residues, (cysteine, tryptophan, isoleucine, tyrosine, phenylalanine, leucine, 

histidine, valine, asparagine, methionine), and increased numbers of “disorder-

promoting” residues (lysine, glutamine, serine, glutamic acid and proline).  These cause 

disorder and increased flexibility based on their polar and charged characteristics, which 

often cause them to localize to the surface of folded proteins (150).  The classic disorder-

causing residue is proline, which is not highly represented in the putative secretion 

signals of rickettsial T4 effectors.  However, the 2nd most disorder-causing residue is 

glutamic acid, which is the residue responsible for the E-block motif T4 secretion signal 

in Legionella spp.  In addition, the 5th most disorder-causing residue is lysine, which we 

observe in abundance in the RalF T4 secretion signal in Rickettsia spp, along with 

glutamine, proline, serine and glutamic acid residues all making up nearly 50% of the C-

terminal tail (50): 

(NVVKKAAKDISKQIPQERDNHKEELSKVLEVQRKKIDKQNSGRVV).  A disorder 

prediction webserver, PrDOS, predicts these Rt-RalF C-terminal tail residues have 

disordered structure (not shown) (151). 

Using a multi-algorithm disorder prediction tool, I observed that the C-terminal 

~30 residues of Rt-RARP-2 and SS-RARP-2 are indeed predicted to be unstructured 

(Figure 3.4 A) (152).  I next sought to determine if this disorder was shared amongst the 
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remaining RARP-2 homologs.  Using MUSCLE, I created a dendrogram to determine 

which RARP-2 tails grouped together (43 tail sequences, normal parameters, not shown).  

From each of 8 major groups, I selected one member to perform disorder prediction using 

the PrDOS webserver standard settings (151):  R. rickettsii str. Sheila Smith, R. conorii 

str. Malish 7, R. africae str. ESF5, R. canadensis str. CA410, R. japonica str. YH, R. 

rhipicephali str. HJ#5, R. felis str. URRWXCal2, R. prowazekii str. GvV257 (Figure 3.4 

B).  All of these had predicted C-terminal regions of disorder comparable to Rt-RARP-2.  

As a comparison, R. typhi Sca0 (T5SS), R. rickettsii 1431 methyltransferase (not 

secreted), R. prowazekii Adr1 (Sec/BAM) predict no disordered residues with high 

confidence (>0.5) at the C-terminus, and occasionally some N-terminal residues (0.5-

0.7).  Yet, when RickA of R. conorii (predicted T4SS) was analyzed, 60 residues at its N-

terminus are predicted to be disordered with high confidence (not shown).  
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Figure 3.4:  The RARP-2 C-terminal T4 secretion signal and N-terminus contains predicted regions 
of disorder 
A) Disorder prediction of Rt-RARP-2, image generated by the PredictProtein web portal standard settings 
(152)  Black line indicates amino acid position in Rt-RARP-2; yellow boxes indicate predicted flexible 
residues (153); orange boxes are predicted unstructured loops (note the collection of loops predicted in the 
ankyrin repeat region 300-450) (154); green boxes are intrinsically disordered regions predicted by Meta-
Disorder (155).  Similar results observed with SS-RARP-2 (not shown).  B) Disorder prediction of SS-
RARP-2 using PrDOS webserver standard settings (151). Similar results observed with RARP-2 of R. typhi 
str. Wilmington, R. conorii str. Malish 7, R. africae str. ESF5, R. canadensis str. CA410, R. japonica str. 
YH, R. rhipicephali str. HJ#5, R. felis str. URRWXCal2, R. prowazekii str. GvV257.  (not shown).   
 

Interestingly, the first ~15 N-terminal residues of RARP-2 are also indicated as 

disordered in all homologs tested, albeit with lower probabilities (average ~0.7) than 

those of the C-terminus (average ~0.9).  Disordered tails have been extensively studied in 

the literature regarding their multifarious roles in modulating protein functions (150, 156, 

157).  They can function in binding substrates, regulating entropic activities, acting as 

chaperones, or acting as inhibitors, activators or stabilizers of themselves or interacting 

proteins.  As such, it is conceivable that a flexible N-terminal tail plays an important role, 
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and mutational analysis of this region could shed light on the function or self-regulation 

of RARP-2.  

 

RT0600 is expressed during R. typhi infection of fleas and HeLa cells  

Evidence for RARP-2 expression only exists for R. rickettsii during mammalian 

cell culture and during tick infection (98, 103, 107), in spite of its conservation in 

divergent lineages of rickettsiae (i.e. TG members) that infect different arthropod hosts 

(i.e. fleas).  Thus I evaluated whether RARP-2 is expressed by R. typhi during 

mammalian cell culture infection and during flea infection.  First, I used RT-qPCR to 

examine the relative expression of the Rt-RARP-2 gene, RT0600, during a time-course 

infection of HeLa cells.  Expression of RT0600 was upregulated from 2-10 hr. p.i. (Figure 

3.5), which is post-phagosomal escape (~15 min p.i.) and spans the approximate 

replication time of rickettsiae (~8 hr. p.i.).  The expression then appears to decrease and 

level out around 24 hr. p.i.  

 
Figure 3.5:	RARP-2 expression is elevated after phagosomal escape 
RT-qPCR of RT0600 expression during R. typhi/HeLa infection time course.  RT0600 expression is relative 
to the Log2 average of R. typhi adr1 and ompB housekeeping genes, relative to 1 hr. p.i.  Seed, initial 
inoculum; hpi, hours post infection. Data from 2 biological replicates, 2 experimental replicates each. 
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Next, I examined our transcriptomic RNAseq data (Azad, unpublished) from R. 

typhi infected fleas (24 hr. p.i.) and R. typhi infected HeLa cells at two time points (2 hr. 

p.i., 24 hr. p.i.).  The RT-qPCR data was corroborated by the HeLa RNAseq data, where 

RT0600 expression decreased 1.6-fold from 2 hr. p.i. to 24 hr. p.i.  In the infected flea 

transcriptomic data, I verified RT0600 is transcribed.  These data indicate that, like SFG 

rickettsiae, TG members express RARP-2 during both the mammalian and arthropod 

stages.  Additional experiments would be required to address whether RT0600 expression 

is increased during the transition to mammalian host environment.  In the absence of a 

flea cell line, I cannot directly compare Rt-RARP-2 transcript levels between HeLa and 

fleas without a way to reliably synchronize R. typhi invasion and infection of a whole 

flea.  It may be possible to take infected fleas and feed them on a mouse, harvest R. typhi 

RNA from the fleas for several timepoints, and evaluate whether the blood and increased 

temperature alters the transcription of RT0600 relative to R. typhi housekeeping genes.  A 

more detailed understanding of RARP-2 function during infection will shed light on the 

question of whether it plays a vital or dispensable role during arthropod infection. 

 

Ectopic expression and mutants 

Understanding where Rt-RARP-2 is targeted in host cells might provide insight 

into the function of this effector during infection.  Thus, I transiently transfected cells 

expressing Rt-RARP-2 and observed its subcellular localization in HeLa cells using 

immunofluorescence microscopy (IFA).  Full-length, codon optimized (human), N-

terminally FLAG-tagged Rt-RARP-2 exhibited large, somewhat hollow punctae, 

reminiscent of organelles (Figure 3.6).  To evaluate how the domain structure of Rt-

RARP-2 contributes to this localization, I compared domain deletion constructs, ΔCTD 
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and ΔNTD.  The NTD alone appears to aggregate into tiny, presumably non-functional 

protein aggregates.  It was also expressed at low levels, with most cells not expressing the 

protein, possibly due to toxicity.  Conversely, the Ank domain was expressed at high 

levels with no aggregation and non-specific, cytosolic localization similar to the 

luciferase control.  
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Figure 3.6:  Transiently transfected HeLa cells expressing Rt-RARP-2 deletion constructs for 6 or 18 
hours 
Transiently transfected HeLa cells expressing FLAG-tagged Rt-RARP-2 constructs for 6 hr. or 18 hr. to 
evaluate how early punctae form, and if the NTD or CTD localize to punctae independently.  Ectopic 
expression of full-length codon optimized Rt-RARP-2 (FL) results in large punctate bodies as early as 6 hr. 
post transfection, while the N-terminal domain alone (ΔCTD) aggregates and expresses poorly.  The C-
terminal ankyrin domain alone (ΔNTD) expresses strongly throughout the cytoplasm at both timepoints.  
Scale bar: 10 µm. 
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Based on the NTD analysis (Figure 3.2), I hypothesized that the conserved 

cysteine might be a part of a protease active site.  Thus, I expressed a FLAG-tagged Rt-

RARP-2-C109A mutant in transiently transfected HeLa cells and evaluated its 

localization relative to un-mutated RARP-2 (Figure 3.7).  The mutant still appeared to 

localize in punctate like structures, but many of the punctae were more perinuclear, 

smaller, and less organized.  Interestingly, this correlates with data observed from the SS-

RARP-2-C109A mutant (Figure 2.15).  

