
UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
Toxoplasma gondii: parasite glycosylation and an unusual cytochrome P450 enzyme of 
tissue cyst-forming coccidians

Permalink
https://escholarship.org/uc/item/9q90k3zs

Author
Ochoa, Roxanna Jaimes

Publication Date
2015
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9q90k3zs
https://escholarship.org
http://www.cdlib.org/


 

UNIVERSITY OF CALIFORNIA, IRVINE 
 
 
 

Toxoplasma gondii: parasite glycosylation and an unusual cytochrome P450 
enzyme of tissue cyst-forming coccidians 

 
DISSERTATION 

 
 

submitted in partial satisfaction of the requirements  
for the degree of 

 
 

DOCTOR OF PHILOSOPHY  
 

In Biological Sciences 
 
 

By 
 
 

Roxanna Jaimes Ochoa 
 
 
 

 
 
 
 

 
 

Dissertation Committee:  
Professor Naomi Morrissette, Chair  

Professor Jennifer Prescher 
Professor Thomas Poulos 

 
 
 

2015 



  ii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

© 2015 Roxanna Jaimes Ochoa



  ii 

DEDICATION 
 
 
 
 

I dedicate this dissertation to my parents,  

Macedonio and Filiberta Ochoa.  

Thank you for your support and encouragement throughout this journey.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



  iii 

TABLE OF CONTENTS 
 

    PAGE 
 
LIST OF FIGURES                             vi  
 
LIST OF TABLES                           viii 
  
ACKNOWLEDGEMENTS                           ix 
 
CURRICULUM VITAE                               x 
  
ABSTRACT OF THE DISSERTATION                        xiv 
 
CHAPTER 1: Introduction                               

I. Conserved metabolic pathways are driven by universal enzymes                              1 
II. Antiparasitic drugs and collateral host toxicity                                     3 
III. Toxoplasma gondii is a human and animal pathogen                         7 

A. Toxoplasma has a complex life cycle 
B. Toxoplasma is a model organism  
C. Parasites experience different metabolic niches 

IV. Glycosylation                             12 
A. Types of protein glycosylation 
B. Complex carbohydrates in Toxoplasma 

V. The mitochondrion                           18 
A. Essential endosymbiotic organelles in Toxoplasma  
B. Mitochondrial pathways in Toxoplasma  

VI. Conclusions                            26 
VII. References                            27 

 
CHAPTER 2: Materials and Methods 

I. Culturing Conditions                           33 
 A. Culture of HFF Host Cells 
 B. Routine Parasite Cultures 
 C. Parasite Competition Assays 
 D. Labeling Intracellular Parasites with Unnatural Sugars 
 E. Metabolic Labeling of Parasites with Unnatural Sugars 
 F. Tunicamycin Treatment 
II. Molecular Biology and Genetic Methods                         35 
 A. Creation of YFP-tagged TgCYP line 
 B. Creation of tgcyp null parasites 
 C. Disrupting a gene with CRISPR/Cas9 in Toxoplasma 
  1. Programing the plasmid to target gene of interest 
  2. Transfection and selection   
 D. Expression and Purification of a Truncated TgCYP in E. coli 
III. Microscopy                            40 



  iv 

A. Fluorescence microscopy of click labeled samples 
 1. Staining extracellular parasites 
 2. Staining intracellular parasites 
B. Immunofluorescence Microscopy 

IV. Biochemical Methods                           41 
A. Detection of Unnatural Sugars      

1. Cu(I)-catalyzed "click" reactions to Detect Unnatural Sugars 
2. The Staudinger ligation to Detect Unnatural Sugars 

B. Analysis of Carbohydrate-Modified Proteins    
 1. Immunoblots 
 2. In-gel fluorescence scanning 
 3. Immunoprecipitation 
C. Deglycosylation experiments      
 1. PNGaseF Treatment 
 2. Hexosaminidase-f treatment 
 3. OGA treatment 
 4. β-Elimination 
D. Identification of carbohydrate-modified proteins     
 1. Enrichment of carbohydrate-modified proteins  

2. MudPIT analysis 
  E. CYP Assays 

V. Genome and proteome analysis                          46 
 A. Toxoplasma proteins identified by MudPIT analysis    

B. Analysis of TgCYP Coding Sequence and Protein Alignment  
 C. Identification and alignment of coccidian CYPs    
 D. Identification of alveolate CYPs 

E. Phylogenetic analysis of alveolate CYPs  
 VI. Contributions to the data in this thesis                         51 

VII. References                            52
         
CHAPTER 3: Toxoplasma gondii incorporates unnatural sugars into glycoproteins 

I. Abstract                             54 
II. Introduction                            55 

 III. Results                             58 
  Toxoplasma tachyzoites metabolize and incorporate unnatural sugars 
  Most proteins appear to be modified by O-linked sugars 

Global profiling reveals both predicted and novel glycosylated proteins 
SAG1 is modified with N-acetylglucosamine 

 IV. Discussion                             75 
 V. References                             79 
 
CHAPTER 4: An Unusual Cytochrome P450 Enzyme in Toxoplasma gondii 

I. Abstract                             82 
II. Introduction                            83 

 II. Results                             85 
  Tissue cyst forming coccidia have a novel mitochondrial CYP 



  v 

TgCYP is a bona fide P450 enzyme  
TgCYP is not essential  
Loss of TgCYP does/does not affect fitness 
Appearance of a novel CYP in cyst-forming coccidians 

 III. Discussion                           106 
 IV References                           112
         
CHAPTER 5: Summary and Future Directions 
 I. Glycosylation of Toxoplasma proteins                       115 
 II. Future directions for glycosylation of Toxoplasma                     117 
  A. Improving labeling of intracellular parasites          
  B. Using the genome to study glycosylation     

III. An unusual Cytochrome P450 in Toxoplasma                      124 
IV. Future directions for TgCYP                         128 

A. Studies in latency and aged mice            
B. Structural studies and inhibitors      
C. Origins of CYP        

V. References                           134 



  vi 

LIST OF FIGURES 
 

           PAGE 
 
Figure 1.1 Toxoplasma tachyzoite organelles                           2 
 
Figure 1.2 Toxoplasma drug targets                            4 
 
Figure 1.3 The Toxoplasma life cycle                            8 
 
Figure 1.4 Metabolic environments during the Toxoplasma life cycle                      13 
 
Figure 1.5 Glycosylation in Toxoplasma                          15 
 
Figure 1.6 Essential endosymbiotic organelles in Toxoplasma                       21 
 
Figure 3.1  Peracetylated unnatural sugars                         59 
 
Figure 3.2  Membrane barriers in intracellular tachyzoites                       61 
 
Figure 3.3  Toxoplasma tachyzoites metabolize unnatural sugars                      63 
 
Figure 3.4  Unnatural sugars can be visualized in Toxoplasma tachyzoites 

via fluorescence microsopy                          66 
 

Figure 3.5  Ac4GlcNAz appears to target O-linked glycans in Toxoplasma tachyzoites         68 
 
Figure 3.6 Categories of MS hits from azido-sugar labeling                       74 
 
Figure 3.7 Ac4GlcNAz label is detected in TgSAG1                        76 
 
Figure 4.1 Cyst-forming coccidian apicomplexans                        84 
 
Figure 4.2 Localization of the P450 enzyme in Toxoplasma tachyzoites                     88  
 
Figure 4.3 Alignment of the P450 enzymes in cyst-forming coccidian                      91 
 
Figure 4.4  Expression of full-length Toxoplasma cytochrome P450 in E. coli                     93 
 
Figure 4.5 TgCYP has the characteristic spectral properties of a cytochrome    

P450 molecule                            94 
 
Figure 4.6 Acetone is a substrate for TgCYP                         96 
 
Figure 4.7:  TgCYP gene knock-out in Toxoplasma tachyzoites                       97 
 



  vii 

Figure 4.8:  Fitness competition assay               99 
 
Figure 4.9:  Alternative explanations for the origin of the coccidian CYP        100 
 
Figure 4.10:  Phylogenetic analysis of CYPs             105 
 
Figure 4.11:  Acetone metabolism in vertebrates and Toxoplasma                     109 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  viii 

LIST OF TABLES 
 

PAGE 
 

Table 2.1 Primers for creation of P450 constructs                        36 
 
Table 2.2  Likely CYPs from chromerid species                         49 
  
Table 3.1  Glycosylated proteins identified by mass spectroscopy                      71 
  
Table 4.1 P450 Homologs in Apicomplexans and related alveolates                      86 
 
Table 4.2 Pairwise Identities and Similarities Between Coccidian CYPs                     90 
 
Table 4.3 CYP protein signatures                                  92 
 
Table 4.4 CYP members used in the phylogenetic analysis                     103 
 
Table 5.1 Genes with “carbohydrate” or “glycan” annotation in ToxoDB.org                   120 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  ix 

ACKNOWLEDGEMENTS 
 

I would like to express my deepest gratitude to my thesis advisor, Dr. Naomi 

Morrissette. Her mentorship throughout my tenure at the University of California, Irvine has 

been invaluable. Without her guidance and constant support this dissertation would not have 

been possible.  

I would also like to thank the members of my thesis committee, Dr. Thomas Poulos and 

Dr. Jennifer Prescher. Dr. Poulos shared his great knowledge of Cytochrome P450s as I 

investigated TgCYP. Dr. Prescher kindly provided the unnatural sugars for the glycosylation 

project and her expertise on the topic.  

It is important that I recognize collaborators that were critical to the progression of my 

thesis. Dr. Lidia Nazarova was key to the advancement of the glycosylation story. We worked 

closely on all experiments and her chemistry skills were essential to completing this story. Dr. 

Irina Sevrioukova from the Poulos group was instrumental in the biochemical characterization of 

TgCYP and identification of the substrate. 

I would also like to recognize past members of the Morrissette laboratory who I have 

worked with at different times throughout my scientific career: Dr. Chris Ma, Dr. Sally Lyons-

Abbott, Dr. Jessica de Leon Valdez, Dr. Johnson Tran, Elise Gray and Catherine Li. Catherine 

began the initial studies on TgCYP was always a wonderful resource in the laboratory. Dr. 

Jessica de Leon Valdez guided me through my first year in the laboratory as a graduate student. 

To this day, I still recall her advice and I am appreciative of her organizational skills. A special 

recognition is owed to my undergraduate students: Darany Tan, George Vela and Francis Dang. 

All three contributed to work presented in this thesis. Lastly, I would like to acknowledge 

members of the Lodoen and Prescher Labs for helpful discussions during lab meetings.  



  x 

CURRICULUM VITAE 

 
EDUCATION: 
 
• University of California, Irvine – Irvine CA  

Ph.D. degree in Molecular Biology and Biochemistry, June 2015 
Advanced to Candidacy on 12/03/2012 
  

• University of California, Irvine – Irvine CA  
B.S. degree, June 2009 
Major in Biological Sciences 
Minor in Chicano/Latino Studies 
 

RESEARCH EXPERIENCE: 
 
• Graduate Research, UC Irvine, July 2010-present: Department of Molecular Biology and 

Biochemistry, Laboratory of Dr. Naomi Morrissette. I investigated glycosylation of proteins 
and a novel cytochrome P450 in Toxoplasma gondii. 

• Cellular and Molecular Biosciences Rotation, UC Irvine March 2010-June 2010: 
Department of Molecular Biology and Biochemistry, Laboratory of Dr. Melissa Lodoen. I 
investigated differences in autophagy signals in macrophages and mouse embryonic 
fibroblasts infected by distinct Toxoplasma gondii strains.  

• Cellular and Molecular Biosciences Rotation, UC Irvine January 2010-March 2010: 
Department of Molecular Biology and Biochemistry, Laboratory of Dr. Anthony James. I 
worked to identify Aedes aegypti salivary gland regulatory sequences for expression of 
antiviral genes to inhibit replication of dengue virus.  

• Cellular and Molecular Biosciences Rotation, UC Irvine July 2009-December 2010: 
Department of Microbiology and Molecular Genetics, Laboratory of Dr. Manuela Raffatellu. 
I created gene knock-outs of two siderophores in Escherichia coli Nissle 1917 strain and 
measured iron uptake capabilities in these deficient strains.  

• Undergraduate Research, UC Irvine, June 2006-June 2009: Department of Molecular 
Biology and Biochemistry, Laboratory of Dr. Naomi Morrissette. I investigated how specific 
amino acids in the Toxoplasma gondii alpha-tubulin protein influence dinitroaniline 
resistance.  

 
TEACHING EXPERIENCE AND TRAINING: 
 
• Adjunct Instructor, Santa Ana College (Spring 2014 to present) 

Cellular and Molecular Biology Laboratory: This course investigates the cellular and 
molecular basis of life stressing cell structure and function, energy and information flow, 
cellular reproduction, genetics, the molecular basis of inheritance, and cell evolution. 
Fundamentals of Biology Laboratory: An introductory laboratory course that exposes non-
major students to various areas of biology. Students are given a 15-20 minute introductory 
lecture to the topic, followed by a three-hour laboratory exercise.  
 



  xi 

• Instructor, University of California-Irvine (Summer 2014) 
Molecular Biology Lecture: Taught Bio99 Molecular Biology, a core course for all 
Biological Sciences undergraduates at the University of California, Irvine.  
Microbiology Lab: Lectured and instructed students in microbiology laboratory techniques 
including bacterial isolation and identification, sterile technique and novel research design. 

• California Community College Internship Program (CCCIP) (2013-2014)  
This partnership between the University of California, Irvine and community colleges gives 
doctoral students the opportunity to experience teaching in a community college 
environment. 

• ASM Science Teaching Fellowship Program (2014-2015) 
This 5-month program prepares doctoral students for teaching science at a variety of non-
doctorate-granting (NPhD) institutions. Fellows in the program take part in highly focused 
training that combines in-depth webinars, pre- and post-webinar assignments, structured 
mentoring, and a community of practice. The experience is designed to help fellows deepen 
their understanding and strengthen their skills for science teaching positions at community 
colleges, minority-serving institutions, regional or state colleges, and primary undergraduate 
institutes. The experience is fast-paced, intense, interactive, and presents practical examples 
in microbiology education. 

• Teaching Assistant, University of California, Irvine (2011/2013/2014/2015) 
Microbiology Laboratory Class: Instructed 20 students during a three-hour laboratory 
focused on bacterial isolation and identification, sterile technique and novel research design. 
Responsibilities included introducing scientific concepts, demonstrating lab techniques, 
assisting students during lab procedures and grading lab reports. (AY 2011, 2013, 2014) 
Human Parasitology Lecture Class: Developed weekly quiz questions, held office hours and 
graded short-answer exams in an upper division elective class (AY 2011, 2014). 
Biochemistry Lecture Class: Held weekly discussion sections using interactive techniques to 
involve students and increase class participation, graded quizzes and exams (AY 2014). 
Molecular Biology Lecture Class: Held weekly discussions to guide students in experimental 
design to solve proposed questions, graded quizzes and exams (AY 2014).  
General Microbiology: Held weekly discussion sections of 100 students where problems and 
concepts covered in lecture were discussed. Graded quizzes and exams (AY 2014, 2015)  
Microbial Genetics: Participated in active learning activities during lecture and led 
discussions during lecture. Interacted with students during group work, held weekly office 
hours and graded exams (AY 2015). 

• NSF GK-12 Resident Scientist, Carr Intermediate School, Santa Ana, CA (2011-2013) 
Developed weekly lesson plans and laboratory activities for Life Sciences classes at Carr 
Intermediate School (grade 7). Designed lectures and taught science concepts, real-world 
applications and carried out laboratory exercises with students.   

• MSP Instructor, University of California, Irvine (2011) 
Directed the Minority Science Programs (MSP) Summer Journal Club for community college 
students participating in the NIH-Bridges to the Baccalaureate Program. 

• NSF GK-12 Summer Institute, University of California, Irvine (2011/2012) 
Completed training on methods of teaching science and development of inquiry-based 
lessons and laboratories.  
 

 



  xii 

HONORS AND AWARDS: 
 
• 2015 Edward A. Steinhaus Teaching Award. This award is given to an outstanding 

Biological Sciences graduate student teaching assistant who demonstrates promise as a 
future educator. June 2015. 

• NSF GK-12 Graduate Fellowship, University of California, Irvine. This NSF-funded 
program is designed to bring innovation to graduate and K-12 education by integrating 
investigation and experimentation conducted by graduate students with teaching of 
Biology/Life Sciences in grades 7-12 at partner schools. July 2011-June 2013. NSF Grant 
DGE-0638751  

• NIH-MBRS Research Training Grant, University of California, Irvine. This NIH-funded 
grant provides access to scientific training workshops and fellowship support for graduate 
studies. July 2009-March 2011. NIH Grant GM-55246 

• Robert Ernst Prize for Excellence in Research in the Biological Sciences, University of 
California, Irvine. This prize is awarded to a student for meritorious research conducted in 
the field of biology. June 2008.  

• Excellence in Research Award, School of Biological Sciences, University of California, 
Irvine. To complete the excellence program, students must have a cumulative GPA of 3.0 or 
more and complete a paper, present a scientific talk, and present a research poster on their 
independent study research. “Excellence” is determined and awarded by the Honors 
Committee. June 2008.  

• Minority Access to Research Careers (MARC) Program Scholar: This NIH-funded 
program provides access to scientific training workshops and monthly stipend to support 
upper division student expenses. September 2007-June 2009. 

• UROP Fellow at UCI for the 2007-2008 Academic Year. Grant # 39878s1. Submitted a 
proposal to fund undergraduate work 

• UC Irvine Undergraduate NIH-MBRS Award: This NIH-funded program provides access 
to scientific training workshops and an hourly stipend to support undergraduate student 
expenses. September 2006-June 2007. 

 
MENTORING: 
 
• Minority Science Programs Undergraduate Students at UCI (~10 students) 
• Darany Tan (UC Irvine Campus-wide Honors Program) 
• George Vela (California Alliance for Minority Participation Program) 
• Francis Dang (University of California, Irvine Undergraduate Student) 
• Quynh Nguyen (American Cancer Society Youth Science Fellowship Program) 
 
ABSTRACTS AND PRESENTATIONS: 
 
• Roxanna Ochoa and Naomi S. Morrissette, “Analysis of Dinitroaniline Resistance: the 

Effects of Double Mutations in Toxoplasma α-tubulin,” Annual Biomedical Research 
Conference for Minority Students, Austin TX, November 7-10, 2007. 

• Roxanna Ochoa and Naomi S. Morrissette, “The Effect of Double Mutations in Alpha-
Tubulin on Dinitroaniline Resistance,” American Association for the Advancement of 
Science Meeting, Boston MA February 14-18, 2008. 



  xiii 

• Roxanna Ochoa and Naomi S. Morrissette, “Analysis of Dinitroaniline Resistance: The 
Effects of Single and Double Mutations in Toxoplasma α-Tubulin,” Sigma Xi Annual 
Conference, Washington DC, November 20-23, 2008. 

• Roxanna Ochoa and Naomi S. Morrissette. “Analysis of Dinitroaniline Resistance: The 
Effects of Single and Double Mutations in Toxoplasma Alpha-Tubulin,” American 
Association for the Advancement of Science Meeting, Chicago IL, February 12-15, 2009. 