 

 
Figure 3.7:  Localization of Rt-RARP-2-C109A mutant during transient transfection of HeLa cells  
Transiently transfected HeLa cells expressing FLAG-tagged, codon optimized Rt-RARP-2 (FL) results in 
large punctate bodies, while expression of the C109A mutant results in somewhat more peri-nuclear and 
disorganized punctae. Scale bar: 5 µm. FL, full length, un-mutated RARP-2; C109A, putative cysteine 
protease active site residue mutant. 

 

To evaluate whether RARP-2 was binding to a specific organelle, I tested for co-

localization with several organelle markers (Figure 3.8).  The punctate localization 

pattern co-localizes with neither the Golgi marker GM130, the ER marker protein 

disulfide isomerase (PDI), nor with fluorescent dyes labeling the mitochondria or 

lysosomes.  These data are at odds with the colocalization data observed with SS-RARP-

2 (Figure 2.9), although the ER marker, calnexin remains to be tested.  It is possible that 
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the difference in overexpression from rickettsiae (during infection) versus transient 

overexpression in cell culture (no infection) may change the colocalization phenotypes.  

It is also possible for SS-RARP-2 and Rt-RARP-2 to have different functions in the host 

cell.  Lastly, it is also possible that using different organelle markers (for PDI and 

calnexin) may result in better labeling of the organelles and visualization of 

colocalization. 
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Figure 3.8:  Rt-RARP-2 does not co-localize with tested organelle markers 
Transiently transfected HeLa cells expressing FLAG-tagged Rt-RARP-2 were stained with noted organelle 
markers and evaluated for co-localization of punctae signal.  Organelle markers used: Golgi marker, 
GM130; ER marker, protein disulfide isomerase (PDI), fluorescent dyes labeling the mitochondria 
(mitotracer) or lysosomes (lysotracker).  The Scale bar: 10 µm. 
 

Secretion of Rt-RARP-2 

Evidence for Rt-RARP-2 secretion is presented in Chapter 2 (Figure 2.13), where I 

evaluated the hypothesis that RARP-2 is a T4-secreted effector.  I present two lines of 
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evidence for this: 1) bacterial two-hybrid (B2H) analysis shows that recombinant RvhD4 

directly interacts with Rt-RARP-2, dependent upon the RARP-2 C-terminal tail; and 2) 

co-immunoprecipitation of Rt-RARP-2 using the RvhD4 antibody during infection. 

While I confirmed Rt-RARP-2 interacts with the T4SS machinery, I also wanted 

to present evidence that R. typhi secretes RARP-2 during infection.  For this, I utilized an 

established protease digestion assay (50).  Rickettsiae were partially purified away from 

host cells and treated with increasing concentrations of trypsin and proteinase K, which 

are capable of only digesting extra-bacterial protein, such as protein that is on the 

bacterial surface or secreted.  The R. typhi housekeeping protein, elongation factor-

thermo stable (EF-Ts) was used as an intra-bacterial control protein, which would be 

inaccessible to the proteases, thus remaining undigested.  By immunoblotting with 

polyclonal anti-Rt-RARP-2 antibody, I observed robust degradation of Rt-RARP-2 by the 

proteases.  Thus, analogous to the R. rickettsii homolog of RARP-2 (see Figure 2.11), R. 

typhi also secretes Rt-RARP-2 during infection.  

 
Figure 3.9: Protease digestion assay indicates R. typhi secretes Rt-RARP-2 during infection 
Purified rickettsia were treated with 400 µg/mL or 800 µg/mL Trypsin or Proteinase K or in buffer alone 
(0) for 1 hr. Lysates were resolved and immunoblotted for RARP-2 or the cytoplasmic control EF-Ts 
(elongation factor Ts). Densitometry was performed (ImageJ) and the intensity of RARP-2 was normalized 
to EF-Ts and relative intensity is shown below the lower panels. 
 

RARP-2 exists in a cleaved form in the cytosol 

While comparing whole cell lysates of infected cells (cytosol plus bacteria) to 

Renografin purified rickettsiae, I observed that RARP-2 was consistently a different size 
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in these two samples.  Rickettsia-associated RARP-2 from purified bacteria was always 

larger than that detected in the whole cell lysate (Figure 3.10, A,B white arrow).  The 

whole cell lysate (WCL) included secreted, cytosolic RARP-2, and a smaller band was 

more abundant (Figure 3.10, A,B, blue arrow).  This was true for both SS-RARP-2 and 

Rt-RARP-2, suggesting these proteins might be modified or cleaved after secretion.  

Fortuitously, I had a C-terminally FLAG-tagged SS-RARP-2 construct, which I could 

compare to the N-terminally FLAG-tagged version that showed two sizes.  Interestingly, 

when the WCL of this sample was separated on SDS-PAGE and immunoblotted, I 

observed that only the larger fragment was visible, due to the C-terminal FLAG tag being 

cleaved off.  In addition, I was then able to visualize the cleaved portion that retained the 

C-terminal FLAG tag (Figure 3.10, A, yellow arrow).  I added protease inhibitor to the 

lysates to rule out degradation during sample processing, and observed the same cleavage 

phenomenon (not shown).  Thus I concluded that ~25 kda C-term fragment of RARP-2 

was cleaved off after or during secretion.  A fragment of this approximate size suggests 

that cleavage occurs in the ankyrin repeat region.  I created a C-terminally GSK-tagged 

SS-RARP-2 construct to test whether the cleaved portion was exposed to the cytosol, but 

no transformants could be obtained with this construct.  It is possible the GSK tag 

disrupted the secretion signal. 
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Figure 3.10: Both Rt-RARP-2 and SS-RARP-2 appear to be in a cleaved form in the cytosol 
A) R. rickettsii str. Iowa expressing N- or C-term FLAG- tagged SS-RARP-2 infecting Vero76 cells (MOI 
1, 48 hr. p.i).  Infected cells were lysed and separated by SDS-PAGE (WCL, whole cell lysate), or cells 
were lysated and rickettsiae were purified away from host material using renografin density gradient (Purif, 
purified). Membrane was immunobloted with anti-FLAG (green) and anti-RompB (red, rickettsial 
housekeeping protein).  B) R. typhi infected HeLa cells (MOI 100, 48 hr. p.i.). Lysates were processed with 
and without reducing agent (RA) to evaluate if disulfide bonds were present in Rt-RARP-2.  Membrane 
was immunoblotted with anti-Rt-RARP-2. WCL, whole cell lysate. Purif, Renografin purified rickettsiae. 
White arrow, full-length RARP-2. Blue arrow, cleaved RARP-2, piece 1. Yellow arrow, cleaved RARP-2, 
piece 2.  
 

Attempts to find a RARP-2 Interacting Partner 

Several methods were used to identify a host interacting partner for Rt-RARP-2.  

These are summarized in Figure 3.11.   
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Figure 3.11:  Summary of attempts to find host-interacting partner of Rt-RARP-2 

 

Initially, I attempted to co-immunoprecipitate (Co-IP) Rt-RARP-2 interacting 

partners using R. typhi infected HeLa cell lysates using the Rt-RARP-2 antibody, 

however this repeatedly failed to precipitate meaningful amounts of Rt-RARP-2.  I 

suspect the reasons for this are two-fold: 1) the endogenous amounts of RARP-2 are 

likely too low in abundance, and 2) this antibody may only efficiently recognize the 

denatured form of the protein.  This is likely due to the way the antibody was made, 

which was by cutting denatured bands out of an SDS-PAGE gel for rabbit immunization.  

Thus, the antibody was only useful for immunoblotting.   

A substantial effort was made to transform R. typhi with FLAG-tagged Rt-RARP-

2 expressed in the pRAMF2 plasmid (provided by the Hackstadt lab, see Chapter 2:).  If 

this was possible, I could have attempted a Co-IP using an anti-FLAG antibody.  While 

the control plasmid expressing FLAG-tagged mCherry protein was successfully 
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transformed into R. typhi, no transformants possessing RARP-2 constructs could be 

obtained.  I surmise this was due to either some toxicity of RARP-2 expression, or due to 

inefficiency of the protocol.  Because R. typhi only formed tiny, irregular plaques, it was 

impossible to scan for GFP-expressing, transformed rickettsiae in plaques, or to plaque 

purify a clonal population of transformed bacteria (as is possible with R. rickettsii, see 

Chapter 2).  

I further attempted to co-immunoprecipitate RARP-2 from transiently transfected 

HEK293T cells and identify interacting proteins by mass spectrometry (MS).  However, 

this technique was complicated by consistently low RARP-2 yields possibly due to 

toxicity, as well as poor (MS) hits, such as common MS contaminants (158).  Regardless, 

a short list of candidate interacting partners was prepared by subtracting: 1) control 

empty vector/bead binding results, 2) non-cytosolic proteins, and 3) common MS 

contaminants (158) (Table 3.1) . 

Lastly, I attempted a traditional pull-down experiment, where recombinant Rt-

RARP-2 was immobilized on a column and washed with infected cell lysate, followed by 

MS evaluation of RARP-2 binding proteins.  Three recombinant proteins were prepared 

in E. coli: 1) His-tagged maltose binding protein (His-MBP) control, 2) dual tagged (His-

MBP) codon optimized (human) RARP-2-WT, and 3) His-MBP tagged Rt-RARP-2-

C109A mutant.  If RARP-2 is indeed a cysteine protease, I could struggle to identify the 

interacting partner if the protease was cleaving it.  Thus, I included the putative cysteine 

protease mutant, C109A in these pull-down experiments.  These proteins were purified 

on amylose column (70% pure), concentrated using an Amicon filter, and immobilized on 

NiNTA magnetic beads.  R. typhi/Vero76 (72 hr. p.i.) infected lysate was incubated with 
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the beads, washed, and the beads were boiled with LDS and reducing agent.  The boiled 

bead supernatant was separated on a coomassie stained SDS-PAGE gel, and evaluated by 

MS.  The list of candidate interacting partners was prepared by subtracting: 1) control 

His-MBP/bead binding results, 2) E. coli proteins, 3) non-cytosolic proteins, and 4) 

common MS contaminants (158). 

The MS data from both the pull-down and Co-IP were compared to identify any 

overlapping hits, and are presented in Table 3.1.  The putative interaction partner list 

(Table 3.1) contains many interesting protein targets, and it is difficult to give rationale 

for one over another.  The list as a whole, largely contains proteins involved in vesicular 

and ER-Golgi trafficking, which may be a pathway targeted by rickettsiae to interrupt or 

delay immune signaling, such as MHC-I presentation.  It also contains two occurrences 

of the 26S proteasome regulatory subunit 3, which could be due to overabundance in 

cells (contaminant), or might be targeted by rickettsiae to modulate protein degradation, 

possibly to steal host amino acids similar to AnkB of Legionella pneumophilia (159).  

However, it is difficult to reconcile how this target would result in the localization of the 

RARP-2 punctae with ER membrane marker calnexin Figure 2.9.  A hypothesis of how 

RARP-2 might interact with the host protein bifunctional UDP-N-acetylglucosamine 2-

epimerase/N-acetylmannosamine kinase (GNE) is presented in detail in the Chapter 4 

discussion. 
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 Host protein 

identified by MS # Cell compartment (GO) General Function (UniProt) Pathogen 
target? 

 Rt-RARP-2-C019A Unique  

Pu
ll-

D
ow

n 

Rab9 effector protein 
with kelch motifs 2 

endosome, transport 
vesicle, trans-golgi 
network membrane, 

cytosol 

40 kda Rab9 effector required for 
endosome to trans-Golgi network 

(TGN) transport. 
(160) 

Bifunctional UDP-N-
acetylglucosamine 2-

epimerase/N-
acetylmannosamine 

kinase 

2 cytosol 
Regulates and initiates biosynthesis 

of N-acetylneuraminic acid 
(NeuAc), a precursor of sialic acids 

(159) 

C
o-

IP
 

High mobility group 
protein B2 3 cytosol, nuclear, secreted 

HMGB2 detected in the cytoplasm 
of intestinal epithelial cells, 

antimicrobial activity shown against 
E. coli 

(161) 

Pumilio homolog 3 2 cytosol, nuclear, nuclear 
membrane, stress granule 

Sequence-specific RNA-binding 
protein, shown to have novel 

function in cytoplasmic sensing of 
viral infection 

(162) 

 Rt-RARP-2-WT Unique 

Pu
ll-

D
ow

n 

DNA-dependent 
protein kinase catalytic 

subunit  
4 cytosol, nuclear, secreted 

Serine/threonine-protein kinase that 
acts as a molecular sensor for DNA 
damage, shown to mediate DNA-

innate immune response 
(cGAS/STING) 

 

26S proteasome non-
ATPase regulatory 

subunit 3* 
3 cytosol, nuclear, secreted 

Component of the 26S proteasome, 
multifarious roles in cell cycle 

progression, apoptosis, or DNA 
damage repair 

(163, 164) 

Protein transport 
protein Sec23B 2 

cytosol, ER, ER 
membrane, nuclear, 
perinuclear, Golgi 

membrane, COPII vesicle 
coat 

Component of the coat protein 
complex II (COPII), promotes 

formation of transport vesicles from 
ER to Golgi and selection of cargo 

(165) 

C
o-

IP
 

AP-2 complex subunit 
alpha-1 2 

cytosol, endosome, trans-
golgi network membrane, 
endolysosome membrane, 

plasma membrane 

Adaptor protein complexes function 
in protein transport via transport 
vesicles in different membrane 

traffic pathways. 

(166) 

Interferon-induced, 
double-stranded RNA-
activated protein kinase 

2 cytosol, nuclear 

IFN-induced dsRNA-dependent 
serine/threonine-protein kinase 

which plays a key role in the innate 
immune response to viral infection 

and is also involved in the regulation 
of signal transduction, apoptosis, 

cell proliferation and differentiation. 

(167) 

26S proteasome non-
ATPase regulatory 

subunit 3* 
2 *see above *see above *see 

above 

Table 3.1: Candidate host interacting partners based on pull-down and Co-IP MS data 
The pull-down was performed using recombinant Rt-RARP-2 immobilized on a column and washed with 
infected cell lysate. The Co-IP was performed with Strep-tagged Rt-RARP-2 expressed from transiently 
transfected HEK293T cells using a streptactin column.  The table lists the protein name, the number of 
peptides obtained by MS (#), the cell compartment based gene-ontology (GO), protein function, and the 
last column cites evidence from the literature for pathogens targeting the protein listed or a very similar 
pathway.  A putative role for the protein highlighted with red text is described in the discussion. 
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3.3 Discussion  

In Chapter 2:, we characterized how RARP-2 of SFG member, R. rickettsii, 

differed in strains varying in virulence.  Given the evolutionary differences between 

rickettsiae of different phylogenetic groups, I evaluated whether the R. typhi homolog of 

RARP-2 was similarly expressed and secreted during infection, whether it produced 

similar vesicular structures as SS-RARP-2, and began to identify putative host targets. 

I began with a thorough bioinformatics analysis of RARP-2 homologs, in order to 

present data for 1) RARP-2 conservation in pathogenic rickettsiae, 2) a putative N-

terminal cysteine protease motif based on structural modeling, and 3) a careful 

delineation of the number and structure ankyrin repeats in all rickettsial RARP-2 

homologs.  Evaluation of Rt-RARP-2 expression data further indicated that RT0600 is 

expressed during both flea and mammal infection stages.  In the mammal, it is expressed 

after phagosomal escape and secreted into the host cytosol.  Rt-RARP-2 interacts with the 

T4SS coupling protein, RvhD4, and I demonstrated Rt-RARP-2 secretion using a 

protease digestion assay.  Subcellular localization studies showed that full length Rt-

RARP-2 produced vesicular-like structures, which were altered or not formed by either 

the ∆CTD, ∆NTD, or cysteine protease catalytically inactive (C109A) mutant constructs.  

Collectively, the domain analysis data indicate that both the NTD and Ank domain are 

required for the punctate localization of RARP-2, while the conserved cysteine residue 

(109) does not contribute to its localization pattern, but possibly its function.  None of the 

organelle markers tested colocalized with Rt-RARP-2 punctae, but more experiments will 

be needed to test the ER markers identified in Chapter 2:including calnexin and 

expanding to a larger repertoire of ER and ER-golgi trafficking markers.  Further studies 
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may also investigate the significance of the observed size difference of rickettsiae-

associated RARP-2, versus the cleaved size observed from secreted RARP-2. 

While the Co-IP/pull-down results do not identify a clear interacting partner, 

although there are several interesting proteins in each sample relating to immune 

response pathways, host metabolic pathways, host organelle trafficking and host 

proteasome pathways.  The recently constructed FLAG-tagged SS-RARP-2 constructs 

expressed in R. rickettsii str. Iowa (Chapter 2:), present an opportunity to re-attempt a 

Co-IP with the full-length, C109A mutant, or deletion constructs.  Interaction partners 

identified in the R. rickettsii system can then also be tested in the R. typhi system, using 

host-protein knockdown or silencing techniques. 

Collectively, these results begin to characterize RARP-2 as a T4SS effector utilized 

by R. typhi during the cytosolic phase of host cell infection, and lay the groundwork for 

further studies to pinpoint its role in infection for multiple rickettsial pathogens. 