• Roxanna Ochoa, Janice Smith, Darany Tan, George Vela, Johnson Tran and Naomi 
Morrissette, Department of Molecular Biology and Biochemistry, University of California, 
Irvine, Irvine, CA 92697. “A Novel Cytochrome P450 in Toxoplasma gondii,” AAAS 
Annual Meeting, Washington DC, February 2011. 

• Roxanna Ochoa, Lidia Nazarova, Jennifer Prescher and Naomi Morrissette, “Detecting 
Complex Carbohydrate Modification in Toxoplasma gondii with Unnatural Sugars,” AAAS 
Annual Meeting, Vancouver CAN, February 2012. 

• Roxanna Ochoa, Lidia Nazarova, Jennifer Prescher and Naomi Morrissette, “Detecting 
Complex Carbohydrate Modification in Toxoplasma gondii with Unnatural Sugars,” AAAS 
Annual Meeting, Boston MA, February 2013. 

 
MANUSCRIPTS AND PUBLICATIONS: 
 
Christopher Ma, Johnson Tran, Frank Gu, David Sept, Roxanna Ochoa, Catherine Li, Karl 
Werbovetz and Naomi S. Morrissette. (2010) “Dinitroaniline Activity in Wild-type and Mutant 
Tubulins of Toxoplasma gondii,” Antimicrobial Agents and Chemotherapy 54(4): 1453–1460. 
 
Elisa Deriu, Milad Pezeshki, Robert A. Edwards, Roxanna Ochoa, Heidi Contreras, Stephen 
Libby, Ferric Fang and Manuela Raffatellu. (2013) “Probiotic Bacteria Reduce Salmonella 
typhimurium Intestinal Colonization by Competing for Iron” Cell Host Microbe 17(1):26-37. 
 
Lidia A. Nazarova*, Roxanna J. Ochoa*, Naomi S. Morrissette, and Jennifer A. Prescher, 
“Extracellular Toxoplasma gondii tachyzoites Incorporate Unnatural Sugars into Glycoproteins” 
(submitted, under revision). 
*Co-first authors. 
 
Roxanna J. Ochoa, Irina Sevrioukova, Darany Tan, Catherine Li, Janice Smith, Thomas Poulos 
and Naomi S. Morrissette, “An Unusual Cytochrome P450 Enzyme in Toxoplasma gondii” (MS 
in preparation). 



  xiv 

ABSTRACT OF THE DISSERTATION 

Toxoplasma gondii: parasite glycosylation and an unusual cytochrome P450 enzyme of tissue 
cyst-forming coccidians 

 
By 

Roxanna Jaimes Ochoa 

Doctor of Philosophy in Biological Sciences  

University of California, Irvine, 2015 

Professor Naomi Morrissette, Chair 

 

Toxoplasma gondii is an apicomplexan parasite that infects approximately thirty percent of the 

human population. As there is a need for new therapies, it is important to investigate Toxoplasma 

metabolic pathways to determine their role in parasite survival. In my first project, I used 

metabolic oligosaccharide engineering to profile glycosylated proteins in Toxoplasma 

tachyzoites. This approach uses metabolic incorporation of unnatural sugars into Toxoplasma 

proteins. My studies identified a variety of parasite proteins that are modified by glycans and 

validated modification of SAG1, a surface antigen in tachyzoite stage parasites. As β-elimination 

reduced the modified sugar signal, Ac4GlcNAz likely targets O-linked glycans in Toxoplasma. In 

a second study, I characterized a novel cytochrome P450 enzyme (CYP) in Toxoplasma. TgCYP 

localizes to the tachyzoite mitochondrion and has an unexpectedly restricted substrate: to date, it 

has only been shown to act on acetone. Although tgcyp null parasites have a modest growth 

defect when grown in competition with wild-type parasites, the null parasites have a robust 

growth advantage when 2% acetone is added to the culture conditions, suggesting that expressing 

TgCYP is deleterious under certain conditions.  
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 CHAPTER ONE 

INTRODUCTION 

 

 The studies described in this thesis examine biochemical properties of a protozoan parasite, 

Toxoplasma gondii. Although Toxoplasma has many subcellular structures that are unique to the 

phylum Apicomplexa, it also has organelles found in typical eukaryotes, such as a nucleus, Golgi 

apparatus and mitochondrion (Figure 1.1). Similarly, while approximately half of the 

Toxoplasma genome encodes novel proteins that may serve to facilitate the parasitic lifestyle, the 

other half encodes for proteins that have homologs in other organisms. In particular, there are a 

large number of genes that are homologous to enzymes in conserved eukaryotic pathways 

(DYBAS et al. 2008). I have studied properties of two conserved biochemical pathways: glycan 

incorporation and a cytochrome P450 enzyme. My studies show that there are important 

distinctions in the biochemical traits of both pathways that would not necessarily be appreciated 

without direct investigation. 

 

I. Conserved metabolic pathways are driven by universal enzymes 

 Diverse organisms from all three domains of life are linked by a set of conserved metabolic 

reactions (PEREGRIN-ALVAREZ et al. 2003). These biochemical pathways are generally catalyzed 

by a conserved set of enzymes known as universal enzymes. The most conserved enzymes are 

implicated in pathways responsible for metabolizing small molecules, such as sugars, amino 

acids, and nucleotides. A recent detailed study made use of the diverse genome sequences to 

specifically compare metabolic pathways rather than just enzymes. Notably, one of the least 

conserved pathways was in glycan metabolism (PEREGRIN-ALVAREZ et al. 2009). However, a 
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Figure 1.1: Toxoplasma tachyzoite organelles. (A) A single extracellular 
tachyzoite is crescent-shaped, with a pointed apical end that contains unusual 
apical organelles such as micronemes (blue) and rhoptries (yellow) that are used 
by during invasion of host cells. (B) Two intracellular parasites enclosed in a 
parasitophorous vacuole (orange) inside a host cell. Tachyzoites also possess 
conserved eukaryotic organelles such as a nucleus (blue), endoplasmic reticulum, 
Golgi apparatus (purple), and mitochondrion (red). Additionally, there is a non-
photosynthetic plastid (green) that harbors an essential isoprenoid precursor 
pathway. The parasite is surrounded by a complex membrane structure known as 
the pellicle which consists of a plasma membrane and inner membrane complex. 
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 key set of metabolic pathways is conserved across many organisms and it is assumed that there 

are many more yet to be identified biochemical similarities. Given the presence of homologous 

enzymes, it is often assumed that pathways are conserved. However, similar enzymes may have 

dramatically different properties and it is necessary to directly investigate biochemical pathways 

to before assuming parallel function.  

 

II. Antiparasitic drugs and collateral host toxicity 

Eukaryotic pathogens, such as Toxoplasma, have greater metabolic similarities to their 

vertebrate hosts than do prokaryotic pathogens (DESPOMMIER et al. 2006). Therefore, it is much 

more difficult to target eukaryotic pathogens without collateral toxicity to host organisms. In 

order to treat infections caused by eukaryotes, drug targets must either be unique to the pathogen 

or have distinct properties (Figure 1.2). Some of the most commonly used drugs used to treat 

toxoplasmosis are clindamycin, which has a unique parasite target, and pyrimethamine, which 

inhibits a common biochemical pathway that has differences in enzyme properties between 

parasite and host (ROLSTON 1991; CAMPS et al. 2002; MONTOYA AND LIESENFELD 2004; 

MENECEUR et al. 2008). A series of community-annotated genomes for apicomplexan parasites, 

including Toxoplasma, are available at EuPathDB.org (KISSINGER et al. 2003; KHAN et al. 2005). 

These allow identification of homologs of characterized enzymes from known or predicted 

metabolic pathways in Toxoplasma or other apicomplexan parasites. A recent study took 

advantage of this database to compare metabolic pathways in humans and Toxoplasma to 

identify 11 potential drug targets that do not share any similarity to enzymes in humans 

(GAUTAM et al. 2012).   
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Figure 1.2: Toxoplasma drug targets. (A) The apicomplexans have a unique 
organelle, the apicoplast, which is targeted by a variety of drugs. The apicoplast 
has prokaryotic-like characteristics and contains a 35 Kb circular DNA genome 
that must be replicated and inherited. During replication, ciprofloxacin targets the 
gyrase. Genes must be transcribed and translated. During transcription it is 
possible to target the RNA Polymerase to disrupt the organelle. This plastid has 
prokaryotic-like ribosomes that are targeted by antibacterial compounds such as 
clindamycin. An essential pathway found in the apicoplast is the non-mevalonate 
pathway, also known as the methylerythritol phosphate (MEP) pathway, which is 
responsible for the production of isoprenoid precursors. The MEP pathway is 
found in plants, apicomplexans (like Toxoplasma) and bacteria. Humans, along 
with animals, plants, fungi, archaea and yeast contain an alternative mevalonate 
biosynthetic pathway that does not share enzymes with the MEP pathway. Two 
enzymes specific to the MEP pathway are DXP synthase (DXS) and DXP 
reductoisomerase (IspC), which are targeted by clomazone and fosmidomycin, 
respectively. The apicomplexan MEP pathway has the potential to provide 
additional drug targets that would not inhibit human enzymes. (B) Sulfonamides 
and pyrimethamines target enzymes in both Toxoplasma and humans; however, 
pyrimethamine has greater affinity for Toxoplasma dihydrofolate reductase and 
any toxic effect of these drugs on the human enzyme can be counteracted by 
folinic acid. Human cells, but not Toxoplasma, can process folinic acid without 
dihydropteroate synthetase and dihydrofolate reductase.  
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In particular, the apicoplast is an attractive source for potential drug targets in 

apicomplexan parasites (GAUTAM et al. 2010). This non-photosynthetic, essential organelle 

originated as a chloroplast harbored by a red alga that was engulfed by an ancestor of the 

Apicomplexa and subsequently enslaved (FAST et al. 2001). The apicoplast is required for 

production of isoprenoid precursors that are required for parasite growth. For example, 

ubiquinone (coenzyme Q/CoQ) is known to be prenylated and is essential in the mitochondrial 

electron transport chain (YEH AND DERISI 2011). There are two possible routes of isoprenoid 

biosynthesis that use distinct enzymes: the mevalonate pathway and the non-mevalonate 

pathway. Humans use the mevalonate pathway while Apicomplexan parasites (like most 

bacteria) apparently only have genes for the non-mevalonate pathway, establishing that it is a 

new drug target (GRAWERT et al. 2011). Indeed, the antibiotic fosmidomycin blocks the non-

mevalonate in bacteria and apicomplexan parasites and shows some promise in treating infection 

with Plasmodium (MISSINOU et al. 2002). Additionally, the type II fatty acid synthesis pathway 

(FASII), which is localized to the apicoplast, has been shown to be essential in Toxoplasma and 

in the liver stages of Plasmodium. Curiously, this pathway is completely absent from other 

apicomplexan parasites, such as Babesia spp. and Cryptosporidium spp. (ZHU et al. 2004; 

MAZUMDAR et al. 2006; YU et al. 2008; VAUGHAN et al. 2009). 

Alternatively, there are conserved pathways found in both humans and Toxoplasma that 

have sufficiently distinct properties in each organism that allow for development of drugs with 

an effective therapeutic index. Dihydrofolate reductase (DHFR) and thymidylate synthase (TS) 

are two enzymes that produce critical folate components necessary for DNA synthesis (SHARMA 

et al. 2013). In most organisms, including humans, DHFR and TS are monofunctional enzymes 

(JOHNSON et al. 2002). However, Toxoplasma and other protozoan parasites express a 
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bifunctional thymidylate synthase-dihydrofolate reductase (TS-DHFR) enzyme (ROOS 1993). 

The widely used antiparasitic drug pyrimethamine (Daraprim) has a narrow selectivity (~six 

fold) for Toxoplasma DHFR over human DHFR (SCHWEITZER et al. 1990; CHIO AND QUEENER 

1993). Although this therapeutic index is somewhat less than favorable, collateral effects on 

human folate deficiency can be rescued by providing folinic acid in combination with 

pyrimethamine. Humans, but not parasites, can scavenge folinic acid from dietary sources and 

convert it to tetrahydrofolate without DHFR activity (ALLEGRA et al. 1987). These differences in 

enzyme activity and scavenging allow pyrimethamine to be an effective antiparasitic drug in 

humans (Figure 1.2B).  

 

III. Toxoplasma gondii is a human and animal pathogen 

IIIA. Toxoplasma has a complex life cycle 

Toxoplasma is an obligate intracellular parasite that is capable of infecting all nucleated 

cell types in diverse warm-blooded animals and birds (JOINER AND DUBREMETZ 1993). It has a 

complex life cycle that includes asexual and sexual replication (Figure 1.3). Toxoplasma 

undergoes sexual recombination in the intestinal epithelium of cats, which shed oocysts 

containing the sporozoite form of the parasite in their feces. Intermediate hosts (humans, warm 

blooded animals, and birds) become infected after ingesting soil, water or plant material 

containing oocysts. After ingestion, sporozoites emerge from oocysts in the intestine of the host 

organism. These cross the intestinal epithelium and transform into fast-replicating tachyzoites 

that disseminate throughout the host body. Ultimately tachyzoites differentiate into bradyzoites, 

particularly in immunologically privileged sites such as the brain, eye and muscles. When 

carnivores consume raw or undercooked tissues from an infected animal, bradyzoites emerge 
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Figure 1.3: The Toxoplasma life cycle. Intermediate hosts (humans, warm 
blooded animals, and birds) become infected after ingesting soil, water or plant 
material contaminated with oocysts (1). Sporozoites in oocysts emerge and 
transform into tachyzoites (2) shortly after ingestion and differentiate into tissue 
cyst bradyzoites (3) in neural and muscle tissues. Humans can also become 
infected by consuming undercooked meat of animals harboring tissue cysts with 
bradyzoites (3). Felidae (domestic cats and their wild relatives) are the definitive 
host for Toxoplasma. Cats become infected after consuming intermediate hosts 
(i.e. rodents) harboring tissue cysts (3) or after ingesting oocysts (1). In the cat gut, 
tachyzoites and bradyzoites develop into merozoites (4) which further develop into 
microgametes (5a) and macrogametes (5b). These fuse to produce a zygote (6) 
which matures into an oocyst (7) after cell wall formation. Oocysts are excreted in 
an unsporulated form with a single undifferentiated cytoplasmic mass.  Sporulation 
occurs in the environment, and results in the formation of two sporocysts, each of 
which contains four sporozoites capable of infecting a new host.  
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from tissue cysts in the intestine of the host organism. Like sporozoites, bradyzoites traverse the 

intestinal epithelium and transform into fast-replicating tachyzoites that disseminate throughout 

the host body. 

Humans are most commonly infected with Toxoplasma by accidental ingestion of oocysts 

harboring sporozoites (contaminated fruits, vegetables or water) or tissue cysts harboring 

bradyzoites (raw or undercooked meat from an infected animal). In the United States, 

toxoplasmosis is the second leading cause of foodborne illness-related deaths (~327 annually) 

and fourth leading cause of foodborne illness-related hospitalizations (~4428 annually) 

(SCALLAN et al. 2011). Once Toxoplasma has infected a person, it will persist throughout the life 

of that individual. However, humans are a dead-end host as they are not capable of producing 

environmentally resistant parasites and are rarely consumed by other animals. Vertical 

transmission occurs when an immunologically naive woman is infected with Toxoplasma during 

pregnancy and the parasite crosses the placenta from mother to fetus. In the United States, 

ninety-one percent of women in childbearing age are susceptible to Toxoplasma infection (JONES 

et al. 2014). It is also possible to become infected with Toxoplasma through blood transfusion or 

organ transplantation, however this is extremely rare. 

Although one-third of the human population is infected with Toxoplasma, in 

immunocompetent individuals, infection is only rarely of clinical significance (MONTOYA AND 

LIESENFELD 2004). However, in the case when an immunologically naïve pregnant woman 

becomes infected, infection of the fetus can result in stillbirth or birth defects. Most infected 

newborns do not show clinical signs of congenital toxoplasmosis at birth but may exhibit 

cognitive, visual, and hearing disabilities later in life (MONCADA AND MONTOYA 2012). In 

immunocompromised individuals, clinical disease is most commonly caused by recrudescent 
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toxoplasmosis, which occurs when latent parasites reemerge. Reactivation is most widespread in 

the brain and causes encephalitis. Clinical manifestations include mental status changes, seizures, 

focal motor deficits, sensory abnormalities, movement disorders, and neuropsychiatric findings 

(MONTOYA AND LIESENFELD 2004). There are currently no therapies that effectively eliminate 

parasites during latent infection. To prevent lifelong infection, formation of bradyzoite cysts 

must be inhibited, which is currently not possible. 

 

IIIB. Toxoplasma is a model organism  

Toxoplasma gondii is classified within the phylum Apicomplexa which includes other 

pathogens of humans (Plasmodium spp., Cryptosporidium spp., and Babesia spp.) as well as 

parasites of economically important agricultural animals (Eimeria spp., Theileria spp., and 

Neospora caninum). These unicellular eukaryotic organisms are defined by unusual organelles at 

their apical end that are used during active invasion of host cells. Apicomplexan parasites cause 

varying degrees of disease in humans, livestock and invertebrates, the most notable being 

Plasmodium, the causative agent of malaria. It is estimated that there are over 5000 species of 

parasites in the group (MCFADDEN 2011). Of all these organisms, Toxoplasma is the most 

experimentally manageable. Due to the ability to experimentally manipulate Toxoplasma in the 

laboratory, it has been argued that it is an effective model organism to understand other 

apicomplexan parasites.  

Of all the Apicomplexan species, Toxoplasma is the most easily genetically manipulated 

with a high transfection efficiency (>50%) and the ability to create gene deletions and to express 

epitope tags and reporter genes (KIM AND WEISS 2004). Additionally, the tachyzoite stage of 

Toxoplasma is easily grown in fibroblasts in a laboratory setting and a mouse animal model of 
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infection encompassing tachyzoites and bradyzoites is in place. Most importantly, the genomes 

of Apicomplexan parasites are available in a centralized and cross-referenced, community 

annotated database at EuPathDB.org. This allows comparative analyses of Toxoplasma with 

other Apicomplexans. There are also aspects of Apicomplexan parasites that are not conserved 

between genera, such as life cycle, hosts and induced pathology. These differences should be 

considered in light of specific experimental findings, results obtained in Toxoplasma may not 

always reflect parallel pathways in other apicomplexan parasites.  