3.4 Materials and Methods 

R. typhi growth, purification and propagation. Growth and propagation of R. typhi 

strain Wilmington (ATCC VR-144; Manassas, VA) was performed in Vero76 cells 

(African green monkey kidney cells, ATCC CRL-1587) in DMEM media (Dulbecco's 

modification of Eagle’s medium with 4.5 gram/liter glucose and 480 L-glutamine, 

Mediatech, Inc., Manassas, VA) supplemented with 5% FBS (Gemini, CA) at 34°C with 

5% CO2.  R. typhi infections were performed 24-48 hpi with an MOI ~100:1. Partial 

purification of R. typhi from infected Vero76 cells was performed as described previously 

(78) with modifications. Briefly, the infected cells were harvested in DMEM, disrupted 

by mild sonication for 15 sec by using a sonic dismembranator (Fisher Scientific, PA, 
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USA). The disrupted host cells were centrifuged 16,000 x g for 15 min at 4°C and 

resuspended in ice cold PBS, pH 7.2 containing MgCl2 (PBS-Mg) and filtered through a 

5 µm filter to remove host cell debris. Twice, the sample containing R. typhi was layered 

onto a 20% sucrose cushion at a 1:1 ratio and centrifuged at 16,000 x g for 15 min at 4°C 

to pellet R. typhi. The final pellet of partially purified R. typhi was used for DNA 

extraction or Co-IP experiments. Genomic DNA of R. typhi was extracted from the 

pellets by using either the All Prep DNA/RNA Mini Kit (Qiagen, CA, USA) or the 

Wizard genomic DNA purification kit according to manufacturer’s instructions. 

 

Transformation of R. typhi.  Purified R. typhi cells were transformed with pRAMF2-

mCherry (a modified version of the pRAM18dRGA plasmid with the gene encoding 

mCherry (gift from N. Noriea and T. Hackstadt, Chapter 2:, Figure 2.1) by as previously 

described (45, 52, 58).  Specifically, 10 heavily infected T150 flasks (about 109 to 1010 

rickettsiae) were purified by Renografin density gradient centrifugation (143) as follows.  

All steps were performed on ice and centrifugations at 4°C.  Infected cells were scraped 

into spent media and centrifuged 12,000 x g for 15 min.  Cells were resuspended in K-36 

buffer, lysed by sonication (10 sec, setting 6.5), and nuclei were pelleted at 1000 x g for 5 

min. The supernatant was layered equally over 30% Renografin (in K36 buffer) pads in 

14 x 89 mm Beckman polyclear tubes and centrifuged at 43,000 x g for 30 min.  The 

pellet was resuspended in 250mM sucrose in water using a cannula, pelleted at 10000 

rpm for 2 min in microfuge tube.  The supernatant, floating cell debris and DNA clump 

was discarded. The remaining pellet was washed once more with 250 mM sucrose in 

water.  The final washed sample was used for plasmid transformation.  About 100 µl of 
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Renografin purified rickettsiae were electroporated with 10 µg of pRAMF2-mCherry in a 

2mM electroporation cuvette (2.5 kV, 200ohm, 25µF) and resuspended in 1 mL brain 

heart infusion broth.  This was added onto Vero cell monolayers for 30 min at 37°C to 

achieve infection, then DMEM with 5% FBS was added.  After 24 h, medium was 

changed to DMEM with 5% FBS and 200 ng/ml of rifampin.  The infection was allowed 

to progress until foci of cytopathic effect were observed (approximately 14 days).  Clonal 

transformants were obtained by picking individual foci and expanding by three 

repetitions of limiting dilution in Vero cell monolayers with DMEM containing 5% FBS 

and 200 ng/ml of rifampin.  Transformants (mCherry-R. typhi) were verified by IFA 

analysis and PCR.  

 
Distribution and Domain Analysis.  Ankyrin domain analysis. Using Rt-RARP-2 as a 

query, blastp searches were performed against the NCBI ‘Rickettsia’ database 

(taxid:780).  Full length RARP-2 homologs were aligned with MUSCLE v3.6 (118) using 

default parameters.  The RARP-2 ankyrin repeats were identified using a combination of 

SMART database predictions, as well as the ankyrin repeat consensus motif determined 

by Mosavi et al. (110).  Using Phyre2 homology modeling (126), the ankyrin region of 

RARP-2 was threaded with 100% confidence to several solved ankyrin proteins.   

N-terminal domain analysis. Using the R. typhi RARP-2 NTD as a query, blastp 

searches against the NR database yielded a few divergent homologs in several other 

rickettsial genomes.  Evaluation of RARP-2 divergent homologs revealed a common fold 

similar to proteins from several families of cysteine endopeptidases.  Using one of the 

three divergent RARP-2 homologs from R. bellii (strain RML369-C), Phyre2 modeled 

RBE_0801 to metacaspase 2 from Trypanosoma brucei (Class 14 Caspase family, clan 



 103 

CD cysteine endopeptidases) with 71.2% sequence identity, 16% confidence; as well as 

MALT1 paracaspase (Class 14 Caspase family, clan CD cysteine endopeptidases) with 

51.6% sequence identity, 19% confidence.  In tandem, a blastp search using the 

RBE_0801 sequence retrieved the Rickettsial endosymbiont of Acanthamoeba str. UWC8 

(Family Midichloriaceae) analog of RARP-2 (A0A075MRD2).  By Phyre2 search, 

A0A075MRD2 was modeled to the C. difficile TcdB cysteine protease domain (Class 11, 

Clostripain family, clan CD cysteine endopeptidases) with 69.9 % confidence, 16% 

sequence identity; and legumain, 52% confidence, 13% sequence identity (Class 1, 

Legumain family, clan CD cysteine endopeptidases).  

 
RNAseq Analysis.  Total RNA from 1) five biological replicates of each treatment 

(uninfected and R. typhi-infected fleas) and 2) two biological replicates of each treatment 

(uninfected and R. typhi-infected HeLa cells) was used to construct host-pathogen 

transcriptomic sequencing libraries using Illumina’s ScriptSeq Complete Gold Kit 

(Epidemiology), with library quality validated using an Agilent 2100 Bioanalyzer.  

Barcoded libraries were sequenced (PE100) on two lanes of an Illumina HiSeq1500 

(Marshall University) in High Throughput mode, yielding ~26 million reads per sample 

(Q>30).  For R. typhi and HeLa transcripts, reads were aligned to reference genomes (R. 

typhi str. Wilmington and Homo sapiens USC hg19) using TopHat 2 (168).  

 
Reverse transcription-Quantitative PCR.  RT-qPCR was performed as described 

previously (45). HeLa cells were infected with R. typhi at an MOI of 100:1.  RNA was 

isolated from the initial seed stock (harvested from log-phase rickettsial growth), and 

several timepoints post infection as indicated using the Quick-RNA miniprep kit (Zymo 
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Research; R1055).  The iScript Reverse Transcription Supermix kit (Bio-Rad; 1708841) 

was used to synthesize cDNAs from 200 ng of RNA according to the manufacturer’s 

instructions. Transcript levels were assessed using VeriQuest SYBR green master mix 

(Affymetrix; 75600) and 10 pmol each of forward and reverse primers (see Table 3.2). 

The reactions were cycled at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles 

of 95°C for 15 s and 55°C for 30 s. A melt curve analysis was then performed using the 

Bio-Rad CFX384 real-time system.  Relative R. typhi RT0600 gene expression was 

measured using the comparative threshold cycle (2-∆∆CT) method with the average 

expression of RompB and adr1 as the reference transcript and 1 hr. p.i. as the calibrator 

for R. typhi infection of HeLa cells.  

 
Ectopic Expression.  Mammalian cells (HeLa, HEK293T) were transiently transfected 

with codon optimized Rt-RARP-2 mammalian expression constructs, or control 

constructs.  HeLa cells seeded in 8-well chamber slides were transfected with 200ng 

plasmid per well and HEK293T cells in T-75 flasks were transfected with 10µg plasmid 

with 10 ng plasmid using Lipofectamine 2000 (Life Technologies) according to 

manufactures’ protocols. 

 
Immunofluorescence Imaging. Immunofluorescence imaging was performed as 

previously described (50).  Briefly, cells were transfected for 6-24 hours, fixed with 4% 

PFA, permeabilized in Blocking Buffer (0.2% saponin, 5% FBS in PBS).  Cells were 

washed and incubated with rabbit anti-FLAG (1:1000) in blocking buffer at 37°C for 2 h.  

Cells were then washed with PBS and incubated with Alexa 488 secondary antibody 

(Life Technologies) diluted 1:1000 in Blocking Buffer at 37°C for 45 min.  Organelle 
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stains were used according to manufacturer instructions: MitoTracker Red CMXRos 

(Invitrogen), LysoTracker Red DND-99 (ThermoFisher). Other primary antibodies were 

used like anti-FLAG, although primary incubation was for 1 hour: mouse anti-PDI (clone 

RL90, BDTransduction Laboratories, diluted 1:200), mouse anti-GM130 (clone 610822, 

BDTransduction Laboratories, diluted 1:200), mouse anti-PDI (clone RL90, 

BDTransduction Laboratories, diluted 1:200), mouse rat anti–R. typhi serum (1:500).  