 

IIIC. Parasites experience different metabolic niches. 

 Protozoan parasites and other microbial pathogens adapt to best exploit specific host 

contexts. Although they may thrive in nutrient-rich environments (such as the human gut or 

bloodstream), they may also experience nutrient deprivation in order to be transmitted to new 

hosts (the insect gut or encysted forms in the environment). One particularly well-defined 

example of this is the African trypanosome (Trypanosoma brucei brucei) which must cycle 

through two hosts (humans and tsetse flies) in order to propagate (WALKER et al. 2005). In the 

mammalian host, the trypanosome lives in the bloodstream and exists as a “long slender” form 

that uses blood glucose as a preferred source of energy. Upon entering the nutrient-poor insect 

host, trypanosomes will use amino acids as their form of energy.  To adapt to these distinct host 

environments, trypanosomes have evolved the ability to alter their mitochondria in order to 

maximally exploit or minimize the tricarboxylic acid (TCA) cycle. In the bloodstream, the 

mitochondria of long slender forms are repressed and lack cristae (VICKERMAN et al. 1988). A 

subset of long slender trypanosomes differentiates into “short stumpy” forms that have begun to 

reactivate mitochondrial functions. Short stumpy forms, but not long slender ones, are capable of 
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infecting the tsetse fly. Within the insect gut, the mitochondrion expands into a branched 

network with cristae and the TCA cycle fully re-develops. This remarkable behavior illustrates 

how pathogens adapt to distinct host environments by altering their metabolism. Many other 

parasites, including Toxoplasma and Plasmodium, also modify their metabolism to survive in 

various host or environmental niches.  

Toxoplasma is a robust parasite that is able to persist in a variety of environments 

including nutrient limiting conditions because it is able to adapt to its surroundings by modifying 

its metabolism (Figure 1.4). Stage-specific metabolism aids in survival. For example, bradyzoites 

and oocysts, but not tachyzoites, synthesize cytosolic granules of amylopectin that are believed 

to provide a source of carbohydrates for latent stages during times of limited nutrition (COPPIN et 

al. 2003). It is always important to keep in mind that Toxoplasma gondii is an obligate 

intracellular parasite that must invade into a host cell in order to grow and replicate. Toxoplasma 

is dependent on the metabolic health of the host cell and its own pathways have evolved in the 

context of host biochemistry and available nutrients. The two projects described in this thesis 

concern (1) protein glycosylation in Toxoplasma tachyzoites and (2) the unusual properties of a 

mitochondrially localized cytochrome P450 enzyme. The following sections detail properties of 

glycosylation and mitochondrial function in order to place my studies in a larger context. 

 

IV. Glycosylation 

IVA. Types of protein glycosylation 

Glycosylation is a post-translational modification found in all domains of life which 

covalently links a carbohydrate to a protein or lipid (CUMMINGS 2005). There are five types of 

protein glycosylation categorized by the sugar-peptide bond and the oligosaccharide attached: N,  
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Figure 1.4: Metabolic environments during the Toxoplasma life cycle. 
Toxoplasma parasites are extremely successful parasites because of their 
ability to easily adapt to various environments. They will transform their 
metabolic priorities and physical structure in order to best survive 
extracellularly or in a host cell. The chart above summarizes the various 
environments Toxoplasma parasites encounter during their life cycle.  
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O- and C-linked glycosylation, glypiation and phosphoglycosylation. Of these, the most 

commonly detected are N-glycosylation, O-glycosylation and glypiation. N-glycosylation is 

identified as the glycan binding to the amino group of asparagine in the endoplasmic reticulum 

(ER) while O-linked glycans bind to the hydroxyl group of serine or threonine in the ER, Golgi, 

cystosol and nucleus. Glypiation, also known as GPI anchor attachment, is the attachment of a 

phospholipid to a protein by a glycan core.  In phosphoglycosylation, oligosaccharides are linked 

to serine or threonine through phosphodiesters (HAYNES 1998). Protein glycosylation is critically 

important for protein folding, protein-protein interactions, protein stability, and protein sorting to 

membranous compartments or secretion (CUMMINGS 2005). 

 

IVB. Complex carbohydrates in Toxoplasma 

Glycosylation in Toxoplasma has not been extensively investigated to date. However, 

three independent studies have demonstrated that Toxoplasma tachyzoites are capable of 

modifying proteins by N-glycosylation (FAUQUENOY et al. 2008; LUK et al. 2008; LUO et al. 

2011). N-glycans from Toxoplasma total protein extracts consist of oligomannosidic (Man5-

8(GlcNAc)2) and paucimannosidic (Man3-4(GlcNAc)2) sugars, which are not normally found in 

higher eukaryotic glycosylated proteins (Figure 1.5) (FAUQUENOY et al. 2008).  

Glycosylation is essential for the correct targeting of GAP50, an integral membrane 

protein that is part of the actin and myosin-based glideosome machinery (FAUQUENOY et al. 

2008; FAUQUENOY et al. 2011). GAP50 has three site of N-glycosylation that are specifically 

occupied by unusual N-glycan structures unlike those found on mature mammalian glycoproteins 

(FAUQUENOY et al. 2011). Mutagenesis of the GAP50 gene to remove sites of glycosylation has 

shown this modification is essential for transport from the endoplasmic reticulum to the Golgi  
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Figure 1.5: Glycosylation in Toxoplasma.  (A) Proposed N-glycan structures by 
Fauquenoy and colleagues are distinct from human N-glycan structures. Toxoplasma 
structures are less complex and do no possess the terminal sialic acids found in human 
glycans. (B) Very few specific glycosylated proteins have been investigated in 
Toxoplasma. In tachyzoites, a glycoproteome investigation led to studies that confirmed 
GAP50 as a glycoprotein. This protein is essential in the machinery responsible for host 
cell invasion. Additionally, a surface protein, SAG1, is GPI anchored meaning it is 
attached to a phospholipid by a glycan core. SAG1 is essential parasite virulence. It is 
known that the cyst well that protects bradyzoites in highly glycosylated because tissue 
cysts are labeled by lectins (S-WGA and DBA) and carbohydrate stains (PAS). A 
glycosylated cyst wall protein, CST1, is essential for cyst wall structure. The oocyst wall 
that protects sporozoites is also highly glycosylated. Glycosylation directly on parasites is 
shown in green and glycosylation of parasitophorous vacuole, cyst wall or oocyst wall is 
shown in red.    
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apparatus. These mutants have impaired motility because GAP50 is not delivered to the inner 

membrane complex where it is required for activity. Parasites treated with tunicamycin, an N-

glycosylation inhibitor, also show a reduction in motility, host cell invasion and growth. 

Therefore, it is likely that N-glycosylation in Toxoplasma is critical to host cell invasion.   

The major surface proteins of Toxoplasma are secured to the parasite surface by 

glypiation (NAGEL AND BOOTHROYD 1989; TOMAVO et al. 1989). Many of the surface antigens 

(SAGs) and SRS (SAG-related sequence) protein family (~161 members) display stage-restricted 

expression on tachyzoite or bradyzoite forms. Some SAGs bind to heparin sulphate 

proteoglycans in the extracellular matrix (JACQUET et al. 2001) and invasion of host cells begins 

with the initial attachment of SAGs on Toxoplasma to surface receptors on the host cell 

(CARRUTHERS AND BOOTHROYD 2007). One of the most well studied SAGs is SAG1 (p30). 

Studies have shown that antibodies directed specifically against SAG1 will inhibit infection of 

human fibroblasts and mouse erythrocytes (MINEO et al. 1993). Although SAG1 null parasites 

are still capable of infecting host cells, they are less virulent than wild type parasites during 

mouse infection. Therefore, it is expected that although SAG1 is important, there are additional 

molecules involved in host cell invasion.  

Complex carbohydrates are also a critically important component of the outer wall of 

latent bradyzoite tissue cysts and sporozoite-containing oocysts, although the specific nature of 

these glycans is poorly understood. Tissue cysts are most often found in immunologically 

privileged sites such as the brain, eye or muscle and it is speculated that the glycan-containing 

cyst wall forms a barrier that helps conceal the parasites from the immune system. The tissue 

cyst wall is also important to the success of oral infection of a new host after a carnivore ingests 

infected host tissues as parasites must survive transit through the extreme conditions of the 
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gastrointestinal tract. Although initially tissue cysts may contain as few as two bradyzoites, a 

mature cyst may grow to be 50-70 µm in diameter and contain as many as 1000 bradyzoites 

(DUBEY et al. 1998). The cyst wall begins to form as soon as Toxoplasma begins to differentiate 

into bradyzoites (GROSS et al. 1996; ZHANG et al. 2001). The wall labels with periodic acid-

Schiff (PAS), a histological stain that chemically detects carbohydrates, and it binds to 

succinylated-wheat germ agglutinin (S-WGA) and Dolichos biflorus (DBA) lectins, again 

indicating the presence of polysaccharides (SIMS et al. 1988; BOOTHROYD et al. 1997; DUBEY et 

al. 1998; GUIMARAES et al. 2003). DBA binding is selectively inhibited by soluble N-

acetylgalactosamine (GalNAc) while S-WGA labeling is selectively inhibited by N-

acetylglucosamine (GlcNAc), indicating that these lectins recognize distinct glycoconjugates on 

the cyst wall (BOOTHROYD et al. 1997; ZHANG et al. 2001). DBA binds to CST1, a surface 

antigen-related SRS protein with a large mucin-like domain that is a marker for cyst wall 

formation in vitro. Although bradyzoite cysts form in brains of mice infected with a cst1 null 

Toxoplasma line, the cyst wall is reduced, there are fewer cysts, and these are fragile and easily 

ruptured (TOMITA et al. 2013). Although complementation with full-length CST1 protein rescues 

the cyst phenotype, complementation with CST1 lacking the mucin domain does not restore the 

cyst wall, suggesting that glycosylation within the mucin domain is important to cyst wall 

stability. Like bradyzoites in tissue cysts, sporozoites in oocysts are protected by carbohydrate-

containing cell wall that most likely provides protection for the parasites inside. As oocysts are 

shed into the environment by infected felines in their feces, Toxoplasma sporozoites must 

survive harsh environmental conditions, such as desiccation and temperature extremes, as well as 

transit through the gastrointestinal tract.  
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V. The mitochondrion 

Mitochondria are dynamic membrane bound organelles found in most eukaryotic cells. 

Although the specific details associated with their acquisition is controversial, the endosymbiont 

hypothesis is accepted as explaining their origin (GRAY 2012). The mitochondrion is of α-

proteobacterial ancestry and was taken up by the last eukaryotic common ancestor (LECA). This 

endosymbiotic relationship ultimately became permanent, with many of the α-proteobacteria 

genes moving into the LECA nucleus, leaving a dramatically reduced genome within the 

mitochondrion. The evolution of a variety of organisms from the original mitochondria-

containing LECA has led to a diversity of mitochondria in different eukaryotic cells.  

Mitochondria contain two membranes: an outer membrane and an inner membrane (KIM 

2014). The outer membrane is permeable to specific ions and small molecules and the inner 

membrane is folded to form cristae in order to increase the surface area for biochemical 

reactions. The intermembrane compartment functions in transporting macromolecules in and out 

of the mitochondria. Although it is the smallest mitochondrial space, it has been shown to 

contain at least 50 proteins (VOGTLE et al. 2012). The inner part of the mitochondrion, the 

matrix, is the site of most metabolic reactions. Mitochondrial structure is associated with the 

roles these organelles fill within the cell and can change in response to the metabolic state of 

mitochondria (DETMER AND CHAN 2007). Mitochondria contain their own reduced genome 

(NASS AND NASS 1963) and they therefore have the ability to synthesize proteins using 

mitochondrial transfer RNA and ribosomes within the matrix (MCLEAN et al. 1958; TAANMAN 

1999).  

Mitochondria are mostly associated with producing energy in the form of ATP in the 

cristae and fuel utilization by altering their state when limited or excess nutrition is available 
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(LIESA AND SHIRIHAI 2013). However, there are many other essential functions now recognized 

to occur in mitochondria. Studies have shown that mitochondria play a role in regulating calcium 

stores (DUCHEN 2000), intracellular signaling (cell death signaling, innate immunity and 

autophagy) (TAIT AND GREEN 2012) and apoptosis (PRADELLI et al. 2010). Additionally, other 

key functions have been shown to occur in the mitochondria that are essential to the survival of 

the cell including synthesis of iron sulfur clusters, fatty acids and heme.  

Synthesis of cellular iron sulfur (Fe/S) proteins is an essential role of the mitochondria 

(CRAIG AND MARSZALEK 2002; ROUAULT AND TONG 2005; LILL AND MUHLENHOFF 2008). 

These clusters are important in all living cells as they serve as cofactors for several enzymes that 

are critical to essential metabolic pathways such as electron transport, Krebs cycle, redox 

reactions, and gene expression regulation (LILL et al. 2006). Also of importance is the type II 

fatty acid synthesis pathway that has recently been found in the mitochondrion which uses 

independent multifunctional polypeptides to carry out individual reactions (HILTUNEN et al. 

2009). Traditionally, it has been known that fatty acid synthesis occurs in the cytoplasm of 

eukaryotic cells (FAS type I) by a single multifunctional polypeptide (SMITH et al. 2003). 

However, The FAS type II mechanism originated in bacteria and is found in the chloroplasts of 

plants (WHITE et al. 2005).  

Mitochondria are also responsible for the synthesis of heme, which plays major roles in 

several essential cellular. In most eukaryotes, the heme biosynthesis pathway is divided between 

the mitochondrion and the cytosol (FERREIRA AND GONG 1995). One of the major roles of heme 

is as the cofactor for cytochrome P450 (CYP). CYPs are a large and diverse group of heme-

binding enzymes that are mostly found in the mitochondria and endoplasmic reticulum (BLACK 

1992). Most CYP enzymes catalyze the oxidation of organic substances. In general, CYPs have 
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promiscuous binding sites and act on a broad substrate range. These enzymes play essential roles 

in steroid hormone and sterol biosynthesis, vitamin biosynthesis, detoxification and activation of 

drugs and environmental pollutants, biosynthesis of secondary metabolites in bacteria, fungi, 

plants, and insects, and enzymatic activation of carcinogens (Yamazaki 2014). There are over 

18,000 known CYPs in all domains of life and they play vital roles in the mitochondria.  

 

VA. Essential endosymbiotic organelles in Toxoplasma  

In addition to the mitochondrion, Toxoplasma and most other apicomplexans have a 

plastid or apicoplast that has an endosymbiotic origin. The apicoplast is the product of a 

secondary endosymbiosis: a protist ancestor of the alveolates (including the apicomplexans) took 

up a unicellular red alga harboring a chloroplast and this relationship was made permanent 

(Figure 1.6). Chloroplasts, like mitochondria, are thought to be the consequence of an 

endosymbiotic event involving the uptake and enslavement of a cyanobacterium. Although most 

genes are encoded in the nucleus, chloroplasts maintain a 36 kb organelle genome, which was 

reduced during modification of the plastid after the secondary endosymbiotic event. Over time, 

the plastid loss its ability to photosynthesize and eventually transformed into the apicoplast. The 

evolution of the relationship between the apicomplexan apicoplast and mitochondrion is 

complex, in part because initially they performed overlapping biochemical functions, as is 

illustrated by heme biosynthesis, which requires both organelles (Figure 1.6). The 

interdependence of the apicoplast and mitochondrion has led to each having unique 

characteristics found only in the phylum Apicomplexa (SHEINER et al. 2013).  

Although apicomplexan mitochondrial functions are not completely understood, the 

mitochondrion is of special interest because there are a number of differences between the  
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Figure 1.6: Essential endosymbiotic organelles in Toxoplasma. (A) Acquisition and 
evolution of the mitochondrion and apicoplast in apicomplexans. (1) A protein import 
system (blue arrow) was important in the evolution of the mitochondrion from an 
endosymbiotic α-proteobacterium. The bacterial genome was reduced by transfer of 
genes to the nuclear genome or gene loss (orange arrow), which led to dependence on 
the eukaryotic ancestor. (2) A protist host began an endosymbiotic relationship with an 
algal cell carrying a plastid. A protein import system was again established in which the 
protist host transferred proteins to the algal cell (blue arrow) and there was a shift of 
genes from the algal cell to the protist nucleus (green arrow), (3) resulting in nuclear 
control over the new organelle. During this time, a collaboration between the two 
symbionts was established (yellow arrow) which led to a loss of redundant genes and 
(3) the plastid lost its ability to photosynthesize. (4) The mitochondrion and apicoplast 
are tightly associated and are now dependent on the host cell. (B) The tight association 
between the mitochondrion and apicoplast is shown through the heme synthesis 
pathway. The loss of photosynthesis resulted in shifts as to which compartment 
(mitochondrion or apicoplast) was the main user of heme in the cell and therefore 
principal responsibility of synthesis. The pathway is now shared between the two 
organelles and the cytoplasm, using enzymes of various origins: algal plastid (green) or 
cytoplasm (blue). Diagram based on content in Sheiner et al. 2013. 
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Toxoplasma mitochondrion and mitochondria found in vertebrate cells. Human cells can have a 

varying number of mitochondria depending on the cell; a liver cell can have as many as two 

thousand mitochondria. Apicomplexan parasites, however, each contain a single mitochondrion 

that loops around the parasite and surrounds the nucleus and apicoplast. The 6 kb mitochondrial 

genome is significantly smaller compared to the 16 kb mammalian mitochondrial genomes 

(FEAGIN 2000). It has lost most of its genome to the cell nucleus and now only encodes three 

proteins: apocytochrome b (cob), cytochrome c oxidase I (cox1), cytochrome c oxidase III (cox3) 

(VAIDYA et al. 1989; VAIDYA AND MATHER 2009). In addition to the three encoded proteins, the 

mitochondrion contains fragmented ribosomal RNAs much smaller than what is normally seen in 

other mitochondria. In some Apicomplexa, all mitochondrial genes have been transferred to the 

nucleus and a complete loss of the mitochondrion genome has occurred. It is possible for the 

mitochondrion to survive the loss of its entire genome, as seen with the protozoan parasite 

Trichomonas spp. Trichomonas contains a membrane-enclosed organelle, the hydrogenosome, 

which is believed to be a remnant mitochondrion (DYALL AND JOHNSON 2000). Other 

“amitochondriate” protozoa, such as Entamoeba histolytica, Giardia intestinalis and 

Encephalitozoon cuniculi, have a membrane-bound compartment that contains mitochondrial 

markers (mitochondrial HSP70, cpn60, and iron sulfur complex biosynthesis proteins but lack 

other mitochondrial enzymes and metabolism (TOVAR et al. 1999; WILLIAMS et al. 2002; 

REGOES et al. 2005; VAVRA 2005; GOLDBERG et al. 2008). Cryptosporidium spp. are 

apicomplexan parasites that contain a mitosome, which has multiple membranes and harbors 

mitochondrial markers but lacks a discrete mitochondrial genome (LAGIER et al. 2003; RIORDAN 

et al. 2003; SLAPETA AND KEITHLY 2004).  
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VB. Mitochondrial pathways in Toxoplasma  

It was long believed that Toxoplasma tachyzoites relied heavily on glycolysis for energy 

production; however, recent studies have shown that oxidative phosphorylation and 

mitochondrial metabolism may be more important that traditionally believed. In tachyzoites, it 

has been established that oxidative phosphorylation is essential for maintaining ATP levels (LIN 

et al. 2009). It was shown that the tachyzoite mitochondrion does possess a canonical TCA cycle 

but what remained unknown was how pyruvate was converted into acetyl-CoA since pyruvate 

dehydrogenase is localized to the apicoplast and not the mitochondrion. A recent study 

demonstrated that pyruvate is broken down into acetyl-CoA by branched chain ketoacid 

dehydrogenase (BCKDH) and then enters the TCA cycle (OPPENHEIM et al. 2014). Deletion of 

BCKDH in Toxoplasma tachyzoites leads to a reduction in growth rate and parasite virulence.  

Bradyzoites are also believed to rely heavily on glycolysis and some evidence suggests 

that bradyzoites lack a TCA cycle altogether. However, there are differences in activity of 

glycolytic enzymes compared to tachyzoites. For example, although phosphofructokinase is 2-3 

fold lower in bradyzoites than tachyzoites (DENTON et al. 1996) two other glycolytic enzymes, 

glucose-6-phosphate isomerase and enolase, are upregulated in bradyzoites (DZIERSZINSKI et al. 

1999). Another difference between the two stages is the use of lactate.  Pyruvate is converted 

into lactate by distinct lactate dehydrogenase enzymes: LDH1 in tachyzoites and LDH2 in 

bradyzoites (FERGUSON et al. 2005). LDH activity in bradyzoites is about three times greater 

than in tachyzoites. It is hypothesized that bradyzoites require LDH for catabolism of 

amylopectin, a storage polysaccharide that is abundant in bradyzoites (DENTON et al. 1996). 

Interestingly, the mitochondrion may also play a crucial role in the conversion of tachyzoite to 

bradyzoite. Tachyzoites quickly transition to bradyzoites in vitro when exposed to compounds 
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that limit or block mitochondrial functions such as atovaquone (a ubiquinone analog) (BOHNE et 

al. 1994; TOMAVO AND BOOTHROYD 1995). Additionally, bradyzoites appear to rely less on 

mitochondrial respiration than intracellular tachyzoites (GROSS et al. 1996). 

The Toxoplasma mitochondrion, like most other eukaryotic mitochondria serves roles in 

addition to simply producing energy. However, much remains unknown about the mitochondrion 

because it is difficult to isolate due to its close relationship and proximity to the apicoplast. There 

are various proteins that are targeted to both the apicoplast and mitochondrion (PINO et al. 2007). 

Additionally, there are proteins normally found in the mitochondrion that are targeted only to the 

apicoplast such as pyruvate dehydrogenase (PDH) (FLEIGE et al. 2007; PINO et al. 2007). In fact, 

some of the roles traditionally found in higher eukaryote mitochondria are carried out by the 

apicoplast in Toxoplasma, such as type II fatty acid synthesis and the production of iron-sulfur 

complexes.  

One of the better-studied roles of the Toxoplasma mitochondrion is the heme biosynthesis 

pathway. This function is also found in vertebrate eukaryotes; however, the Toxoplasma pathway 

involves mitochondrial, apicoplast and cytoplasmic compartments. The initial step of the 

pathways is identical to that found in most eukaryotes, however the reminder of the steps occur 

in the apicoplast, using mostly enzymes originating in the red-algal plastid and only one enzyme 

of cytoplasm origin (Figure 1.6B). The final steps of the pathway occur in the mitochondrion, but 

use enzymes most like those of cytoplasmic and apicoplast origins (SHEINER et al. 2013).  

Another well-known function of mitochondria in yeast and higher eukaryotes is the 

production of iron-sulfur complexes. In Toxoplasma, an iron-sulfur complex has been identified 

in the apicoplast, however, two iron-sulfur complex scaffold proteins, ISCU and ISCA, have also 

been localized to the mitochondrion (PINO et al. 2007). Although the entire pathway has not been 
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experimentally defined in Toxoplasma, bioinformatic reconstruction of a likely Toxoplasma 

mitochondrial iron-sulfur complex synthesis pathway suggests that it is similar to the one found 

in higher eukaryotes (SEEBER 2002; SEEBER et al. 2008). Overall, the Toxoplasma mitochondrion 

has been less studied than the apicoplast. Given the success of atovaquone as an antiparasitic 

drug, there may be yet unidentified pathways that are selective drug targets.  

 

VI. Conclusions: 

The studies described in this thesis examine biochemical properties of a protozoan 

parasite, Toxoplasma gondii. The first study exploits newly developed methodologies to profile 

carbohydrate modification in Toxoplasma tachyzoites using unnatural sugars to globally profile 

parasite glycoproteins using a bioorthogonal chemical reporter strategy. This strategy involves 

the metabolic incorporation of unnatural functional groups (i.e., “chemical reporters”) into 

Toxoplasma glycans, followed by covalent labeling with visual probes or affinity tags.  Covalent 

chemistries were used to visualize and retrieve these labeled structures.  Subsequent mass 

spectrometry analysis revealed 107 unique proteins and identified novel proteins as well as 

previously characterized proteins from lectin affinity analyses. In the second study I investigated 

a novel parasite cytochrome P450 (CYP) enzyme. TgCYP localizes to the parasite 

mitochondrion. Biochemical studies with bacterially expressed TgCYP indicate that it selectively 

binds to and acts on acetone. This restricted substrate profile is extremely unusual: most P450 

enzymes have versatile active sites that accommodate a wide range of substrates. Surprisingly 

tgcyp null parasites have a robust growth advantage when 2% acetone is added to the culture 

conditions, suggesting that TgCYP is deleterious under certain conditions.  
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CHAPTER TWO 

MATERIALS AND METHODS 

 

I. CULTURING CONDITIONS: 

A. Culture of HFF host cells: 

Human foreskin fibroblast (HFF) cells are used to maintain tachyzoites in vitro since 

their morphology allows for many cycles of parasite replication before cell lysis (ROOS et al. 

1994). HFF cells were cultured in DMEM (Dulbecco’s Modified Eagle’s Medium, GIBCO, 

Invitrogen) supplemented with 10% fetal bovine serum (FBS; HyClone) in a humidified 

incubator (37 °C, 5.0% CO2). Cells reach confluence (~3x104 cells/cm2) in 5-10 days, depending 

on passage number.  

B. Routine parasite cultures: 

 Toxoplasma (RH and Me49 strains and their derivatives) were grown in HFF host cells 

(ROOS et al. 1994). Conditions for the generation of tagged and knock-out parasites as well as 

treatment with drugs are detailed below. The line stably expressing fluorescent tagged P450 

(CYP-YFP) was created by in-frame carboxy-terminal fusion to yellow fluorescent protein 

 sin  t e est b is ed   ecto  o ted in   pyrimethamine 

(HUYNH AND CARRUTHERS 2009). The tgcyp knockout construct was propagated in 

myco eno ic cid  m  nd nt ine  m  

C. Parasite competition assays: 

 A competition assay was performed to follow the relative growth of null and control lines 

in culture, adapted from previously established methods (MA et al. 2008). The competition assay 

was carried out both under normal tissue culture conditions and in media with 2% added acetone. 
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We selected 2% acetone after visually assessing the ability of wild-type parasites to grow in 

monolayers cultured in 0.1-7.5 % acetone. T25 flasks with confluent HFF cells were inoculated 

with an equal number of parasites from the type I tgcyp null line and a type I green fluorescent 

protein (GFP)-expressing line (KIM et al. 2001) (1x107 parasites from each line). After host 

monolayer lysis, a new T25 flask with confluent HFF cells was inoculated with 1 mL of the 

lysed culture and the remaining material was used for FACS analysis (JSAN). In order to 

quantify the relative numbers of tgcyp null and GFP-expressing parasites, extracellular parasites 

were passed t o    m i te  to emo e e ost cell debris and the total number of 

parasites (forward by side scatter) and the number of parasites with GFP fluorescence were 

enumerated. The trend lines represent the percentage of total tgcyp null parasites at each time 

point, and the analysis was serially passaged over 10 days. The assays were carried out in 

triplicate and the results graphed in Microsoft Excel. 

D. Labeling intracellular parasites with unnatural sugars:  

Confluent monolayers of HFF cells were infected with Toxoplasma 2 hours prior to 

metabolic labeling. After 2 hours, fibroblasts were trypsonized and placed on a 60-mm plates for 

24 hours that had been pre-coated with Ac4GlcNAc (KRETZSCHMAR AND STAHL 1998), 

Ac4GlcNAz, Ac4GalNAz, Ac4ManNAz (LUCHANSKY et al. 2003), Ac4GlcNAlk (GURCEL et al. 

2008), Ac4GalNAlk (KRETZSCHMAR AND STAHL 1998). Parasites were released from host cells 

by syringe passage (27-gauge needle) and filtered through a 3-µm mesh. The parasites were 

pelleted at 1500 x g for 20 minutes, aspirated, and suspended in lysis buffer.  

E. Metabolic labeling of parasites with unnatural sugars: 

Confluent monolayers of HFF cells were infected with Toxoplasma 24-48 hours prior to 

metabolic labeling. Once the host cells were infected to maximum capacity, they were washed 

with Endo buffer (44.7 mM K2SO4, 106 mM sucrose, 10 mM MgSO4, 20 mM Tris, 5 mM 
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glucose, 3.5% BSA pH 8.2), a buffer that mimics intracellular conditions (ENDO AND YAGITA 

1990), and then collected by scraping. Parasites were released from host cells by syringe passage 

(27-gauge needle) and filtered through a 3-µm mesh. The parasites were pelleted at 1500 x g for 

20 minutes, aspirated, and resuspended in 5 mL of Endo buffer. The parasites were added to 60-

mm plates that had been pre-coated with Ac4GlcNAc (KRETZSCHMAR AND STAHL 1998), 

Ac4GlcNAz, Ac4GalNAz, Ac4ManNAz (LUCHANSKY et al. 2003), Ac4GlcNAlk (GURCEL et al. 

2008), Ac4GalNAlk (KRETZSCHMAR AND STAHL 1998). 

F. Tunicamycin treatment: 

HFF cells were cultured in T175 flasks for 12 days, and then treated with 5 µg/mL 

tunicamycin for 48 hours.  The cells were subsequently infected with Toxoplasma tachyzoites 

(RH strain).  After 24 hours growth in tunicamycin-treated host cells, the parasites were isolated 

as above.  Extracellular parasites were then incubated with unnatural sugars in the presence of 

tunicamycin for an additional 8 hours prior to covalent labeling and immunoblot analysis. 

 

II. MOLECULAR BIOLOGY AND GENETIC METHODS: 

A. Creation of YFP-tagged TgCYP line: 

 In-frame carboxy (C)-terminal fusions of the TgCYP gene (TGGT1_093470) to YFP 

were created using established methods (HUYNH AND CARRUTHERS 2009). A 2.9 kB fragment 

terminating before the stop codon of the P450 open reading frame was amplified from the 

Toxoplasma genome (RH strain) with primers 5’ P450 and 3’ P450 as listed in Table 2.1. The 

amplified sequence was integrated into the pYFP.LIC.DHFR vector and transfected into type I 

ku80 null Toxoplasma parasites as previously described. Stable lines were isolated by selection 

in 1 µM pyrimethamine and single-cell cloned. 
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Table 2.1: Primers for creation of P450 constructs 
Name Sequence 

5’ P450 LIC TACTTCCAATCCAATTTAATGCGCACTCTTGCCCAGAATCCTC 
3’ P450 LIC CTTCGTTTCAAACCTCGGGCGGCTAAAATTGGAAGTGGAGGA 
5’ flank P450 fwd GGTTCTTTCTGTGGTTGTCTGC 
5’ flank P450 rev CAGAAATTCTAAACCCTGTCCTCAAC 
3’ flank P450 fwd GGAAAGAAAGGAATCTAGAAGACATCGAAATGACATAGC 
3’ flank P450 rev GCCACTCAATTACACACACAGG 
5’ flank P450 KO fwd TAGGGCCCGGTTCTTTCTGTGGTTGTCTGC 
5’ flank P450 KO rev TAGGGCCCGTTGAGGACAGGGTTTAGAATTTCTG 
3’ flank P450 KO fwd GCACTAGTGGAAAGAAAGGAATCTAGAAGACATCGAAATGACATAGC 
3’ flank P450 KO rev GCACTAGTCCTGTGTGTGTAATTGAGTGGC 
5’ p450His6TA ATGTCGGAACTTAGTACGCCTTCG 
3’p450 seq CTGCTCGTAGTCATCATCGC 
5’ P450 upstream  ATGTGCGGTTGGGGACGAGTGAAC 
3’ HPT primer 2 GCAAATGATGTGCAACTCCTCGCCGAAG 
P450 CRISPR Fwd CAGCCGTTATTTTAGAGCTAGAAATAGCAAG 
P450 CRISPR Rev ATATCCGTCTCAACTTGACATCCCCATTTAC 
SPM2 CRISPR Fwd TCTGGGGCTTTTTAGAGCTAGAAATAGCAAG 
SPM2 CRISPR Rev GCTATGTGAACAACTTGACATCCCCATTTAC 
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B. Creation of tgcyp null parasites:  

 A gene knock-out construct based on the pMini-GFP.hh plasmid was generated in order 

to introduce a hypoxanthine-xanthine-guanine phosphoribosyltransferase (HPT) selectable 

marker into the TgCYP locus (GILBERT et al. 2007). The TgCYP knock-out vector was created 

by amplifying 4.9 kb and 5.0 kB regions of the genome up and downstream of the tgcyp locus 

with primers listed in Table 1. This vector was electroporated into type I (RH) or type II (Pru) 

ku80 knock-o t ines nd inte nts e e se ected it   medi   m  myco eno ic cid 

nd  m  nt ine  noc o t ines in bot  ty e  nd ty e  b c o nd e e sin e ce  

cloned. Knock-out lines were confirmed by DNA amplification using primers listed in Table 2.1. 

C. Disrupting the TgCYP gene using CRISPR/Cas9 in Toxoplasma: 

Cas9 is an RNA-guided endonuclease that produces double stranded breaks in genomic 

DNA (gDNA) based on programmable single guide RNAs (sgRNAs).  The sgRNAs consist of a 

5’ targeting sequence and a 3’ guide RNA (gRNA) scaffold. The 5’ targeting sequence consists 

of 20 nucleotides complementary to a specific gDNA sequence and guides the Cas9 to where to 

cut the gDNA. A single plasmid for CRISPR/Cas9 genome editing called pSag-Cas9-GFP-pU6-

sgRNA was created by the Sibley laboratory (SHEN et al. 2014). The plasmid expresses the Cas9 

enzyme fused to GFP under the control of the SAG1 promoter with expression of the sgRNA 

driven by the pU6 promoter.  

C1. Programing the plasmid to target gene of interest: 

To specifically target the gene of interest, a 20 nucleotide sgRNA target sequence must 

be identified in the gDNA. The software tool at the E-CRISP.org website was used to identify 

unique sgRNA sites in the TgCYP gene in type I (GT1) and type II (Me49) Toxoplasma 

genomes. The targeting sequence must immediately precede a PAM site (NGG, where N can be 

any nucleotide) and must be unique to avoid cutting offsite targets in the genome. The existing 
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target sequence in the pSag-Cas9-GFP-pU6-UPRT plasmid was replaced with the following 20 

nucleotide sgRNA target sequence “GAGACGGATATCAGCCGTTA” (derived from the 

TgCYP gene) using directed mutagenesis (New England Biolabs) to create pSag-Cas9-GFP-

pU6-P450. Primers used for the reaction can be found in Table 2.1. 

C2. Transfection and selection: 

RH strain tachyzoites were co-transfected pSag-Cas9-GFP-pU6-P450 plasmid (5 ug) and 

a resistance cassette (100 ng). The resistance cassette (5’P450-DHFR-mCHerry-3’P450) 

consisted of 200 regions from either side of the CRISPR cut site flanking a DHFR gene 

(pyrimethamine resistance) and mCherry gene driven by GRA2 promoter and 3’ untranslated 

elements. The resistance cassette was cut from the plasmid using AsiSI and gel purified (Zymo 

gel purification kit). The plasmid and resistance cassette were electroporated into Toxoplasma 

tachyzoites using standard protocols. Parasites were selected with 1µM pyrimethamine and 

insertion of the resistance cassette into the break site was checked by PCR. As a control, a 

similar construct expressing GFP was integrated into the SPM2 gene site using CRISPR and 

“GTTCACATAGCTCTGG GGCT” sgRNA sequence. Previous studies from the group indicated 

that a SPM2 knock-out did not exhibit discernable fitness defects in a competition assay (TRAN 

et al. 2012). 

D. Expression and purification of truncated TgCYP in E. coli: 

 The coding sequence of TgCYP was resynthesized to optimize expression in E. coli 

(Genscript). Expression of full-length protein (TgCYP-His6 tagged) was induced with 0.2 mM 

IPTG and expressed in E. coli. Because the transmembrane domain made protein purification 

difficult, a soluble protein was produced by omitting the amino (N)-terminal region (41 residues) 

which includes a transmembrane domain. The truncated TgCYP coding sequence was cloned 
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into the BamHI and Xho  sites o  t e iso o y  -D-1-thiogalactopyranoside (IPTG) inducible 

pET-21a(+) vector (Novagen) with a fused C-terminal His6 tag. TgCYP was expressed in BL21 

(DE3) cells. A 20 ml culture was inoculated into 1 liter of 2x-YT media supplemented with 50 

mg/ml of ampicillin. IPTG was added to the cultures grown at 37°C when the OD600 nm reached 

1.2. The temperature was decreased to 30°C and flasks were shaken at 85 rpm for 48 hours. After 

harvesting, cells were resuspended in buffer A (100 mM phosphate, pH 7.4, 20% glycerol, 5 mM 

mercaptoethanol (ME), and 100 µM phenylmethanelsulfonylfluoride (PMSF), at a buffer:cell 

weight ratio of 4. Cells were broken by passing through a fluidizer (Microfluidics) and 

centrifuged for 60 min at 17,000 rpm. The supernatant was supplemented with 50 mM glycine 

and loaded on a Ni-NTA affinity resin (20 ml; Sigma). After loading, the column was 

extensively washed with buffer A containing 50 mM glycine. The protein was eluted with 40 

mM histidine in buffer A, concentrated and loaded on CM-sepharose (100 ml; General Electric) 

equilibrated in 5 mM phosphate, pH 7.4, 20% glycerol, 1 mM dithiothreitol (DTT), 1 mM 

EDTA, 5% ethanol, and 100 µM PMSF (buffer B). The column was washed overnight with 1L 

of buffer B containing 5 mM phosphate, 1 mM DTT, 1 mM EDTA, 5% ethanol and 100 µM 

PMSF, pH 7.4. TgCYP was eluted with buffer B containing a gradient of 15 and 45 mM 

phosphate (100 ml each). Fractions with the A411/280 nm ratio > 1.1 were combined, 

concentrated and stored at 4°C in 100 mM phosphate, pH 7.4, 20% glycerol, 5% ethanol, 1 mM 

DTT, and 1 mM EDTA.  
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III. MICROSCOPY: 

A. Fluorescence microscopy of click labeled samples: 

A1. Staining extracellular parasites:  

Parasites were processed for labeling as described above. Extracellular tachyzoites were 

incubated in intracellular ionic condition with either 1mM Ac4GkcNAc or 1mM Ac4GlcNAz for 

o  o s   2.) Parasites were incubated with click-biotin and DG52 antibody and 

stained with Streptavidin-Alexa 488 and AlexaFluor594 (both incubations were for one hour at 

room temperature). Samples were placed on poly-l-lysine treated coverslips and imaged on a 

Zeiss Axiovert 200M using the Axiovision camera and software, and images were processed in 

Photoshop.  