Cells were washed with PBS and mounted using ProLong Gold Anti-Fade mounting 

media with DAPI (Life Technologies).  For confocal microscopy, cells were viewed 

under a Zeiss LSM510 Meta Confocal Microscope (University of Maryland Baltimore 

Confocal Core Facility).  For conventional fluorescence microscopy a Nikon Eclipse 

E600 fluorescent microscope with a QImaging Retiga 2000R camera was used to capture 

images with QCapture Pro software. Images were processed using ImageJ software 

(NIH).   

 
Immunoblotting. Samples were mixed with 4X Bolt LDS Sample Buffer (Thermo 

Fisher Scientific) and 10X NuPAGE™ Sample Reducing Agent (Invitrogen) and heated 

at 70°C for 10 min. Proteins were separated on a Bolt 4-12% Bis-Tris Plus 

polyacrylamide gel (Thermo Fisher Scientific) at 200 V using Bolt™ MOPS SDS 

Running Buffer (Thermo Fisher Scientific), or NuPAGE Bis-Tris SDS-gel (Life 

Technologies) using MES SDS Running Buffer (Thermo Fisher Scientific), under 

denaturing conditions and transferred to a polyvinylidene difluoride (PVDF) membrane 

using the iBlot gel transfer system (Invitrogen) using the standard protcol.  The 

membranes were blocked in Startingblock (TBS) blocking buffer (Thermo Fisher 

Scientific) containing Tween 20 (pH 7.4) for 1 h at room temperature and then incubated 
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with primary antibody: rabbit anti- Rt-RARP-2 (diluted 1:250), mouse monoclonal anti-

FLAG M2 (Sigma) (1:1000), or rabbit anti-RvhD4 (1:1000) overnight at 4°C in the 

blocking buffer with tween.  Following incubation, the membranes were washed with 

Tris-buffered saline, 0.1% Tween-20 (TBST) and incubated with the appropriate 

secondary antibodies: HRP Goat anti-mouse IgG (Biolegend, 1:2000) or HRP Donkey 

anti-rabbit IgG (Biolegend, 1:2000).  After final TBST washes, blots were developed 

using SuperSignal West Pico Chemiluminescent Substrate kit (Thermo Scientific).  The 

membranes were then imaged using the G:BOX chemiluminescence imaging system and 

the associated GeneSnap acquisition software (Syngene). (For the immunoblot in Figure 

3.10 A, see immunoblotting in section 2.5 Materials and Methods) 

 

Cloning of R. typhi rarP-2. All cloning and mutagenesis primers (IDT) are listed in Table 

3.2.   

Wild type R. typhi rarP-2. The full-length Rt-RARP-2 (AAU04065.1) gene was 

amplified by PCR using R. typhi genomic DNA, cloned into pTrcHis2-TOPO vector 

(Invitrogen), and transformed into E. coli TOP10 cells. Recombinant protein expression 

was induced with 1 mM IPTG and purified protein was obtained by one-step purification 

using the Ni-NTA Superflow Column protocol (Qiagen) under native conditions as 

previously described (78).  

Cloning of MBP-His-tagged Rt- rarP-2 for pull-down.  WT Rt-RARP-2 did not 

express well in E. coli, so I cloned codon optimized (human) Rt-RARP-2 (Geneart, AG 

Regensburg, Germany) into pET30a-V29 vector, downstream of dual N-terminal His and 

maltose binding protein (MBP) tags (gift from Dr. Greg Snyder), using XhoI and NotI 
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restriction digestion and gel purification (NucleoSpin Gel and PCR Clean Up Kit, 

Macherey Nagel).  The insert (coRARP-2) was amplified by PCR using the appropriate 

15 bp overhang InFusion primers and Q5 DNA polymerase (NEB), then gel purified.  

These were reacted together with the InFusion HD enzyme mix, transformed into 

OneShot TOP10 competent E. coli (Thermo Fisher).  Transformants were verified by 

colony PCR and sequencing.  The cysteine mutant C109A was made from pET30a-V29-

Rt-RARP-2-FL with the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent).   

Cloning of STREPII,3xFLAG-tagged Rt-rarP-2 for Co-IP.  Codon optimized 

(human) Rt-RARP-2 was cloned using the InFusion (Clontech) cloning technique (as 

described above) into pcDNA3.1. The cysteine mutant pcDNA3.1-Rt-RARP-2-C109A 

was made with the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent). 

Cloning of FLAG-tagged Rt-rarP-2 mammalian expression constructs. Codon 

optimized (human) Rt-RARP-2 was cloned either as full length (FL), the N-terminal 

domain alone (ΔCTD, residues 1-179), or the C-terminal alone (ΔNTD, residues 180-

640) using the InFusion (Clontech) cloning technique (as described above) into pCMV-

Tag2B.  The cysteine mutant C109A was made from pCMV-Tag2B-Rt-RARP-2-FL with 

the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent).   

 

Strep-tagged Rt-RARP-2 Co-Immunoprecipitation.  pcDNA3.1-Rt-RARP-2 

(WT/C109A) or control pcDNA3.1-Luciferase were expressed (~18 hr.) in transiently 

transfected HEK293T cells as described above.  Transfected HEK293T cells were 

harvested by scraping and pelleted 1000 x g for 5 min, then washed with PBS pH 7.2.  

Cells were lysed using ice-cold lysis buffer (100 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 
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mM EDTA, 0.5% NP-40, and complete EDTA-free protease and phoSTOP phosphatase 

inhibitor (Roche)).  The lysate was incubated with Strep-Tactin®XT magnetic beads 

(IBA Lifesciences) according to manufacturer protocol.  Briefly, beads were equilibrated 

with Strep-Tactin XT Wash Buffer and cell lysate was incubated with beads for 30 min, 

rotating, at 4°C.  Beads were washed 3 times and proteins were eluted with 40-100 µl 

Strep-Tactin®XT Elution Buffer for 10 min.  Eluate was used for commassie staining, 

immunoblotting, and MS analysis. 

 

His-MBP tagged Rt-RARP-2 Pull-Down.  pET30a-V29-coRARP-2 (WT/C109A/MBP 

alone) were grown in LB to O.D. 0.5 and induced overnight with 0.5 mM final 

concentration of IPTG.  Cells were pelleted and resuspended in amylose buffer (50 mM 

NaH2PO4, 300mM NaCl, pH 8.0) and Lysed by sonication (6.5 setting) for 6X30sec (in 

ice).  The lysate was centrifuged at 15,000 rpm, 30 min at 4°C (Beckman Avanti J25/I) 

and the supernatant (i.e., soluble fraction) was collected and filtered (0.8 µm).  The 

cleared lysates were purified using amylose resin column (NEB), and washed with 

amylose buffer.  To elute the MBP-tagged proteins, 50 mM maltose in 50 mM NaH2P04, 

50 mM NaCl buffer was added to each column. The elution was concentrated using 

Amicon Ultra-15 Centrifugal Filter Device (Sigma) and buffer exchanged to NiNTA 

buffer 1 (50 mM NaH2PO4, 300mM NaCl, 10 mM imidazole, pH 8.0).  Protein was 

bound to Ni-NTA Magnetic Agarose Beads (Qiagen) and washed according to 

manufacturer instructions.  An infected cell lysate of R. typhi/Vero cells (72 hr. p.i.) was 

harvested in NiNTA buffer 1, sonicated 10 sec (setting 6.5) to lyse Vero cells, and 0.2 

µm filtered to remove whole rickettsiae.  This lysate was allowed to incubate with 
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protein-bound beads for 30 minutes rotating at 4°C.  Elution was performed by adding 

1X Bolt LDS Sample Buffer (Thermo Fisher Scientific) and 1X NuPAGE™ Sample 

Reducing Agent (Invitrogen) and heating at 70°C for 10 min.  Samples were used for 

commassie staining, immunoblotting and MS analysis (UMB Protein Analysis Lab Core 

Facility).  
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Vector 
Tag 

(Term
inus) 

Expression 
Organism 

Cloning Information 
Vector 

backbone 
restriction 

sites 

Insert Amplification Primers 

Forward Primer (5'-3') Reverse Primer (5'-3') 

pTrcHis2-Rt-
RARP-2 

His 
(N) E. coli EcoRI ATGCAGAAAATATTACT

TCAAGG 
CTGCACTATTTCAGCTC
CCAA 

pCMV-Tag2B-
Rt-RARP-2-FL 

FLAG 
(N) mammalian 

EcoRI 
CGGGCTGCAGGAATTCA
TGCAGAAGATCCTGCTG
CAGGGC 

GCTTGATATCGAATTC
TCACTGCACGATCTCG
G 

pCMV-Tag2B-
Rt-RARP-2-
C109A 

N/A (SDM 
primers) 