A2. Staining intracellular parasites:  

Syringe-lysed parasites were suspended in Endo buffer containing Ac4GlcNAz (250-1000 

 o  c4GlcNAc (250-   te   o s  t e sites e e s ed it   

Monolayers of HFF cells on coverslips were infected at a multiplicity of infection (MOI) of 5-15 

for 36 hours. The infected HFF cells were rinsed with PBS and treated with a freshly prepared 

“click” chemistry cocktail containing biotin-alk. Samples were washed with PBS and blocked for 

1 hour at room temperature with 5% BSA. Samples were incubated with streptavidin-

AlexaFluor594 (Jackson Labs) for 30 minutes at room temperature, then washed with PBS. 

Microscopy was performed on coverslips mounted in Vectashield mounting media (Vector 

Laboratories).  

B. Immunofluorescence microscopy: 

 Microscopy was performed on Toxoplasma lines expressing an in-frame fusion of 

TgCYP to yellow fluorescent protein (YFP). For imaging intracellular parasites, 12 mm circular 

glass coverslips were seeded with HFF host cell monolayers and infected with YFP-tagged 
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Toxoplasma lines. For imaging extracellular parasites, tachyzoites were filter-purified and 

adhered to polylysine-coated coverslips. Samples were fixed with four percent formaldehyde, 

permeabilized and stained as previously described (MORRISSETTE AND SIBLEY 2002). Antibodies 

for immunofluorescence include mouse monoclonal antibodies against GFP (Roche), His6 (Life 

Technologies), anti-P30/SAG1 (DG52) (BURG et al. 1988), and a Toxoplasma-specific 

F1ATPase monoclonal antibody (5F4, from Peter Bradley at UCLA). The antibodies were 

visualized with Alexa-594 and 488 conjugated antibodies (Invitrogen) and DNA was visualized 

by Hoechst staining. Coverslips were mounted in a polyvinyl alcohol-based medium, imaged on 

a Zeiss Axiovert 200M using the Axiovision camera and software, and images were processed in 

Photoshop. 

 

IV. BIOCHEMICAL METHODS: 

A. Detection of unnatural sugars: 

Extracellularly labeled parasites (see above) were collected by centrifugation (1500 x g 

o   min tes  s ed t ice it   nd es s ended in   o  ysis b e   -40, 

150 mM NaCl, 50 mM triethanolamine, pH 7.4) containing protease inhibitors (Roche 

Biosciences). Samples were subjected to five freeze-thaw cycles, pelleted, and the resulting 

supernatants were collected for analyses. Total protein concentrations were measured using a 

bicinchoninic acid (BCA) assay (Pierce, ThermoScientific). 

A1. Cu(I)-catalyzed "click" reactions to detect unnatural sugars:  

Toxoplasma lysates (50 µg) were diluted with lysis buffer to a final concentration of 1 

µg/µL. To each sample was added rho-alkyne, rho-azide, biotin-alkyne (CHARRON et al. 2009), 

or biotin-azide (HANG et al. 2004) (100 µM, from a 10 mM stock solution in DMSO), along with 
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a freshly prepared cocktail of "click" chemistry reagents (sodium ascorbate: 1 mM, from a 50 

mM stock solution in water; tris[(1-benzyl-1-H-1,2,3-triazol-4-yl)methyl] amine (TBTA): 100 

µM, from a 10 mM stock solution in DMSO); CuSO4•5H2O: 1 mM, from a 50 mM stock 

solution in water). The final reaction volume was 50 µL in all cases. The reaction mixtures were 

vortexed and incubated at room temperature for 1 hour. To precipitate the labeled proteins, the 

samples were treated with ice-cold methanol (1 mL) and placed at -80 °C for 2 hours. The 

precipitates were pelleted at 13,000 x g for 10 minutes (at 4 °C), and the supernatants were 

discarded. The samples were air-dried for 1 hour at room temperature prior to the addition of 15 

µL of resuspension buffer (4% SDS, 150 mM NaCl, 50 mM thiethanolamine pH 7.4) and 15 µL 

of 2x SDS-  o din  b e   yce o   b omo eno  b e   -

mercaptoethanol). The proteins were denatured at 95°C and then resolved on Tris-glycine SDS-

PAGE gels. Labeled proteins were detected with antibodies on immunoblots or in-gel 

fluorescence.  

A2. The Staudinger ligation to detect unnatural sugars:  

Toxoplasma lysates (50 µg) were reacted with phosphine-FLAG-His6 or phosphine-biotin 

(250 µM, 500 µM stock solution in PBS) at room temperature for 12 hours (LAUGHLIN et al. 

2006). The samples were then treated with 4x SDS-PAGE loading buffer (4% SDS, 40% 

yce o   b omo eno  b e   -mercaptoethanol). The samples were then incubated at 

95°C and the proteins were resolved on Tris-glycine SDS-PAGE gels. In some cases, the labeled 

proteins were detected with antibodies on immunoblots, whereas in other cases, in-gel 

fluorescence was used.  
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B. Analysis of carbohydrate-modified proteins: 

B1. Immunoblots:  

Proteins separated by SDS-PAGE were electroblotted to nitrocellulose membranes. Blots 

with biotinylated proteins were blocked using a solution of 7% BSA in PBS containing 0.1% 

Tween-20 (PBS-T) for 1 hour at room temperature. FLAG-His6-labeled blots were blocked using 

a solution of 5% non-fat milk (in PBS-T) for 1 hour at room temperature. The blots were 

incubated with HRP-α-biotin (Jackson Immuno Research, 1:10,000 dilution), IRDye 800 CW 

streptavidin (Li-Cor, 1:10,000 dilution) or HRP-α-FLAG (Sigma, 1:5,000 dilution) in the 

appropriate blocking buffer for 1 hour at room temperature, then rinsed with PBS-T (6 x 10 

minutes). Detection of membrane-bound antibodies was accomplished by chemiluminescence 

(SuperSignal chemiluminescence substrate, Pierce) or near infrared spectroscopy on an Odyssey 

Infrared Imaging System. 

B2. In-gel fluorescence scanning: 

Following SDS-PAGE, gels were incubated in destaining solution (50% methanol/10% 

acetic acid in water, 10 minutes), followed by water (10 minutes). In-gel fluorescent signals were 

measured on a Typhoon Trio+ scanner.  

B3. Immunoprecipitation: 

Toxoplasma samples were prepared and reacted as previously described (see section I 

part E). In order to purify TgSAG1, samples were incubated with anti-P30/SAG1 (DG52) (BURG 

et al. 1988) overnight at 4°C, with mixing. The protein-antibody complex was isolated using 

Pierce Protein A/G Magnetic Beads (Thermo Scientific). Samples were analyzed on 

immunoblots as above.  
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C. Deglycosylation experiments: 

C1. PNGaseF Treatment: 

Toxoplasma lysates (40 µg) were diluted with lysis buffer (to total 10 µL), 10% NP-40 

(1.3 µL), and reaction buffer (New England Biolabs deglycosylation kit, 1.3 µL). PNGaseF 

(New England Biolabs 200 U, 0.4 µL) was added to each sample, and the reactions were 

incubated at 37 °C for 8 hours. Proteins were then labeled with biotin-alk and analyzed via 

immunoblot as above.  

C2. Hexosaminidase-f treatment: 

Toxoplasma lysates (50 µg) were diluted with lysis buffer (to total 54 µL), reaction buffer 

(New England Biolabs, 6 µL). Hexosaminidase-f (New England Biolabs 5 U, 1.0 µL) was added 

to each sample, and the reactions were incubated at 37 °C for 16 hours. Proteins were then 

labeled with biotin-alk and analyzed via immunoblot as above.  

C3. OGA treatment: 

Toxoplasma lysates (40 µg) were diluted with lysis buffer (to total 20 µL) and treated 

with an O-GlcNAcase (OGA) enzyme as in (BOYCE et al. 2011) at 37 °C for 24 hours. Proteins 

were then labeled with biotin-alk and analyzed via immunoblot as above.  

C4. β-Elimination: 

Toxoplasma lysates (40 µg) were diluted with lysis buffer (to total 20 µL) and then 

labeled with biotin-  te  ddition o    o  -elimination reagent mixture (Sigma) the 

reaction was incubated at 4 °C for 8-24 hours. Proteins were then analyzed via immunoblot.  

D. Identification of carbohydrate-modified proteins 

D1. Enrichment of carbohydrate-modified proteins for MudPIT analysis 

Toxoplasma lysate (6 mg total protein in 1 mL of lysis buffer) was treated with 110 µL of  

10 mM phosphine-biotin in DMSO (working concentration = 1 mM). The reaction mixture was 
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incubated under an Ar atmosphere for 4 hours at 37 °C. Next, 1 mL of ice-cold methanol for 

each 250 µL of reaction mixture was added, and the samples were incubated at -80 °C for 2 

hours to precipitate proteins. The precipitates were pelleted at 13,000xg (4 °C, 10 minutes). The 

supernatants were discarded, and the samples were re-suspended in ice-cold methanol and 

precipitated at -80 °C two more times. Precipitates were dissolved in 1% SDS in PBS, and 

incubated with avidin agarose beads at room temperature overnight. The beads were washed with 

2 column volumes of 1% SDS in PBS (pH 7.4), followed by two column volumes of 6 M urea in 

PBS (pH 7.4), then two column volumes of 4 M NaCl in PBS (pH 7.4), and two column volumes 

of 100 mM NH4HCO3 (pH 7.4). The bound species were eluted by boiling the beads in SDS-

PAGE loading buffer at 95 °C for 10 minutes, and then loaded onto Tris-glycine SDS-PAGE 

gels. The gels were stained with Coomasssie blue and submitted to the UCI Mass Spectrometry 

Facility for MudPIT analysis.  

D2. MudPIT analysis 

Following in-gel digestion with porcine trypsin, extracted peptides were separated on a 

C18 column and analyzed by MSE on a SYNAPT G2 instrument with a TRIZIAC source 

(Waters). The data was analyzed using ProteinLynx Global Server software (PLGS 3.0) with the 

Toxoplasma genome and UniProt databases.  

E. CYP Assays:  

 UV/Vis spectral and kinetic measurements were conducted on a thermostated Cary 3 

spectrophotometer. The first electron transfer to TgCYP (1 µM) from the redox partner, rat 

cytochrome P450 reductase (CPR; 1-24 µM), was measured under anaerobic conditions at 25°C 

and 445 nm to follow the CO-adduct formation. The assay buffer (100 mM bis-tris-propane, pH 

7.4, 20% glycerol, 300 mM NH4Br) contained an oxygen scavenging system consisting of 5 mM 
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glucose, glucose oxidase (2 U/ml) and catalase (1 U/ml). Recombinant CPR was purified as 

described previously (SHEN et al. 1989). The kinetics of acetone metabolism were measured by 

monitoring consumption of NADPH (200 µM; 340 nm = 6.22 µM-1 cm-1) in a reconstituted 

system consisting of 0.5 µM TgCYP and 2 µM CPR. The reaction was carried out in the assay 

buffer supplemented with catalase (1 U/ml; Sigma), superoxide dismutase (1 U/ml; Sigma), and 

8% acetone. Absorbance changes were monitored at 25°C and corrected for the basal activity 

measured in the absence of acetone and TgCYP. To elucidate the effect of triazole antifungals on 

the acetone oxidation reaction, TgCYP was preincubated with fluconazole (250 µM; TCI 

America) or itraconazole (35 µM; Cayman Chemicals) prior to addition to the reaction mixture. 

 

V. GENOME  AND PROTEOME ANALYSIS: 

A. Toxoplasma proteins identified by MudPIT analysis: 

A spread-sheet of Toxoplasma proteins identified by mass spectrometry using the 

Toxoplasma genome and UniProt databases was further organized using BLASTP and NCBI 

data to categorize hits into subgroups (Chaperones/stress, Cytoskeleton, Enzymes, Membrane 

Compartments and Trafficking, Secretory Pathway and Other Cellular Processes). A set of 

uncharacterized protein hits was also noted and annotated with any available information on 

protein motifs. 

B. Analysis of TgCYP Coding Sequence and Protein Alignment: 

 Until recently, the TgCYP gene in the Toxoplasma genome (TGGT1_093470) was 

incorrectly annotated and only represented the C-terminal region of the corresponding protein. 

We used mass spectroscopy peptide data in ToxoDB to identify a larger open reading frame 

which could be amplified from a Toxoplasma cDNA library. As the conceptually translated 



47 
 

sequence of this cDNA contains an anticipated N-terminal transmembrane domain, the cDNA 

likely encodes the complete protein. The TMHMM Program v. 2.0 was used to predict the 

location of a transmembrane domain in TgCYP (http://www.cbs.dtu.dk/services/TMHMM/). 

This P450 sequence has been deposited with David Nelson who maintains a large cytochrome 

P450 database with a web interface (http://drnelson.uthsc.edu/CytochromeP450.html). It has the 

designation CYP5124A1. 

C. Identification and alignment of coccidian CYPs: 

 We used the predicted TgCYP amino acid sequence to identify a homologous CYP in 

Sarcocystis neurona using genome and transcriptome data kindly provided by Dan Howe, 

University of Kentucky. Similarly, we were able to predict the sequence of a Hammondia 

hammondi CYP from a cDNA sequence deposited at NCBI (gi675122969). Alignment of the 

Toxoplasma, Hammondia, Sarcocystis and Neospora sequences led us to conclude that the 

Neospora protein annotated in ToxoDB.org (NCLIV_058440) is incorrectly annotated. Genomic 

sequence was used to identify missing internal sequence and the four proteins were aligned using 

ClustalW (http://www.ebi.ac.uk/Tools/msa/ clustalw2/). We identified several P450 signatures 

(NELSON 2009) by a combination of manual searching and analysis of conserved domain 

alignments identified by BLASTp searching. We used EMBOSS to conduct pairwise 

comparisons of identity and similarity (NEEDLEMAN AND WUNSCH 1970). 

D. Identification of alveolate CYPs: 

 The amino acid sequence of TgCYP was used to interrogate the genomes of Chromera 

velia and Vitrella brassicaformis which have recently been deposited in EupathDB.org under 

CryptoDB.org. The 44 hits (19 in Chromera and 25 in Vitrella) were reanalyzed using BLASTp. 

This analysis demonstrated that Vbra_10877 was not a CYP (it has similarity to the N-terminal 
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region of TgCYP) and that four candidates (Vbra_414, Vbra_15420, Vbra_22347, and 

Cvel_3895) were likely scrambled fragments of CYPs (Table 2.2). We also identified nine CYPs 

in the Perkinsus marinus genome. We chose not to include the abundant ciliate CYPs that are 

represented in the Tetrahymena and Paramecium genomes as ciliates are the earliest branching 

alveolate group and our analysis was already quite complex. Lastly, we were able to identify 

fragments of CYPs in ESTs from the dinoflagellates Alexandrium spp., Symbiodinium spp., and 

Karenia spp. As assembled dinoflagellate genomes are not yet available for analysis, this lineage 

was not represented in our final CYP analysis, although it is abundantly clear that dinoflagellates 

have multiple CYP genes. 

E. Phylogenetic analysis of alveolate CYPs: 

ClustalW2 (LARKIN et al. 2007; GOUJON et al. 2010) was used to align amino acid 

sequences of 56 CYPs including the four coccidian P450 proteins (see Table 4.4). We used 18 

CYPs from the Chromera velia genome, 21 CYPs from the Vitrella brassicaformis genome and 

9 CYPs from the Perkinsus marinus genome. In order to analyze other likely CYP homologs, we 

included sequences which were best matches in the NR protein database using BLASTP and 

DELTA-BLAST analysis (STATES AND GISH 1994; BORATYN et al. 2012). For example, 

XP_002983738.1 is a CYP from Selaginella moellendorffii, a member of an ancient vascular 

plant lineage. It was a high-scoring BLASTP hit (5-19) and the only protein with homology 

extending beyond the P450-like region into the N-terminus (70% coverage rather than ~40% for 

other hits). When the NR database was queried with TgCYP using DELTA-BLAST, which 

constructs a position-specific scoring matrix using the results of a conserved domain database 

search, vertebrate 3A-type CYPs have the highest scores and coverage. The mouse CYP 

BAA95951.1 (Mm1) was identified with 75% coverage and a score of  8-69 using TgCYP, and  
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Table 2.2: Likely CYPs from chromerid species 

Acc. number Description Comments Size 
(aa) 

>Cvel_941   Cytochrome P450 4d8, 
putative  

Complete P450 599 

>Cvel_3759   Cytochrome P450 97B3, 
chloroplast, putative  

Complete P450 803 

>Cvel_3895   Cytochrome P450 19A1, 
putative  

Incomplete P450 plus AAA 
domain 

720 

>Cvel_4947   Cytochrome P450 714C2, 
putative  

Complete P450  676 

>Cvel_5365   Bifunctional P-450/NADPH-
P450 reductase, putative  

Complete P450, flavodoxin, 
NADPH cytochrome p450 
reductase (CYPOR)  

1171 

>Cvel_6456   Cytochrome P450 86A2, 
putative  

119 additional amino acids 
in P450 

665 

>Cvel_7998   Cytochrome P450 4d2, 
putative  

Complete P450 595 

>Cvel_10159   Cytochrome P450 97B3, 
chloroplast putative  

40 additional amino acids in 
P450 domain 

555 

>Cvel_13782   Probable cytochrome P450 
4s3, putative  

Complete P450 591 

>Cvel_14318   Cytochrome P450 315a1, 
mitochondrial, putative  

Complete P450 530 

>Cvel_16376   Cytochrome P450 4C1, 
putative  

46 additional amino acids in 
P450 domain 

635 

>Cvel_17367   Cytochrome P450 4F4, 
putative  

Complete P450 488 

>Cvel_19377   Cytochrome P450 315a1, 
mitochondrial, putative  

Complete P450 536 

>Cvel_21070   Cytochrome P450 97B2, 
chloroplast putative  

Complete P450 699 

>Cvel_21347   Cytochrome P450 734A6, 
putative  

Additional 70 amino acids 636 

>Cvel_21934   Cytochrome P450 704C1, 
putative  

146 additional amino acids 
in P450  

650 

>Cvel_26699   Cytochrome P450 97B2, 
chloroplast, putative  

35 additional amino acids in 
P450 domain 

544 

>Cvel_28088   Cytochrome P450 86A1, 
putative  

53 additional amino acids in 
P450 

602 

>Cvel_31586   Probable cytochrome P450 
312a1, putative  

Complete P450 556 

>Vbra_414   Probable bifunctional P-
450/NADPH-P450 reductase 2 

Incomplete P450 140 

>Vbra_861   Cytochrome P450 78A4 Complete P450  530 
>Vbra_1326   Cytochrome P450 97B3, 

chloroplast, putative  
Complete P450 876 
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>Vbra_1471   Protein LUTEIN DEFICIENT 
5, chloroplast 

Complete P450 536 

>Vbra_3993   Cytochrome P450 3A13, 
putative 

Complete P450 540 

>Vbra_4874   Protein LUTEIN DEFICIENT 
5, chloroplast,  

Complete P450  535 

>Vbra_5538   Cytochrome P450 4d2, 
putative  

37 additional amino acids in 
P450 domain 

588 

>Vbra_5145   Cytochrome P450 3A14, 
putative 

Complete P450 578 

>Vbra_10092   Cytochrome P450 3A41 Complete P450 543 
>Vbra_10877   Hypothetical protein  REJ domain 2292 
>Vbra_11469   Cytochrome P450 716B2, 

putative 
Complete P450 domain 504 

>Vbra_11766   Putative cytochrome P450 
135A1, putative  

Complete P450 plus 
Rhodanese Homology 
Domain (RHOD) 

673 

>Vbra_11869   Cytochrome P450 4V2, 
putative 

Complete P450 517 

>Vbra_13086   Cytochrome P450 4V2, 
putative  

Complete P450 513 

>Vbra_13111   Cytochrome P450 4V2, 
putative  

Complete P450  509 

>Vbra_14298   Cytochrome P450 4A6, 
putative 

Complete P450 524 

>Vbra_15271   Cytochrome P450 4c3, 
putative  

Complete P450 565 

>Vbra_15420   Putative cytochrome P450 
CYP13A7,  

Incomplete P450 307 

>Vbra_16262   Cytochrome P450 3A12, 
putative 

Complete p450  514 

>Vbra_20506   Sterol 14-demethylase, 
putative  

Short-chain dehydrogenases 
/reductases (SDR) and 
complete P450  

901 

>Vbra_21587   Cytochrome P450 4V2, 
putative  

Complete P450 535 

>Vbra_21871   Probable cytochrome P450 
12c1, mitochondrial,  

Complete P450 domain 563 

>Vbra_22291   Cytochrome P450 3A14, 
putative 

Complete P450 533 

>Vbra_22347   Cytochrome P450 3A14, 
putative 

Incomplete P450 1569 

>Vbra_22422   Bifunctional P-450/NADPH-
P450 reductase, putative  

Complete P450 521 
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with 75% coverage and a score of 9-66 using HhCYP. When NcCYP was queried with this 

strategy, XP_011949640.1, a 4F CYP from Cercocebus atys (sooty mangabey) is identified with 

93% coverage and a score of 8-65. Surprisingly, there were no hits with improved coverage for 

SnCYP using DELTA-BLAST. Lastly, a CYP from Stereum hirsutum, a bracket fungus, was 

included because it was identified (albeit with low statistical significance) when the N-terminal 

300 amino acids of TgCYP were used to query the NR database with BLAST. These CYP 

sequences were aligned in CLUSTALW2 (LARKIN et al. 2007; GOUJON et al. 2010). We selected 

a region of 39 amino acids from the alignments that did not have gaps in any of the aligned 

sequences to use for phylogenetic analysis. We did not carry out bootstrapping analysis on the 

tree from the ClustalW2 phylogenetic tree, as this typically requires a minimum of 200 amino 

acids. The tree was displayed using TreeView (http://taxonomy.zoology.gla.ac.uk/ 

rod/treeview.html). 

 

VI. CONTRIBUTIONS TO THE DATA IN THIS THESIS: 

Chapter 3: All unnatural sugars were synthesized by the Prescher group. All experiments were 

carried out in collaboration with Lidia Nazarova in the Prescher group.  

Chapter 4: Irina Sevrioukova in the Poulos group carried out biochemical characterization of 

Toxoplasma CYP, represented in figures 4.5 (spectral analysis) and 4.6 (substrate identification).  
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 CHAPTER THREE 

Extracellular Toxoplasma gondii tachyzoites metabolize and incorporate 

unnatural sugars into cellular glycoproteins 

 

ABSTRACT: 

Toxoplasma gondii is an obligate intracellular parasite that infects all nucleated cell types 

in diverse warm-blooded organisms. Many of the surface antigens and effector molecules 

secreted by the parasite during invasion and intracellular growth are modified by glycans (VARKI 

et al. 2009b). Glycosylated proteins in the nucleus and cytoplasm have also been reported (HART 

et al. 1989). As the complete inventory and biological significance of glycosylated proteins in 

Toxoplasma remains unknown, a bioorthogonal chemical reporter strategy was used to introduce 

sugars bearing unnatural functional groups (i.e., “chemical reporters”) into Toxoplasma glycans, 

followed by covalent labeling with visual probes or affinity tags. This two-step approach enables 

the rapid visualization and identification of newly biosynthesized glycoproteins in the parasite in 

order to globally profile carbohydrate-modified proteins in tachyzoites. Using a buffer that 

mimics intracellular conditions, extracellular Toxoplasma tachyzoites were found to metabolize 

and incorporate unnatural sugars (equipped with bioorthogonal functional groups) into 

glycoproteins.  Covalent chemistries were used to visualize and retrieve these labeled structures.  

Subsequent mass spectrometry analysis revealed 107 unique proteins.  This survey identified 

novel proteins as well as previously characterized proteins from lectin affinity analyses.  
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INTRODUCTION: 

Glycosylation is a ubiquitous post-translational modification that is critically important 

for diverse cellular functions, including protein folding and sorting, receptor interactions and 

signal transduction (VARKI et al. 2009a; MOREMEN et al. 2012).  Complex carbohydrates 

(glycans) are built off polypeptide chains by the actions of numerous glycosyltransferases 

(enzymes that transfer activated nucleotide sugars to growing glycan chains or underlying 

protein/lipid units). Glycan structures can be further modified by glycosidases (enzymes that trim 

sugars from larger structures) or enzymes that add sulfate or acetyl groups to the monosaccharide 

units. Several proteins synthesized in the rough ER are modified by N-linked glycans (typically 

attached to asparagines residues), while others are modified via O-linked glycans (attached to 

serine, threonine, tyrosine, hydroxylysine, or hydroxyproline residues).  Some extracellular 

proteins also comprise glycosylphosphatidylinositol (GPI) anchors, carbohydrate-containing 

phosphatidyl-inositol groups that anchor the proteins into the external leaflet of the plasma 

membrane (TOMAVO et al. 1992a; TOMAVO et al. 1992b).  In recent years, numerous intracellular 

proteins relevant to cell signaling, metabolism, and gene expression have been discovered to 

harbor β-O-GlcNAc residues (HANOVER et al. 2012; MA AND HART 2014). 

The prevalence and central roles of protein glycosylation are only beginning to be 

appreciated in apicomplexan pathogens such as Toxoplasma gondii.   T. gondii is an obligate 

intracellular parasite, capable of infecting all nucleated cell types in diverse warm-blooded 

animals and birds (LEVINE 1988). Toxoplasma tachyzoites are the rapidly proliferating form of 

the parasite which causes acute stage infection. This form, as well as other life cycle stages, 

contains characteristic eukaryotic organelles including a nucleus, endoplasmic reticulum (ER), 

Golgi apparatus, mitochondrion and plastid as well as specialized membrane-bound secretory 
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organelles termed micronemes, rhoptries and dense granules. Tachyzoites are bounded by a tri-

laminar pellicle consisting of a plasma membrane and underlying inner membrane complex 

(IMC) and the tachyzoite surface is particularly enriched in GPI-linked surface proteins such as 

TgSAG1 (LEKUTIS et al. 2001). In order for Toxoplasma to survive and replicate, extracellular 

parasites must actively invade host cells in infected organisms, including humans. Invasion of 

host cells begins with the initial attachment of GPI-anchored surface antigens on Toxoplasma to 

glycans on the host cell (BOULANGER et al. 2010). Secretion from micronemes and rhoptries is 

required for parasite motility, host cell invasion and establishment of a non-phagosomal 

membrane-bound parasitophorous vacuole (CARRUTHERS AND BOOTHROYD 2007; BOOTHROYD 

AND DUBREMETZ 2008). Within the vacuole, tachyzoites undergo an asexual reproduction by 

endodyogeny, a process in which two daughter cells are produced inside a mother cell. In the 

absence of a host cell, the parasite is not able to replicate and will not survive. Trafficking of 

proteins to the parasite surface and to the microneme, rhoptry and dense granule compartments 

occurs via post-Golgi sorting (HAGER et al. 1999; STEDMAN et al. 2003; SHEINER et al. 2008) 

and is likely to require protein glycosylation. 

We have an incomplete understanding of glycan modification in apicomplexan parasites 

due, in part, to a lack of tools for studying these non-templated biopolymers in their native 

contexts (PRESCHER AND BERTOZZI 2006). Lectins (receptor proteins that bind to glycans) 

(FAUQUENOY et al. 2008; LUO et al. 2011) and glycan-specific antibodies (PEREZ-CERVERA et al. 

2011) are available to survey parasite glycans, but these reagents are notoriously non-specific 

and provide limited information on the types of glycans present. Additionally, many well-known 

reagents available for studies of mammalian glycosylation (including PNGaseF and other 

glycosidases) may not recognize unique glycan motifs produced by the parasite. Early reports 
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suggested that GPI anchors are the predominant form of carbohydrate modification of 

Toxoplasma proteins (GOWDA et al. 1997; STRIEPEN et al. 1997; ZINECKER et al. 2001; PEREZ-

CERVERA et al. 2011). However, there is now ample evidence that Toxoplasma proteins can be 

modified by both N- and O-linked pathways (STWORA-WOJCZYK et al. 2004a; STWORA-

WOJCZYK et al. 2004b; SHAMS-ELDIN et al. 2005; WEST et al. 2006; LUK et al. 2008; PEREZ-

CERVERA et al. 2011; XU et al. 2012).  Intracellular Toxoplasma proteins decorated with β-O-

GlcNAc residues have also been identified (SCHWARZ AND TOMAVO 1993; LUK et al. 2008).  

Curiously, the predominant glycans in Toxoplasma tachyzoites are unusual oligomannosidic 

(Man5-8(GlcNAc)2) and paucimannosidic (Man3-4(GlcNAc)2) sugars, which are rarely present on 

mature vertebrate glycoproteins (FAUQUENOY et al. 2011). Significantly, tunicamycin-treated 

parasites exhibited reduced motility, host cell invasion, and growth, suggesting that parasite 

glycosylation may represent a significant future drug target (FAUQUENOY et al. 2008; LUK et al. 

2008).  

Two reports have identified glycosylated proteins in Toxoplasma tachyzoites using lectin 

affinity chromatography and mass spectrometry (MS). In the first study, a Concanavalin A 

(ConA) column was used to enrich and identify putative glycoproteins, including cytoskeletal 

proteins (TgMyoA, TgMyoB/C, TgIMC2, actin, tubulin and TgGAP50), secreted proteins (the 

microneme proteins TgAMA1 and TgPLP1 and several rhoptry proteins) and likely components 

of the membrane trafficking machinery (putative sortilin and Sec61 orthologs) (FAUQUENOY et 

al. 2008). More recently, a set of 132 proteins that are likely modified by glycans was identified 

by serial lectin affinity chromatography (SLAC) and MS (LUO et al. 2011). This glycoproteome 

included surface antigens, microneme, dense granule and rhoptry components, heat shock 

proteins, as well as a number of hypothetical proteins. The lectins ConA, wheat germ agglutinin 
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(WGA) and Jacalin were used to isolate glycoproteins in this study. While some glycoproteins 

bound to all three lectins, others were only retained by one or two of the lectins.  

As noted above, although lectins can be used to profile some aspects of parasite glycosylation, 

these reagents do not provide a complete picture of glycan biosynthesis. This complementary 

information can be captured using the bioorthogonal chemical reporter strategy (PRESCHER AND 

BERTOZZI 2005; GRAMMEL AND HANG 2013; PATTERSON et al. 2014). In this approach, a 

monosaccharide substrate is modified with a functional group (the reporter) that is chemically 

inert in biological systems (Figure 3.1). Upon administration to cells, the modified sugar is 

processed similarly to its native counterpart and integrated into cellular glycans. Finally, the 

labeled glycans are reacted with a detectable probe using highly selective, covalent chemistries. 

Depending on the nature of the probe, this strategy permits both the visualization of glycans 

and/or their enrichment from complex mixtures for subsequent analyses. This chapter describes 

using a bioorthogonal chemical reporter strategy to label and profile glycoproteins in living 

Toxoplasma tachyzoites. This approach identified known and novel glycoproteins in the parasite 

and, importantly, demonstrated that tachyzoites can metabolize and incorporate sugar derivatives 

into cellular structures in the absence of host cell machinery.  Many of the glycoproteins appear 

to be modified by O-linked structures, suggesting an important role for these conjugates in the 

parasite life cycle. 

 

RESULTS: 

1. Intracellular tachyzoites have poor incorporation of unnatural sugars. 

 Toxoplasma is an obligate intracellular parasite, which only replicates inside of host cells. 

In order to visualize incorporation of glycans into replicating tachyzoites, monolayers of human  
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Figure 3.1: Peracetylated unnatural sugars. Structures of peracetylated N-
acetylglucosamine (Ac4GlcNAc) and the corresponding alkynyl (Ac4GlcNAlk) 
and azido (Ac4GlcNAz) analogs used in metabolic labeling studies.  The acetyl 
groups facilitate sugar uptake into cells and are removed by the action of non-
specific esterases in the cytoplasm.  An azide-functionalized acyl chain (Az-
CO2Et) used in various control experiments is also pictured.  The azide and 
alkyne functional groups can be detected using bioorthogonal “click” 
chemistries. 
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foreskin fibroblasts (HFFs) were infected with Toxoplasma tachyzoites for 2 hours, then were 

trypsinized and re-plated in dishes containing control (Ac4GlcNAc) or azidosugars 

(Ac4GlcNAz). However, incorporation was poor and inconsistent as assessed by labeled 

immunoblots. This most likely occurs because the unnatural sugar must cross three membranes 

to access the glycosylation machinery inside tachyzoites (Figure 3.2). It must first travel across 

the host cell membrane into the host cell cytoplasm, then across the parasitophorous vacuole and 

finally across the parasite membrane. In addition to carrying a chemical reporter, the unnatural 

sugar is peracetylated to facilitate movement across membranes. However, host cell esterases 

likely modify the glycans by efficiently removing acetyl groups in the host cytoplasm. Therefore, 

it was necessary to eliminate the host cell in order to specifically label tachyzoites. As 

extracellular parasites expend most of their energy on motility in order to find and invade new 

host cells, we needed to redirect their energies toward synthetic processes. This was achieved by 

labeling extracellular parasites under “intracellular” conditions (low calcium, high potassium), 

which mimic intracellular ionic cues. Under these conditions we were able to demonstrate that 

Toxoplasma tachyzoites specifically modify their proteins with unnatural sugars.  

 

2. Extracellular Toxoplasma tachyzoites incorporate unnatural sugars 

Using a bioorthogonal chemical reporter strategy to label glycans in living Toxoplasma 

tachyzoites. In this technique, peracetylated azido or alkynyl sugars are metabolized by cells and 

incorporated into glycan structures (Figure 3.1). The acetyl groups present on each unnatural 

sugar facilitate cellular uptake, and the free sugars are liberated by the actions of esterases.  

Following installation into protein targets, the unique azido or alkynyl groups can be covalently 

reacted with probes for visualization or purification (PRESCHER AND BERTOZZI 2005). Prior to  
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Figure 3.2: Membrane barriers in intracellular tachyzoites. Unnatural sugars 
are peracetylated to facilitate movement across cell membranes (red circles). 
Tachyzoites replicate and are most metabolically activate inside a host cell within 
a parasitophorous vacuole (PV). In order for the sugar to reach tachyzoites inside 
the PV, it must travel across the (1) host cell membrane, (2) the PV membrane and 
the (3) tachyzoite membrane. Host cell esterases likely modify the sugar by 
removing acetyl groups, therefore preventing it from crossing the last two 
membranes.  It is also very likely that the host cell machinery takes up much of the 
unnatural sugars (red stars) for incorporation into host glycans, leaving very little 
to be accessed by tachyzoites.  
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this report, the chemical reporter strategy had not been used to observe glycosylation or other 

metabolic processes in Toxoplasma tachyzoites. Labeling parasites within a host cell presented a 

challenge, as the unnatural sugars had to traverse both the host cell and parasite plasma 

membranes in order to reach the tachyzoite cytoplasm. Indeed, we were unable to robustly detect 

the unnatural sugar labels in intracellular tachyzoites even at high doses of sugar. This was likely 

due to the action of host cell esterases and competition with the host cell metabolic machinery, 

preventing the delivery of sugar into the tachyzoite cytoplasm. Since Toxoplasma tachyzoites are 

most metabolically active when they are intracellular, we labeled extracellular Toxoplasma 

tachyzoites in established ionic conditions that mimic intracellular cues (Intracellular Endo 

Buffer) (ENDO et al. 1987).  

Azido and alkynyl variants of N-acetylglucosamine (Ac4GlcNAz and Ac4GlcNAlk, 

Figure 3.1) have been used to target O-linked and O-GlcNAcylated proteins in mammalian cells 

as well as in bacteria (DUBE et al. 2011), and have the potential to target N-linked structures as 

well (BREIDENBACH et al. 2010). When these reagents were administered to extracellular 

Toxoplasma tachyzoites, they labeled similar subsets of proteins, suggesting that the distinct 

chemical reporters do not influence incorporation of the monosaccharide (Figures 3.3A).  

Importantly, tachyzoites incorporate Ac4GlcNAz and Ac4GlcNAlk in a concentration and time 

dependent manner (Figures 3.3A-D). To investigate whether the N-acyl sugar modifications were 

simply removed from the sugar scaffolds and appended to proteins, we synthesized N-

azidoacetyl and N-alkynylacetyl units and examined their incorporation into Toxoplasma 

proteins (Figure 3.3E). Since the incorporation pattern is distinct, we believe that the bulk of the 

proteins that are detected are modified by intact unnatural sugars rather than a catabolic product.  