TGCACATCTTCAGCGCC
CACAGCGGAGCCG 

CGGCTCCGCTGTGGGC
GCTGAAGATGTGCA 

pCMV-Tag2B-
Rt-RARP-2-
ΔCTD 

EcoRI 
CGGGCTGCAGGAATTCA
TGCAGAAGATCCTGCTG
CAGGGC 

GCTTGATATCGAATTC
CAGGCCCTTCTGGTTC
AGC 

pCMV-Tag2B-
Rt-RARP-2-
ΔNTD 

EcoRI 
CGGGCTGCAGGAATTCG
CCACCATGAACACCGAC
TTCTCCATCG 

GCTTGATATCGAATTC
CTGCACGATCTCGGCG
CCC 

pcDNA3.1-Rt-
RARP-2 

STRE
PII, 

3xFL
AG 
(C) 

mammalian 

NotI/XbaI 
CGAAGATGACCGGCCA
ATGCAGAAGATCCTGCT
GC 

AAACGGGCCCTCTAGT
CACTGCACGATCTCGG
CG 

pcDNA3.1-Rt-
RARP-2-
C109A 

N/A (SDM 
primers) 

CGGGCTGCAGGAATTCG
CCACCATGAACACCGAC
TTCTCCATCG 

GCTTGATATCGAATTC
CTGCACGATCTCGGCG
CCC 

RT-qPCR 
primers 		 		 		 Forward Primer (5'-3') Reverse Primer (5'-3') 

RT0600 

	 	 	

GACAAGTAAGAAGGAT
CAGGCA 

ACCTTCGGCTAAAGCT
TGTG 

adr1 

	
  

CAACACCAGCACCAGC
AAAA 

GCACGGACAGTAGTTC
AACC 

ompB 

	
  

TGGTATTACTGCTCAAC
AAGCT 

CAGTAAAGTCTATTGA
TCCTACACC 

 

Table 3.2: Primers 

 

Raising antibodies against Rt-RARP-2 antigen. For immunization purposes, the 

purified recombinant Rt-RARP-2 protein was separated on Novex 4-20% Tris-Glycine 

SDS gels (Invitrogen) and visualized with Coomassie R250 based Imperial Protein Stain 

(Thermo Scientific). The protein band of MW approx. 70 kDa was excised from the gel 

and sent to Custom Antibody Production Service (Thermo Scientific, IL, USA) for 

generation of antibodies. Rabbits (n=2) were immunized with a protein immunogen 

according to company’s 70-day rabbit immunization protocol. Collected sera (pre-
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immune and 35-day and 58-day post-immunization) were diluted and were screened by 

ELISA for immunogen-specific antibody. The IgG were purified from serum of 58-day 

post-immunization rabbit using Protein A resin by the same Antibody Production 

Service. The antibody was validated by immunoblotting infected and uninfected Vero 

and HeLa lysates (Figure 3.12).  

 
Figure 3.12: Anti-Rt-RARP-2 polyclonal antibody validation 
Whole cell lysates from R. typhi infected Hela or Vero cells (48 hr. p.i.) immunobloted with anti-RARP-2 
antibody. Arrow points to Rt-RARP-2. 
 

Protease treatment of R. typhi. Rickettsiae were partially purified and treated with 

protease to evaluate secretion as described previously (50).  Briefly, rickettsiae were 

partially purified by 20% sucrose gradient and treated with 400 µg/mL or 800 µg/mL 

Proteinase K (Sigma-Aldrich) and Trypsin (Sigma-Aldrich) for 1 hr at room temperature 

in PBS-Mg buffer as previously described (169).  The protease treatment was halted 

using Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific) and lysates 

were separated on NuPAGE Bis-Tris SDS-gel (Life Technologies) and immunoblotted 

with rabbit anti-RARP-2 or anti-EF-Ts as the R. typhi cytoplasmic marker (65). 
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CHAPTER 4:  SUMMARY AND IMPLICATIONS OF THE RESEARCH 

4.1 Hypothesis 

The Ank repeat domain is a eukaryotic motif commonly used in cytosol-acting 

virulence factors secreted by intracellular pathogens.  I identified an Ank repeat 

containing effector, RARP-2, which is highly conserved in rickettsiae.  A literature 

search revealed that RARP-2 is a candidate virulence factor for multiple Rickettsia spp. 

based on comparative genomics between high and low virulence rickettsiae, as well as 

comparative transcriptomics between arthropod and mammalian host conditions.  

Because RARP-2 contains an Ank domain characteristic of known virulence factors and 

is conserved in nearly all pathogenic species, my overarching hypothesis is that RARP-2 

functions to enhance pathogenesis during the mammalian stage of infection.  A more 

pinpointed, albeit admittedly unfounded, hypothesis regarding the function of RARP-2 

aiding in the acquisition of host amino sugars during infection is presented below (section 

4.3). 

4.2 Main Findings 

In Chapter 2:, I presented evidence for RARP-2 secretion and cytosolic localization 

in a species of SFG rickettsiae, R. rickettsii.  Studies have shown that strains of R. 

rickettsii can be very similar at the genomic level (96.6%), but can vary significantly in 

virulence.  By comparing the genomes of these strains, a limited number of differentially 

encoded genes were identified that might play a role in pathogenesis.  One of these genes 

is RARP-2, which contains a large internal deletion in the avirulent Iowa str.  Aligning 

the virulent Sheila Smith str. RARP-2 homolog to Iowa-RARP-2 revealed that the 
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deletion eliminated seven internal Ank repeats.  Aside from this deletion and one non-

synonymous SNP not observed in other R. rickettsii strains, SS- and Iowa-RARP-2 are 

identical (99).  Yet, these two homologs have very different functionalities.  By 

complementing the Iowa strain with SS-RARP-2, the avirulent strain’s normally non-

lytic plaques were converted to a lytic plaque phenotype characteristic of the virulent 

Sheila Smith str.  While both SS- and Iowa-RARP-2 were secreted into the host cytosol, 

only SS-RARP-2 associated with host ER and formed multi-lamellar vesicular structures.  

Secretion of SS-RARP-2 was determined to be via the rickettsial T4SS based on 

interactions with the RvhD4 substrate coupling protein.  A predicted catalytic cysteine 

residue (C109) of a putative cysteine protease active site in RARP-2 was required for the 

lytic phenotype, but not for membrane association.  Furthermore, if RARP-2 is expressed 

without the Ank repeats and with the mutated cysteine residue (ΔAnk-C109A), this 

membrane association is abolished.  These results suggest that the Ank repeats may aid in 

targeting RARP-2 during infection, and that the number of repeats (10 in SS, vs. 3 in 

Iowa) may act to increase the avidity of RARP-2 for its target.  The Iowa strain 

complemented with SS-RARP-2 did not display increased virulence capabilities in the 

Guinea pig model, a result possibly due to the multi-factorial nature of rickettsial 

virulence.  It is also possible that RARP-2 functions to enhance rickettsial survival in the 

host, but does not substantially alter virulence.  Further work will evaluate how SS-

RARP-2 association with ER membranes promotes rickettsial pathogenesis.   

Given the evolutionary gap between SFG and TG rickettsiae, in Chapter 3: I sought 

to determine whether RARP-2 of R. typhi shared any characteristics with the R. rickettsii 

homolog.  Comparisons of other rickettsial effectors conserved across rickettsial lineages 
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has frequently resulted in conflicting and unique phenotypes (39); some examples of 

which include the different phenotypes observed with Sheila Smith and Iowa RARP-2 

homologs, or the differential utilization of Arf-GEF activities in species encoding RalF 

(50).  This diversity of phenotypes is perhaps unsurprising, since even those rickettsial 

effectors found in multiple lineages have significant sequence divergence, particularly 

since many contain repeat motifs and other hyper-variable domains (39).  Rapid sequence 

evolution of these domains is likely driven by host pressures, and may result in lineage-

specific functional properties in rickettsiae occupying diverse host environments (50).  

On the contrary, our initial explorations into the conservation and function of RARP-2 

homologs suggest instead that the function of this effector may actually be conserved 

across rickettsial lineages. 

In spite of sharing only 68% sequence similarity to the R. rickettsii homolog, RARP-

2 of R. typhi demonstrates comparable phenotypes during ectopic expression and 

secretion.  Both are expressed during mammalian and arthropod infection, both form 

punctate structures when overexpressed in the cytoplasm of mammalian cells, and both 

are likely secreted by the rickettsial T4SS (suggested by interactions with RvhD4, the 

T4SS substrate recognition particle).  The work with Rt-RARP-2 similarly indicates that 

the Ank repeats are required, but not sufficient, for targeting RARP-2 to host membranes, 

while the cysteine residue appears to disrupt RARP-2 function.  Further evaluation of 

whether Rt-RARP-2 associates with similar membranes as SS-RARP-2 and the 

significance of Rt- and SS-RARP-2 cleavage are needed to describe the exact function of 

this effector.  Although the phenotypes are similar, future work identifying the interacting 
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partner(s) for these homologs will shed light on whether the function of this effector is 

strictly conserved across rickettsial lineages. 

4.3 GNE as a candidate target for RARP-2 

The RARP-2 pull-down identified the human bifunctional UDP-N-

acetylglucosamine 2-epimerase (GNE) as a putative interacting partner for this effector.  

Interestingly, this is in line with observations made during a recent rickettsial metabolic 

pathway reconstruction analysis, where it was determined rickettsiae must obtain host N-

acetylglucosamine-1-phosphate (GlcNac-1P) in order to assemble the majority of the 

carbohydrate content of their cell envelope (e.g. O-antigen, lipid A, peptidoglycan) (69).  

GNE normally catalyzes the conversion of UDP-N-acetyl-alpha-D-glucosamine into N-

acetyl-D-mannosamine + UDP, which then is further synthesized into N-

acetylneuraminic acid (Neu5Ac, sialic acid).  This enzyme is considered the “master 

regulator of sialic acid synthesis” (170), with a knockout causing early embryonic 

lethality in mice (171).   

Figure 4.1 illustrates the hypothesis that if RARP-2 targeted GNE to interrupt syalic 

acid synthesis, a buildup of UDP-N-acetyl-alpha-D-glucosamine (UDP-GlcNac) would 

occur, which would drive the reversible reaction to convert UDP-GlcNac, into GlcNac-

1P, a metabolite likely imported by rickettsiae.  While it is unclear what transporter might 

import this metabolite, rickettsiae lack an important enzyme typically used by other 

bacteria to make UDP-GlcNac: GlmU.  As diagrammed in Figure 4.1, GlmU (black 

asterisks) is a bifunctional acetyltransferase/uridyltransferase that catalyzes two essential 

steps in the synthesis of UDP-GlcNac: 1) the GlmU C-terminal domain adds an acetyl 

group to N-acetyl-alpha-D-glucosamine-1-P, while 2) the GlmU N-terminal domain adds 
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uridine 5-monophosphate to synthesize UDP-GlcNAc.  All Rickettsia spp. encode only 

the N-terminal domain of GlmU, referred to as a GlmU_N “halfling,” a phenomenon 

unknown from other bacteria.  The C-terminal acetyltransferase domain is not present, 

but because the eukaryotic amino sugar synthesis pathway already provides acetylated 

GlcNac (Figure 4.1, green), it appears that rickettsiae are streamlined to feed on host 

GlcNac-1P (69).   

 

Figure 4.1:  A putative role for RARP-2 in rickettsial acquisition of GlcNac-1P, a metabolite required 
to assemble their cell envelope 
As a part of glycolysis, both E. coli and H. sapiens possess the requisite enzymes to synthesize GlcNac-1P, 
although humans use it for sialic acid synthesis and E. coli and rickettsiae require it for O-antigen, Lipid A, 
and peptidoglycan synthesis.  Because rickettsiae lack a bifunctional GlmU (black asterisks), they must 
import substantial amounts of GlcNac-1P from the host and use their GlmU_N halfling enzyme to transfer 
uridine 5-monophosphate to synthesize UDP-GlcNAc.  If RARP-2 targeted GNE to interrupt syalic acid 
synthesis (top right, red dashed arrows), a buildup of UDP-N-acetyl-alpha-D-glucosamine (UDP-GlcNac) 
would occur, which would drive the reversible reaction (red dashed arrow) to convert UDP-GlcNac into 
GlcNac-1P for rickettsial import.  Transcripts for three host enzymes (orange hexagons) responsible for 
sialic acid synthesis are significantly upregulated during infection (24 hr. p.i.) compared to uninfected 
HeLa cells, which may suggest a concerted host effort to replenish depleted GlcNac-1P and sialic acid.  
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Substantial amounts of GlcNac-1P must be stolen from the host if rickettsiae are 

to survive and replicate (69).  If RARP-2 were able to target GNE to increase host 

cytosolic GlcNac-1P, this would disrupt host sialic acid synthesis.  Because sialic acid is 

essential for host survival (171), it is conceivable that the host cell would alter its 

transcriptional profile to reinforce this pathway.  By evaluating the RNAseq data from R. 

typhi infected HeLa cells, we observed that the transcripts for three host enzymes (Figure 

4.1, orange hexagons) responsible for sialic acid synthesis are significantly upregulated in 

infected cells compared to uninfected HeLa cells (24 hr. p.i.), which may suggest a 

concerted host effort to replenish depleted sialic acid.  Furthermore, sialic acid synthesis 

is not performed by arthropods, and if RARP-2 were specialized to steal amino sugars 

from the sialic acid pathway of the vertebrate host, this would explain the lack of RARP-

2 in arthropod-residing, endosymbiont rickettsiae. 

While a knockout of GNE is lethal, mutations affecting GNE function cause an 

autosomal recessive muscular myopathy characterized by progressive muscle weakness 

of the upper and lower limbs, with most patients becoming wheelchair-bound 10-20 years 

after onset.  This myopathy is commonly referred to as Hereditary Inclusion Body 

Myopathy, as it is characterized by the presence of numerous “rimmed vacuoles” in 

muscle cells (170).  While not identical to the vesicular structures formed by RARP-2 

homologs, they bear an interesting resemblance (Figure 4.2).  
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Figure 4.2: Electron microscopy findings in the GNE myopathy mouse model. 
Various cellular debris are enclosed by nascent and degenerative (double arrows) autophagic vacuoles.  
Reprinted from Ref (172) with permission. © 2013 Anna Cho and Satoru Noguchi.  Licensed under CC BY 
3.0. 
 

4.4 Future work characterizing an interacting partner 

Aside from GNE, a number of other interesting potential RARP-2 interacting 

partners were identified in Chapter 3.  However, technical difficulties associated with 

pull-down/Co-IP/MS analyses have made it difficult to identify a specific target.  These 

issues include low abundance of endogenous RARP-2, poor antibody sensitivity, and 

abundance of MS contaminants masking true partners.  Thus, it may be beneficial to 

attempt some alternative approaches for identifying a RARP-2 interacting partner.  The 

generation of FLAG-tagged constructs of SS-RARP-2 should allow for co-

immunoprecipitation of an interacting partner, although issues of host target protein 

abundance and signal masking by MS contaminants may continue to make this approach 

challenging.   

Another approach using a protein-protein interaction microarray chip was recently 

shown by Tang et al. (173).  The authors demonstrated how a chip that contains >9,000 

human proteins can be an efficient tool to search for effector targets.  A commercial kit 

also exists for this approach, and has been utilized to study other pathogen effector 

protein interactions, such as Yersinia pestis (174).  This method reduces issues of MS 
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contaminants due to host protein over abundance, or masking of low abundance targets, 

and may complement the approaches outlined in Chapter 3:  The challenge with this 

approach will be purifying soluble RARP-2.  In my attempts to purify codon optimized 

RARP-2 for crystallization approaches, I observed the majority of this protein in 

inclusion bodies, even when fused to an MBP tag (known to increase protein solubility).  

It may be possible to purify the inclusion bodies and refold the protein, or to try other 

solubility inducing tags (i.e. SUMO) to aid in protein expression and purification.  I also 

observed that the C109A mutant seemed to express with greater solubility than the WT 

version, and this may be another avenue to explore in protein purification. 

4.5 Future work characterizing the ankyrin repeats 

The work with R. rickettsii RARP-2 homologs has indicated the functional 

differences observed between Iowa-RARP-2 and SS-RARP-2 are dependent upon the 

number of Ank repeats.  This raises the question of whether other RARP-2 homologs, 

whose Ank repeats vary from 2-12 (Figure 2.2), might possess a gradient of 

functionalities.  Repeat number variation in homologous effectors is not without 

precedence in other pathogens. Polymorphisms in effector repeat regions are associated 

with modulation of important facets of host pathogen interactions: niche tropism, 

antigenic variation, immune evasion, environmental adaptation and diversification of 

biological function (175–177).  Variation in the number of Ank repeats has been 

observed in AnkA homologs in strains of Anaplasma phagocytophilum varying in 

virulence (177).  Similarly, the quality and number of repeats in CagA homologs in 

Helicobacter pylori strains directly influences its biological activity in vitro and appears 

to correlate with risk of human gastric cancer (178, 179).  Genomic analysis of 
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Wolbachia spp. ARPs indicates similar expansion and contraction of repeats are common 

among prokaryotes that directly interact with hosts to promote survival (180).   

Numerous studies evaluating protein folding have observed that increasing the 

number of Ank repeats results in increased structural stability (181–183).  A 

comprehensive bioinformatic analysis of ARPs across the tree of life concluded that 

intracellular bacteria are enriched for ARPs in comparison to free-living bacteria, and that 

obligate intracellular bacteria have more Ank repeats on average (6.1 per protein) than 

those with free-living or facultative lifestyles (~4.6) (111).  Lessons from engineering 

synthetic DARPins have shown that when Ank repeat number is reduced from 7 to 4, the 

stability of the protein is significantly reduced (181).  Interestingly, I observe similar 

results when comparing RARP-2 homologs, where the 3 repeats of Iowa-RARP-2 do not 

produce the same phenotypic function of the 10 repeat SS-RARP-2 homolog (Figure 2.2).  