Metabolic incorporation was also visualized using fluorescence microscopy. Ac4GlcNAz-labeled  
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Figure 3.3: Toxoplasma tachyzoites metabolize unnatural sugars. (A) 
Toxoplasma tachyzoites incorporate Ac4GlcNAz in a dose-dependent manner.  
Parasites were incubated with unnatural sugar (0.1-5 mM) or the control sugar 
Ac4GlcNAc for 8 hours, lysed, and reacted with a biotin-alk tag via “click” 
chemistry.  The labeled proteins were separated via gel electrophoresis and 
detected via immunoblot with streptavidin. Normalized intensity (NI) values for 
each sample were calculated by measuring densitometry against control. 
Equivalent protein loading was confirmed via staining with Ponceau S. (B) 
Toxoplasma tachyzoites incorporate Ac4GlcNAz in a time-dependent manner. 
Parasites were incubated with Ac4GlcNAz (1 mM) or the control sugar 
Ac4GlcNAc (1 mM) for 2-12 hours, lysed, and reacted with a rhodamine-alkyne 
probe.  Labeled proteins were separated via gel electrophoresis and analyzed via 
in-gel fluorescence. Normalized intensity (NI) values for each sample were 
calculated by measuring densitometry against control. Equivalent protein loading 
was confirmed via staining with Ponceau S. (C) Toxoplasma tachyzoites 
incorporate Ac4GlcNAl in a dose-dependent manner.  Parasites were incubated 
with unnatural sugar (0.1-5 mM) or the control sugar Ac4GlcNAc for 8 hours, 
lysed, and reacted with an azido-biotin tag.  The labeled proteins were separated 
via gel electrophoresis and detected via immunoblot with streptavidin.  Equivalent 
protein loading was confirmed via staining with Ponceau S. (D) Toxoplasma 
tachyzoites incorporate Ac4GlcNAl in a time-dependent manner. Parasites were 
incubated with Ac4GlcNAl (1 mM) or the control sugar Ac4GlcNAc (1 mM) for 1-
12 h hours, lysed, and reacted with a rhodamine-azide probe.  Labeled proteins 
were separated via gel electrophoresis and analyzed via in-gel fluorescence. 
Equivalent protein loading was confirmed via staining with Ponceau S. (E) 
Ac4GlcNAz treatment reveals a unique glycoprotein fingerprint.  Parasites were 
incubated with Ac4GlcNAz (1 mM), Ac4GlcNAc (1 hour) or a non-sugar probe 
(Az-CO2Et) for 8 hours, lysed, and reacted with a biotin-alk tag.  Labeled proteins 
were analyzed via immunoblot as in (B). Equivalent protein loading was 
confirmed via staining with Ponceau S. 
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parasites were reacted with biotinylated probes and subsequently stained with streptavidin-

conjugated Alexa 488 (Figure 3.4A).  Signal was specific to Ac4GlcNAz-treated parasites and 

was most concentrated in the region around the nucleus, perhaps reflecting ER localization 

(Figure 3.4C).  Importantly, Ac4GlcNAz-treated samples were still able to infect host cells, 

suggesting that metabolic labeling was tolerated by the parasites (Figure 3.4B).   

 

2. Most proteins appear to be modified by O-linked sugars 

 To investigate the nature of the labeled glycans, we first investigated the common 

carbohydrate cleaving enzyme N-glycosidase F (PNGaseF).  PNGaseF treatment did not 

eliminate Ac4GlcNAz-dependent signal in our immunoblot analyses, suggesting that the majority 

of the label is not present in N-linked glycans or that the enzyme may not recognize features of 

carbohydrate modification in Toxoplasma (Figure 3.5A).  We also examined the effect of 

tunicamycin treatment on Ac4GlcNAz-labeled parasites.  Tunicamycin blocks the synthesis of all 

N-linked glycoproteins in vertebrate cells. However, cells must be treated for 24-72 hours with 

this drug to observe an effect and extracellular parasites are not viable for that length of time. We 

chose to treat host cells with tunicamycin prior to infection with tachyzoites.  Parasites were 

allowed to replicate in treated cells for 24 hours, and then were released and subjected to further 

tunicamycin treatment (extracellularly) in the presence of the unnatural sugars and intracellular 

ionic conditions.  Minimal reduction in Ac4GlcNAz-dependent signal was observed in this 

experiment, indicating that most of the labeled proteins are not N-linked and therefore not 

susceptible to the drug (Figure 3.5B).  

Ac4GlcNAz also does not appear to target the other major class of glycans in eukaryotes: 

mucin-type O-linked structures.  Boothroyd and coworkers recently reported a Toxoplasma line  
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Figure 3.4: Unnatural sugars can be visualized in Toxoplasma tachyzoites via 
fluorescence microsopy. (A) Parasites were incubated with Ac4GlcNAz (0.5 mM) 
or Ac4GlcNAc (0.5 mM) for 8 hours, prior to fixation with 4% paraformaldehyde in 
PBS for 15 minutes at room temperature. Subsequent reaction with biotin-alk and 
incubation with streptavidin-AlexaFluor594 enabled fluorescence detection of 
modified glycoconjugates.  (B) Ac4GlcNAz-treated parasites remain viable.  
Parasites were incubated with Ac4 c    o  c4 c    o   
hours and then added to HFF monolayers.  After 36 hours, the samples were fixed, 
labeled, and imaged as in (A). (C) Extracellular tachyzoites were labeled for 4 hours 
with Ac4GlcNAc or Ac4GlcNAz, chemically reacted with biotin and labeled with 
streptavidin-Alexa 488 (green) and DG52 (red) which labels the surface of 
tachyoites. Signal was only observed from the Ac4GlcNAz labeled proteins, 
indicating that labeling is specific and it is not randomly being incorporated. The 
densest labeling is in the ER and golgi area surrounding the nucleus. Puncti are also 
seen throughout the tachyzoite which may represent secretory organelles. 
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Figure 3.5: Ac4GlcNAz appears to target O-linked glycans in Toxoplasma 
tachyzoites. (A) Parasites were incubated with Ac4GlcNAz (1 mM) or 
Ac4GlcNAc (1 mM), then lysed and treated with PNGase F.  All samples were 
labeled with biotin-alk and analyzed via immunoblot as in Figure 3.2A. 
Normalized intensity (NI) values for each sample were calculated by measuring 
densitometry against control. (B) Parasites were grown in tunicamycin-treated 
HFFs for 24 hours, then harvested and incubated in Endo Buffer with Ac4GlcNAz 
(1 mM) or Ac4GlcNAc (1 mM) and additional tunicamycin.  After 8 hours, the 
parasites were lysed and protein samples were reacted and analyzed via 
immunoblot as in Figure 3.2A. Normalized intensity (NI) values for each sample 
were calculated by measuring densitometry against control. (C) Parasites deficient 
in a UDP-GlcNAc nucleotide sugar transporter (∆nst1) were treated with 
Ac4GlcNAz (1 mM) or Ac4GlcNAc (1 mM) for 8 hours, then lysed and analyzed 
as in Figure 3.2A.  The complemented strain (∆nst1::NST1) and parental strain 
(Me49) were similarly processed and analyzed. Normalized intensity (NI) values 
for each sample were calculated by measuring densitometry against control.  (D) 
Parasites were incubated with Ac4GlcNAz (1 mM) or Ac4GlcNAc (1 mM), then 
lysed and treated with hexosaminidase-f.  All samples were labeled with biotin-alk 
and analyzed via immunoblot as in Figure 3.2A. (E) Parasites were treated with 
Ac4GlcNAz (1 mM) or Ac4GlcNAc (1 mM) for 8 hours, then subjected to mild 
base-catalyzed hydrolysis (beta-elimination).  The samples were then lysed, and 
proteins were labeled with biotin-alk and analyzed as in Figure 3.2A. Normalized 
intensity (NI) values for each sample were calculated by measuring densitometry 
against control. 
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that is deficient in certain mucin-type structures.  This strain is null for a nucleotide sugar 

transporter (NST1) relevant to complex glycan biosynthesis (Figure 3.5C).  When these parasites 

were treated with Ac4GlcNAz, no reduction in labeling was observed compared to the 

complemented strain.  While it is not possible to rule out the incorporation of azido sugar into 

these structures, our data suggest that a majority of Ac4 c  t ets oteins modi ied i  -

O-GlcNAc residues or other O-linked structures.  However, attempts to verify the fate of 

Ac4GlcNAz by treating lystates with O-GlcNAcase (OGA), an enzyme capable of removing 

sin e -O-GlcNAc residues found on numerous intracellular proteins, were not successful (data 

not shown). Additionally, no diminishment in signal was observed with a related recombinant 

lysosomal hexosaminidase-f (Figure 3.5D).  Mild hydrolysis (beta-elimination conditions) 

drastically reduced Ac4GlcNAz-dependent signal in the parasites, though, consistent with the 

label being primarily localized to O-linked structures (Figures 3.5E).  

 

3. Global profiling reveals both predicted and novel glycosylated proteins 

We purified a set of proteins that incorporated Ac4GlcNAz label using biotinylated 

reactants and streptavidin beads. The captured and eluted proteins were analyzed via mass 

spectrometry (MS) and the resulting 107 candidate proteins are listed in Table 3.1.  MS hits 

included orthologs of proteins that are known to be O-GlcNAcylated in other species (HSP60, 

enolase, GAPDH) (LOVE AND HANOVER 2005; HAYOUN et al. 2012) as well as proteins that were 

identified in two lectin MS surveys (FAUQUENOY et al. 2008; LUO et al. 2011) of tachyzoite 

proteins (myosin A, GAP50). Some proteins are previously characterized components that are 

specific to Toxoplasma (SAG1, SAG2) (MANGER et al. 1998; POLLARD et al. 2008) while others 

are novel hypothetical proteins identified in the Toxoplasma genome (Figure 3.6). This dataset  
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Table 3.1: Glycosylated proteins identified by mass spectroscopy 

Protein 
Name 

Uniprot 
Number 

Predicted 
Function 

MS 
Expt 

Other 
Evidence 

Lectin 
MS 
Surveys 

Chaperones/stress (12) 
CDC48 (ATPase, proteasome) B9PFU8 chaperone 2   
Heat shock protein 90   Q2Y2Q8 stress response 1,2 yes yes 
Heat shock protein 90 F0VBM9 stress response 2 yes  
Heat shock protein 90 F0VEH8 stress response 2 yes  
Heat shock protein 70   Q9U540 stress response 1,2 yes yes 
Heat shock protein 70   Q9UAE9 stress response 1 yes  
Heat shock protein 70 O76274 stress response 2 yes  
Heat shock protein 70 B6KHU4 stress response 2 yes  
Heat shock protein 60 F0VQU9 stress response 1 yes yes 
Heat shock protein 20  B9PGE9 stress response 2   
TCP 1 cpn60 family chaperonin  B6KTK7 chaperone 2   
TCP-1 cpn60 family chaperonin  B6KFE8 chaperone 2   
Cytoskeleton (8) 
Actin    P53476 cytoskeleton 1,2 actin yes 
α-tubulin1 B9PJD4 cytoskeleton 2 yes  

-tubulin1 F0V8J8 cytoskeleton 1,2   
GAP50 (Acid phosphatase)  Q6PQ42 myosin complex 1,2 yes yes 
IMC3 Q6GYB1 cytoskeleton 2   
Myosin A B9PW84 myosin complex 1,2 yes yes 
Myosin light chain 1 Q95UJ7 myosin complex 2   
Myosin D MYOD myosin complex 2   
Enzymes (40) 
Acid phosphatase  B9PQM6 phosphatase 1 yes  
Aconitate hydratase (aconitase) B9PMS3 TCA 2   
ADP-ATP carrier (translocase)   Q9BJ36 mitochondria 1,2   
Asparagine synthase B9PWN3 aa biosynthesis 2   
Asparaginyl tRNA synthetase B6KCZ4 tRNA synthetase 2   
ATP  dependent DNA helicase II  B9PQX8 helicase 2  yes 
ATP binding subunit, protease  B6KTQ5 proteolysis 2 yes  

 synt se α-subunit B9PUY4 ATP synthesis 1,2 yes  
 synt se -subunit Q309Z7 ATP synthesis 1,2 yes  

Ca2+-dependent protein kinase 1 Q3HNM6 Ca2+ signaling 2 yes  
Citrate synthase B6KCK9 mitochondria 2   
Cytochrome P450 B6K9N1 mitochondria 2   
Cytosol aminopeptidase B9PTG8 protein turnover 2 yes  
Enolase B9PH46 glycolysis 2 yes  
Fructose 1,6-bisphosphatase Q8MY84 gluconeogenesis 1   
Fumarase B9Q1R2 aa metabolism 2   

Glyceraldehyde 3 phosphate dehydrogenase Q9BKE2 glycolysis 
(GAPDH) 2 yes  

Isocitrate dehydrogenase 2 B9PW21 ox decarboxylation 2   
Long chain fatty acid CoA ligase B9PJN2 FA breakdown 2 yes  
Long chain fatty acid CoA ligase B9PJM7 FA breakdown 2 yes yes 
Malate quinone oxidoreductase B6KKB7 pyruvate metabol 2   

nc  c  α-keto acid dehydrogenase  Q1KSF2 mitochondria 2   
Mitochondrial processing peptidase        
α-subunit B9PUJ6 mitochondria 1,2   

-subunit B9PW21 mitochondria 2   
NADH dehydrogenase Q1JSK9 ox phos  2 yes  
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Peroxiredoxin 3 Q86GL5 antioxidant  2   
Phosphate carrier protein (TMD) B9PRN1 mitochondria 2   
Prolyl endopeptidase B9QH13 endopeptidase 2 yes  
Phosphoenolpyruvate carboxykinase Q8MY73 gluconeogenesis 2   
Phosphofructokinase B9Q857 glycolysis 2 yes  
Pyridine nucleotide diS oxidoreductase  B9PXF3 oxidoreductase 2   
Pyridine nucleotide diS oxidoreductase B6KKE6 oxidoreductase 2   
Pyruvate carboxylase B9PSZ5 mitochondrial 2 yes  
Pyruvate kinase B6KVA2 glycolysis 2 yes  
RuvB (helicase)  B6KS88 helicase 2   

ccin te o  synt et se α-subunit B9PTH6 mitochondrial 1,2   
ccin te o  synt et se -subunit Q1KSE5 mitochondrial 1,2   

Succinate dehydrogenase  B9PZU5 mitochondrial 2   
Tryptophanyl tRNA synthetase B6KKA3 tRNA synthetase 2   
UDP glucose 4 epimerase B9Q7W4 galactose metabol 2 yes  
Other Cellular Processes (14) 
Histone H2A F0VGI1 histone 1 yes  
AP2 transcription factor (AP2X-9) B9PZQ1 transcription factor 1 yes  
Calmodulin B9PZ33 Ca2+ signaling 2   
Elongation Factor- α B6KN45 transcription 2 yes yes 
Elongation Factor-  B9PMP0 transcription 2 yes  
Elongation Factor-2 F0VEU2 transcription 2 yes  
Elongation factor Tu B6KC06 transcription 2 yes  
Nucleosome assembly protein B6KAS9 nucleosomes  1   
Prohibitin B9PP22 transcription 2 yes  
Prohibitin B9PGD2 transcription 2 yes  
Ribosomal S3Ae family F0VIB8 translation 2   
Ribosomal: 60s ribosomal protein F0VBQ9 translation 1  yes 
Thioredoxin B9PM19 redox signaling 2   
Ubiquitin  F0VPK9 ubiquitination 1,2  yes 
Membrane Compartments &  Trafficking (12) 
α-importin (nuclear transport) B9QIQ9 transport 2   
BET1 (ER to Golgi transport) B9Q089 transport 2   
Gbp1p protein B9PLQ7 dynamin superfam 2   
Protein disulfide isomerase  Q9BLM8 ER, diS bonds 1,2 yes yes 
Rab23 (nuclear transport) B9PSV9 transport 2   
Ranbp1 domain containing protein F0V739 transport 2   
Reticulon domain containing protein  B9PMP2 ER curvature 2   
Sec63  B6KBQ2 transport 2   
SERCA Calcium ATPase Q5IH90 Ca2+ pump 2 yes  
Signal recognition particle B9Q211 rough ER 2   

c o   synt se  -subunit  B9PQR4 H+ pump 2 yes  
Vacuolar ATP synthase subunit E F0VAR6 H+ pump 2 yes  
Secretory Pathway (12) 
Apical membrane antigen (AMA1) B9Q2L9 secreted, MN 2  yes 
Mitochondrial association factor B9Q3S3 secreted, DG 2  yes 
Nucleoside triphosphatase 1 (DG) Q27893 secreted, DG 2   
Nucleoside triphosphatase 2 (DG) Q27895 secreted, DG 1   
Rhoptry protein ROP5B (rhoptries) F2YGS5 secreted, rhoptries 2  yes 
Rhoptry protein ROP5C (rhoptries) F2YGS4 secreted, rhoptries 1,2  yes 
Rhoptry protein ROP7  (rhoptries) B6KR07 secreted, rhoptries 2  yes 
Rhoptry protein ROP11 (rhoptries) B9Q8A9 secreted, rhoptries 2  yes 
Rhoptry protein ROP13 (rhoptries) B9PK73 secreted, rhoptries 2  yes 
Rhoptry protein ROP44 (rhoptries) B6KPH7 secreted, rhoptries 1   
Surface antigen-1 (SAG1, P30)  C7E5U4 secreted, surface 1,2 yes yes 
Surface antigen-2 (SAG2) Q27004 secreted, surface 2  yes 
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Uncharacterized (8) 
Cyclin N terminal domain protein B9PZ05 No predicted TMD 2 N/A no 
M protein repeat containing protein B9PQT9 No predicted TMD 2 N/A no 

Uncharacterized protein  B6K8Z6 Borrelia motif, 
TMD 1,2 N/A no 

Uncharacterized protein B9PGK7 No predicted TMD 2 N/A no 
Uncharacterized protein B9PN42 No predicted TMD 2 N/A no 
Uncharacterized protein B9Q290 No predicted TMD 2 N/A no 
Uncharacterized protein B9Q2P2 No predicted TMD 2 N/A no 
Uncharacterized protein F0VB85 No predicted TMD 2 N/A no 
“Other evidence” of glycosylation summarized in [46].  
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Figure 3.6: Categories of MS hits from azido-sugar labeling. The azido-sugar 
labeling technique identified 107 proteins with various functions. These results are 
the product of two independent experiments with overlapping results.  
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included orthologs of proteins that are markers of the ER (protein disulfide isomerase, a reticulon 

domain containing protein and the SERCA calcium ATPase) as well as components that mediate 

membrane trafficking (BET1, Sec63 and the dynamin family member Gbp1p). Lastly, we 

identified a set of parasite-specific effectors that have been shown to be secreted from the 

rhoptries, micronemes or dense granules (AMA1, NTPase1, NTPase2, ROP5, ROP7, ROP11, 

ROP13 and ROP44). We anticipate that the membrane compartment markers and secreted 

effectors are likely to be modified by more complex glycan structures. 

 

4. SAG1 is modified with N-acetylglucosamine 

 One of the most well-characterized-proteins identified by our survey is surface antigen 1 

(SAG1).  Immunoprecipitation of SAG1 from Ac4GlcNAz-labeled cells confirmed that it was 

labeled with the unnatural sugar (Figure 3.7A).  We also attempted to determine the site of 

modification with MS. We were unable to detect the altered peptide fragment, most likely 

because the bulk of SAG1 was synthesized prior to incorporation of the unnatural sugar and the 

signal from the minor fraction that is Ac4GlcNAz-modified is too low. SAG1 is a GPI-linked 

protein (NAGEL AND BOOTHROYD 1989). Therefore, the N-acetylglucosamine label could be 

associated with the GPI modification or may reflect N-linked (at N178 and/or N241) or O-linked 

modification of the protein.  