Jernigan et al. states that increased stability of ARPs would likely promote more effective 

interactions with host proteins or meta-effectors (bacterial effectors that act on other 

effectors) (111).  Alternatively, the increased number of Ank repeats may be a 

mechanism to combat increased protein instability caused by genome reduction and the 

lack of strong purifying selection on mutations due to the small population sizes that 

define obligate intracellular bacteria. 

Based on these data, it would be interesting to evaluate the functionality of RARP-

2 homologs with fewer Ank repeats.  Most RARP-2 homologs have 7-11 repeats (~80%, 

Figure 4.3), with the fewest Ank repeats harbored by Iowa-RARP-2 (3 Anks) and from 

Rickettsia endosymbiont of Proechinophthirus fluctus (2 Anks, SFG).  One could 

evaluate whether those homologs with 5 repeats or less are similarly deficient in the 
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phenotypes associated with Rt-RARP-2 and SS-RARP-2.  Analogously, one could 

engineer multiple constructs with unique ankyrin combinations, such as testing if the 1st, 

2nd, and last repeats are required (schema of conserved repeats in Figure 3.1).  For 

example, if RARP-2 possesses only 10 of the internal repeats, will it perform more like 

Iowa- or SS-RARP-2?  A greater understanding of the contribution of Ank repeat number 

to the function of RARP-2 may allow for prediction of its function in other Rickettsia 

spp.  

 

Figure 4.3:  The majority of RARP-2 homologs have 7-11 ankyrin repeats 
Number of Ank repeats per non-identical RARP-2 homolog (Anks delineated in Figure 2.2), with colored 
bars indicate the phylogenetic distribution of those homologs with (n) repeats, while black bars indicate the 
total number of homologs with (n) repeats. 
 

4.6 Future work characterizing the putative cysteine protease domain  

The function of the RARP-2 N-terminal domain remains unclear, although the loss 

of lytic phenotype and disruption of vesicular structure localization observed from the 
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C109A mutants bolsters the hypothesis that RARP-2 possesses a putative cysteine 

protease active site.  Future work should attempt to corroborate these findings by 

mutating the second catalytic diad residue, a conserved histidine at position 42 (SS, Rt), 

as well as mutating both in tandem.  These single or double mutants may also be useful in 

a Co-IP or protein microarray assays to identify protease targets.  Because expression of 

RARP-2 in E. coil was difficult, future studies may consider using the C109A mutant 

and/or the deletion constructs (e.g. the NTD alone, NTD-C109A).  It may be possible to 

purify RARP-2 from inclusion bodies, and attempt refolding, although there is no 

guarantee this protein will adopt its native state.  With purified protein, one could attempt 

a simple protease assay (e.g. Fluoro Protease Assay Kit, GBiosciences), as well as 

crystallization.  Crystals of the clan CD proteases used as models in Figure 3.2 were 

obtained in conjunction with protease inhibitors.  For example, human legumain 

crystalized in complex with caspase-1-inhibitor ac-YVAD-cmk (184), the C. difficile 

TcdB cysteine protease domain crystalized in complex with a rationally designed peptide 

inhibitor (185), and the caspase domain of human MALT1 crystalized in complex with an 

irreversible peptidic inhibitor Z-VRPR-fmk (186).  Screening a library of these and other 

similar inhibitors may thus facilitate crystallization.  

Future studies may also determine the role of the disordered N-terminal region of 

RARP-2 presented in Figure 3.4.  For example, the NTD disordered residues may be 

responsible for some substrate binding or may impart regulatory effects on RARP-2, so a 

deletion or mutational analysis of this region will likely shed light on the function of 

RARP-2.  
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4.7 Future work characterizing the type IV secretion signal and other T4SS 

rickettsial effectors 

Future studies should determine the role of the disordered C-terminal tail of RARP-

2 (Figure 3.4), as it pertains to the T4-secretion signal, and whether this is a common 

characteristic of all rickettsial T4SS effectors.  A side project of mine seeks to design a 

heterologous T4SS with a chimeric rickettsial VirD4 coupling protein to test the secretion 

of predicted effectors.  This assay will also evaluate the secretion signal necessary to 

mediate effector translocation through mutagenesis, and thus provides an avenue to 

evaluate the utility of these disordered CTD residues. 

Very recently, Whitaker et al. constructed a surrogate T4SS for testing secretion of 

Anaplasma spp. and Ehrlichia spp. effectors, with successful translocation shown for 

proteins known to interact with their cognate RvhD4 coupling proteins (Ats-1 and 

ECH0825) (187).  This surrogate T4SS was also utilized to determine the pathway for a 

novel secreted effector of Wolbachia that targets the host cell actin cytoskeleton (188).  I 

am developing a similar assay for use with the Rickettsia spp. RvhD4 protein.   

The chimeric T4SS assay is diagramed schematically in Figure 4.4.  Briefly, I will 

use the Escherichia coli pKM101-encoded conjugation system, a T4SS analogous to the 

Rickettsia vir homolog T4SS (rvh), that has the native E. coli coupling protein (TraJ) 

knocked out.  Another plasmid, pSL30, is engineered to carry a fusion protein composed 

of the soluble domain of RvhD4 tethered to the membrane anchor of TraJ.  Putative 

effectors are fused to Cre recombinase in pBAD33 and transformed together with the 

chimeric coupling protein into E. coli pKM101-ΔtraJ.  Successful translocation of 

effectors into reporter cells, which carry a loxP-TetR-loxP cassette interrupting a 
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chromosomal CamR gene, is indicated by Cre-mediated excision of the loxP cassette, 

which restores the integrity of the CamR gene, conferring a CamR TetS phenotype. 

Hence, I will use the surrogate T4SS to test the secretion of candidate rickettsial 

T4SS effectors, with RalF and RARP-2 as positive controls.  Following our approach 

using the B2H assay, which determined that the C-terminal tails of RalF and RARP-2 

effectors mediate docking to RvhD4 (Figure 2.13), I have constructed codon optimized FL 

and ΔCT truncations (determined through alignments across rickettsial homologs) of 

eight candidate rvh effectors.   

The development of a heterologous T4SS will allow for high-throughput 

identification of novel rvh effectors, which will greatly increase our knowledge on the 

role of the rvh T4SS throughout the rickettsial intracellular lifestyle.  These newly 

identified effectors will provide exciting and fresh lines of inquiry for future 

investigations. 
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Figure 4.4: A chimeric T4SS for heterologous secretion and screening of putative T4 effectors 
The Rickettsia vir homolog (rvh) T4SS (left) and E. coli tra/trw T4SS (right) are structurally analogous, 
distinguished only by the presence of a T-pilus in tra/trw.  The coupling proteins of the rvh (red, RvhD4) 
and tra/trw (blue, TraJ) each contain a transmembrane region (lighter shade, TMS) and a soluble domain 
(darker shade, SD).  RvhD4 normally mediates secretion of protein effectors (orange) through the rvh 
T4SS.  To create the surrogate T4SS (blue arrows), the RvhD4 SD was fused to the TraJ TMS (pSL30).  
The rvh effectors are fused to Cre recombinase in pBAD33.  Both pSL30 and pBAD33 transformed into E. 
coli MS411 (carrying pKM101-ΔtraJ).  The chimeric coupling protein assembles with the tra/trw T4SS 
and mediates secretion of Cre-effector fusions.  This donor E. coli is then used in conjugation assays with 
recipient E. coli CSH 26Cm::LTL, which carries a tetracycline resistance (TetR) gene (purple) flanked by 
LoxP sites (white) within an interrupted chloramphenicol resistance (CamR) gene (brown).  Successful Cre-
effector translocation into recipient cells leads to Cre-mediated excision of TetR, resulting in CamR-TetS-
KanR cells. 
 

4.8 Closing remarks 

Rickettsia spp. are efficient parasites capable of invading a wide variety of host 

cells, rapidly escaping the phagosome, and efficient survival in the cytoplasm.  Here, they 

create an “intracytosolic niche,” where they steal host nutrients and grow to high numbers 

before host cell lysis or intercellular spread.  Despite more than 100 years of research, the 

mechanisms of rickettsial pathogenesis and intracytosolic survival remain poorly 

resolved.  In a search of novel rickettsial virulence factors, we have begun to characterize 

RARP-2, an ankyrin repeat-containing protein conserved in pathogens and secreted by 

the T4SS to modulate host membrane dynamics in the host cytosol.  Until now, research 
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on rickettsial effectors has focused on those involved in invasion and attachment, while 

few have been characterized to act during the cytosolic phase of infection.  

Characterizing the function of a secreted rickettsial effector important for the cytosolic 

phase of mammalian infection marks a significant advance in our understanding of 

Rickettsia biology, and adds to the collective knowledge of how Ank domains are used 

by obligate intracellular bacteria to regulate and manipulate their host cells.  This work 

paves the way for characterization of other effectors that mimic or disrupt host cytosolic 

processes, and will open up options for novel bacterial targets for non-antibiotic based 

therapeutics. 
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