 

DISCUSSION: 

The details of protein glycosylation in Toxoplasma are less well understood than the 

process of carbohydrate modification in vertebrate cells, but important features are beginning to 

emerge from studies that have used a variety of reagents to demonstrate carbohydrate  
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Figure 3.7: Ac4GlcNAz label is detected in TgSAG1.  (A) Parasites 
were labeled with Ac4GlcNAz (1 mM) or Ac4GlcNAc (1 mM, control) for 
8 hours.  The samples were lysed and treated with biotin-alk, then 
incubated with anti-gp30/SAG1 (DG52) antibody overnight at 4°C. The 
protein-antibody complex was isolated using Pierce Protein A/G Magnetic 
Beads and analyzed via immunoblot. (B) Affinity-purified TgSAG1 was 
subjected to mild base hydrolysis (beta-elimination) as in Figure 3F for 8-
16 hours or left untreated (-).  The protein samples were then analyzed via 
immunoblot. 
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incorporation into modified proteins. An understanding of glycan biology in Toxoplasma or 

other apicomplexan parasites is complicated by the need to dissect contributions of the host cell 

away from parasite-specific processes. This is critically important, as previous results suggest 

that the specific nature of carbohydrate modification of parasite proteins is influenced by host 

cell type (GARENAUX et al. 2008).  However, the Toxoplasma genome has between 14 and 18 

annotated glycosyltransferases and the results described here demonstrate that parasites 

incorporate unnatural sugars into proteoglycans in the absence of host cells. Previous studies 

indicate that the predominant glycans in Toxoplasma are oligomannosidic (Man5-8(GlcNAc)2) 

and paucimannosidic (Man3-4(GlcNAc)2) sugars, which are rarely present on mature vertebrate 

glycoproteins (FAUQUENOY et al. 2008). This is consistent with the observation that the 

Toxoplasma genome lacks annotated glycosidases, suggesting that transferred sugars are not 

further trimmed.  

These results are complementary to two previous reports that identified glycosylated 

proteins in Toxoplasma tachyzoites using lectin affinity chromatography and MS. The first study 

profiled ConA-purified components while the second survey used ConA, WGA and Jacalin for 

affinity chromatography. There is a significant overlap of our results with both lectin datasets. In 

several instances, all three surveys identify the same specific proteins (GAP50, Myosin A, 

  -tubulin and actin). Our identification of an overlapping protein dataset 

reinforces the evidence that these components are indeed modified by glycosylation. Moreover, 

we also identified proteins that were not identified in the previous surveys. This is not surprising, 

as lectins bind to subsets of glycan structures and may not identify all glycosylated proteins in 

Toxoplasma. A limitation of our strategy is that the unnatural sugars were only reproducibly 

incorporated into proteins when we labeled extracellular parasites. This is likely due to the action 
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of esterases in the host cell cytoplasm which may prevent the sugar probes from accessing the 

parasite cytoplasm. While we were able to identify a number of secreted and surface proteins, 

these may be less abundantly synthesized in non-replicating parasites.  
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CHAPTER FOUR 

An Unusual Cytochrome P450 Enzyme in Toxoplasma gondii 

 

ABSTRACT: 

CYPs mediate a variety of critical monooxygenation reactions and function in diverse 

metabolic pathways in prokaryotes and eukaryotes. Although the Toxoplasma gondii genome 

contains a gene for a P450 enzyme (CYP5124A1 or TgCYP), genome searches indicate that 

CYPs are only found in apicomplexan species that differentiate into tissue cyst bradyzoites. 

Phylogenetic analysis indicate that TgCYP is most similar to CYPs from closely related 

alveolates, suggesting that it is a retained ancestral enzyme rather than one acquired by 

horizontal transfer subsequent to the loss of all CYPs from the ancestor of the apicomplexans. 

TgCYP localizes to the parasite mitochondrion in tachyzoites. Biochemical studies with 

bacterially expressed TgCYP indicate that it selectively binds to and acts on acetone. This 

restricted substrate profile is extremely unusual: many P450 enzymes have versatile active sites 

that accommodate a wide range of substrates. Although we hypothesized that TgCYP is used to 

detoxify excess acetone produced during nutrient-limited growth, tgcyp null parasites have a 

robust growth advantage when 2% acetone is added to the culture conditions, suggesting that 

expressing TgCYP is deleterious under certain conditions. 
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INTRODUCTION:  

Members of the phylum Apicomplexa are obligate intracellular parasites, and include a 

number of significant human and animal pathogens (LEVINE 1988). The coccidian subclass of 

apicomplexans encompasses species that are orally infectious and produce an environmentally 

resistant oocyst stage that is shed in feces (Figure 4.1). A smaller subset of coccidians including 

Toxoplasma gondii, Hammondia hammondi, Neospora caninum and Sarcocystis spp. also form 

“tissue cysts” which contain a latent bradyzoite form that is infectious when consumed in raw or 

undercooked meat (TENTER AND JOHNSON 1997; FRENKEL AND SMITH 2003). Humans infected 

with Toxoplasma initially harbor the fast-replicating tachyzoite stage, which causes the acute 

symptoms of infection. As the immune response develops, tachyzoites differentiate into slow-

growing bradyzoites that are refractory to immune clearance and provide for life-long latent 

infection. Bradyzoites reside in long-lived tissue cysts, typically found in the brain, heart and 

skeletal muscle and are not eliminated by anti-parasitic agents that inhibit tachyzoite growth. 

Bradyzoites can differentiate back into tachyzoites to cause re-emergent infections, particularly 

in individuals who have become immunocompromised after an initial infection (LYONS et al. 

2002). This group includes AIDS patients, persons undergoing cancer chemotherapy and organ 

transplant recipients. There is a demand for new therapeutic agents that inhibit Toxoplasma 

bradyzoite survival to prevent re-emergent infections in immune compromised individuals.  

Cytochrome P450 molecules (CYPs) are a large and diverse group of heme-containing 

enzymes that are found in organisms ranging from archaea and bacteria to most eukaryotes 

(WERCK-REICHHART AND FEYEREISEN 2000; COON 2005; POULOS 2005). CYPs typically carry 

out a monooxygenation reaction in diverse biochemical contexts, usually on a lipophilic 

substrate. Most commonly, CYPs catalyze reactions that are essential for steroid biosynthesis or  
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Figure 4.1: Cyst-forming coccidian apicomplexans. All apicomplexans are 
obligate intracellular parasites that originated from a common ancestor. They have 
diverged into a number of distinct lineages, such as Plasmodium spp., agents of 
malaria, the Piroplasms (Theileria and Babesia spp.), and Cryptosporidium spp. 
The lineages highlighted in light blue (Cyclospora, Eimeria, Sarcocystis, 
Hammondia, Neospora and Toxoplasma) all possess an infectious oocyst stage and 
are most closely related. They are termed coccidian apicomplexans. The coccidian 
lineages highlighted in darker blue are the subset that also forms a latent tissue 
cyst stage (Sarcocystis, Hammondia, Neospora and Toxoplasma). Genome 
analysis reveals that only tissue cyst forming coccidians possess a CYP gene.  
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xenobiotics (AHMAD AND MUKHTAR 2004; BASTON AND LEROUX 2007). CYPs are estimated to 

drive ~75% of drug metabolism pathways (GUENGERICH 2009). Although CYPs participate in 

drug detoxification, many are exploited as drug targets. A particular example is lanosterol 14 

alpha-demethylase, a P450 enzyme that is essential for ergosterol synthesis in fungi and is 

inhibited by “azole” anti-mycotic drugs (VANDEN BOSSCHE et al. 1990; YOSHIDA AND AOYAMA 

1991; FERREIRA et al. 2005). Previous studies have shown that antimycotic P450 inhibitors 

(fluconazole and itraconazole) are effective at inhibiting growth of Toxoplasma tachyzoites in 

tissue culture (MARTINS-DUARTE EDOS et al. 2008) and when Toxoplasma-infected mice are 

treated with itraconazole, they have decreased brain cyst numbers (MARTINS-DUARTE et al. 

2009). This chapter describes the unusual properties of a novel P450 enzyme (TgCYP) that 

localizes to the mitochondrion of Toxoplasma gondii tachyzoites and bradyzoites.  

 

RESULTS: 

1. Tissue cyst forming coccidia have a novel mitochondrial CYP. 

CYPs are a diverse group of heme-binding enzymes that act as a “cellular blowtorch” to 

carry out monooxygenation reactions (WERCK-REICHHART AND FEYEREISEN 2000; COON 2005; 

POULOS 2005). Although sequence identity between individual CYPs may be low, P450 

molecules have a number of conserved protein signatures (WERCK-REICHHART AND FEYEREISEN 

2000). Surprisingly, the genomes (http://eupathdb.org/eupathdb/) of most apicomplexan 

pathogens lack annotated P450-encoding genes. We used motif searches with individual CYP 

signatures and BLAST with a variety of CYP proteins to establish that there were no obvious un-

annotated CYPs in the genomes of Plasmodium, Babesia, Cryptosporidium, Eimeria, or 

Theileria species (Table 4.1). Although we could identify proteins with individual CYP 
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Table 4.1: P450 Homologs in Apicomplexans and related alveolates  
Apicomplexan subtype Species P450 genes 
Piroplasms PiroplasmaDB.org  
 Babesia bovis   
 Babesia microti   
 Theileria annulata  None 
 Theileria equi   
 Theileria orientalis   
 Theileria parva   
Plasmodia PlasmoDB.org  
 Plasmodium berghei   
 Plasmodium chabaudi  
 Plasmodium coatneyi  
 Plasmodium cynomolgi   
 Plasmodium falciparum  None 
 Plasmodium gallinaceum   
 Plasmodium knowlesi   
 Plasmodium reichenowi   
 Plasmodium vivax   
 Plasmodium yoelii yoelii  
Cryptosporidium & Gregarines CryptoDB.org  
 Cryptosporidium baileyi   
 Cryptosporidium hominis   
 Cryptosporidium meleagridis  None 
 Cryptosporidium muris   
 Cryptosporidium parvum  
 Gregarina niphandrodes  
Coccidians ToxoDB.org  
 Eimeria acervulina  
 Eimeria brunetti  
 Eimeria falciformis   
 Eimeria maxima  
 Eimeria mitis  
 Eimeria necatrix  
 Eimeria praecox  
 Eimeria tenella   
 Hammondia hammondi HHA_315770 
 Neospora caninum NCLIV_058440 
 Sarcocystis neurona No accession number 
 Toxoplasma gondii  TGME49_315770 
Chromerids CryptoDB.org  
 Chromera velia 18 full-length homologs 
 Vitrella brassicaformis 21 full-length homologs 
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signatures, when these sequences were analyzed more extensively, they were best matches for 

non-P450 proteins. While it is somewhat surprising that many apicomplexan parasites lack genes 

for CYPs, these organisms can scavenge from the host cell, (COPPENS et al. 2000; CHARRON AND 

SIBLEY 2002) perhaps obviating the need for CYPs that function in biosynthesis.  Since many 

apicomplexans apparently lack CYPs, we were intrigued by annotation of a single CYP gene in 

Toxoplasma (TGGT1_093470) and its close relative N. caninum (NCLIV_058440). Mass 

spectrometry data in ToxoDB.org indicates that TgCYP is expressed in bradyzoites and in 

unsporulated and sporulated oocysts as well as in tachyzoites.  

We created an in-frame YFP “knock-in” at the C-terminus of the TgCYP coding 

sequence. TgCYP-YFP localizes to the Toxoplasma tachyzoite and bradyzoite mitochondrion 

(Figure 4.2A) and has an observed molecular weight of ~90 kDa (Figure 4.2B), suggesting that 

the untagged protein is ~63 kDa. We validated the predicted open reading frame by amplification 

of a cDNA from Toxoplasma tachyzoites. As the conceptually translated sequence of this cDNA 

contains an anticipated N-terminal transmembrane domain, the cDNA likely encodes the 

complete protein. We predict TgCYP to be a 553 amino acid (62.5 kDa) protein, which is 

consistent with other P450 proteins and with the observed size of the tagged protein on 

immunoblots probed with an anti-GFP antibody.  

The predicted amino acid sequence of TgCYP identifies a homologous protein in the 

genome of Sarcocystis neurona (a bradyzoite-forming coccidian species) but not in the genome 

of Eimeria tenella (a coccidian that does not form bradyzoites). Moreover, a nearly identical 

CYP is found in the closely related tissue cyst forming coccidian Hammondia hammondi. 

Alignment of the four CYPs suggested that the Neospora protein annotated in ToxoDB.org 

(NCLIV_058440) is incomplete; we identified the missing internal amino acids and realigned the  
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A B 

Figure 4.2: Localization of the P450 enzyme in Toxoplasma tachyzoites. 
Tachyzoites with an in-frame YFP “knock-in” at the C-terminus of the TgCYP 
coding sequence were labeled with a mitochondrial marker. (A) TgCYP  (green) 
localizes to the parasite mitochondrion (labeled red with MitoTracker). DNA is 
stained blue with DAPI. (B)The molecular weight of the TgCYP-YFP fusion 
protein is ~90 kDa (immunoblot probed with anti-GFP antibody), suggesting 
that the untagged protein is ~63 kDa.  
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revised Neospora protein with the Toxoplasma, Hammondia and Sarcocystis CYPs. The 

Toxoplasma CYP has 96.6% identity with the Hammondia protein, 79.2% identity with the 

Neospora protein and 56.2% identity with the Sarcocystis protein (Table 4.2). All four CYPs 

have a predicted transmembrane domain close to the N-terminus of the protein, which is a 

feature of many cytochrome P450 molecules. Several canonical P450 motifs are located in the C-

terminal portion of the protein, although other signatures are missing or may be too degenerate to 

be identified (Figure 4.3 and Table 4.3).  

 

2. TgCYP is a bona fide P450 enzyme with a small and highly selective active site. 

Codon optimized TgCYP-His6 tagged was expressed in E.coli (Figure 4.4A). A purified 

fraction of the expressed protein was used to form a complex with CO in order to detect a 

characteristic Soret peak at 448nm (Figure 4.4B). However, the transmembrane domain made 

protein purification difficult and therefore a significant peak was not detectable. In order to 

further biochemically characterize the protein, highly purified His6-tagged, truncated (soluble) 

recombinant TgCYP was isolated (Figure 4.5A). Reduced TgCYP in complex with CO has a 

Soret peak at 445 nm, indicating that it is a bona fide P450 enzyme (Figure 4.5B). In the absence 

o  s bst tes o  i nds  s o ten e ibit  s  bso tion b nd t  nm c cte istic o  

the low-s in eme  on bindin  ood s bst tes  t is b nd s i ts to  nm ic  is 

characteristic of the high-spin heme while the binding of nitrogenous ligands that can form N-Fe 

bonds ene te e s t  nm  ese s ect  c n es o ide  con enient met od o  

identifying CYP inhibitors and substrates. A screen of a large number of compounds indicates 

that only small molecules such as imidazole, ethanol, methanol, DMSO and acetone, induce 

spectral changes which suggests that the active site cavity is small and highly selective. The  
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Table 4.2: Pairwise Identities and Similarities Between Coccidian CYPs 
 TgCYP HhCYP NcCYP SnCYP 
TgCYP 100 96.6/98.7 79.3/89.3 57.5/76.3 
HhCYP  100 81.3/89.1 57.3/76.3 
NcCYP   100 55.6/74.2 
SnCYP    100 
http://www.ebi.ac.uk/Tools/psa/emboss_water/ 
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Figure 4.3: Alignment of the P450 enzymes in cyst-forming coccidia. 
Alignment of the orthologous CYPs from Toxoplasma, Neospora, Hammondia 
and Sarcocystis: individual amino acids are colored to reflect their chemical 
properties. Blue: acidic; green: hydroxyl/amine/basic/Q; magenta: basic; and red: 
small, hydrophobic (including aliphatic Y). Within the consensus, an asterisk (*) 
indicates a fully conserved residue, a colon (:) indicates conservation between 
groups of strongly similar properties and a period (.) indicates conservation 
between groups with weakly similar properties. The predicted N-terminal 
transmembrane domain is indicated by the green box and the robust P450 
signatures are indicated by yellow boxes. The arrow indicates the location of the 
N-terminus of the soluble truncated protein expressed in bacteria. 
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Figure 4.4: Expression of full-length Toxoplasma cytochrome P450 in E. 
coli. (A) A synthetic gene encoding the amino acid sequence for TgCYP fused 
to a carboxy-terminal His6 tag was created to optimize codon usage for E. coli 
expression. This construct was expressed in BL21 E.coli after induction with 
0.2 mM IPTG. The band representing increased TgCYP-His6 protein over time 
is indicated by a red asterisk. (B) Nickel column purified protein was used in 
initial spectroscopic assays. TgCYP in complex with CO forms a characteristic 
Soret peak at 448nm (yellow arrow). As the inclusion of the transmembrane 
domain made protein purification inefficient, this peak was relatively small.   
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Figure 4.5: TgCYP has the characteristic spectral properties of a 
cytochrome P450 molecule. (A) A His6-tagged, truncated recombinant 
TgCYP is soluble and can be purified from E. coli lysate. (B) Absorbance 
spectra of oxidized (black trace), reduced (red trace) and reduced CO-bound 
(blue trace) TgCYP. A characteristic feature of reduced CO-bound P450 
molecules is a Soret peak near 450 nm. Reduced, CO-bound TgCYP has a 
peak at 445 nm. 
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TgCYP ligand profile is most similar to the human P450 molecule CYP2E1, involved in 

metabolism of alcohol and small xenobiotic compounds (LIEBER 2004; NIWA et al. 2009).  

Thus far, only acetone was identified as a ligand capable of converting the TgCYP heme 

iron to a high-spin form (Figure 4.6A). Since native redox partner(s) of TgCYP remain 

unknown, it was reduced by CPR, the FMN and FAD containing protein that supplies electrons 

to mammalian P450s. The kinetics of ferrous TgCYP-CO complex formation indicate that CPR 

can serve as a redox partner and deliver the first electron with kET and Kd values of 12  2 min-1 

and 76  8 µM, respectively (Figure 4.6B and C). Moreover, these in vitro assays suggest that 

the TgCYP-CPR redox couple can catalyze oxidation of acetone. The average turnover number 

for the acetone-specific NADPH consumption at ambient temperatures is 4 min-1, a typical 

activity for mammalian CYPs, suggesting that acetone is a likely biological substrate of TgCYP. 

It should also be noted that the antimycotic P450 inhibitors fluconazole and itraconazole do not 

cause spectral changes upon addition to TgCYP (not shown) and have no effect on its acetone 

oxidation activity, likely because they are too large to enter and interact with the TgCYP active 

site (not shown). 

 

3. TgCYP is not essential. 

The unexpected finding that only tissue cyst forming coccidians have CYPs suggests that 

this enzyme does not participate in housekeeping functions, but is associated with a specialized 

process in cyst-forming coccidians. Consistent with this, the TgCYP gene could be deleted in 

both type I ku80, hpt RH and type II ku80, hpt Prugniaud (Pru) Toxoplasma strains (Figure 

4.7). Since lines with non-homologous integration of the knockout vector for either type I or type 

II strains were not recovered, I modified a previously established competition assay to assess the  
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Figure 4.6: Acetone is a substrate for TgCYP. (A) A high spin shift in TgCYP 
induced by acetone. Absorbance spectra of 2 M TgCYP were recorded in the 
absence and presence of 8% acetone (solid and dashed lines, respectively). (B) 
Transfer of the first electron from rat CPR (2 M) to TgP450 (1.5 M). The 
reaction is biphasic, with a double-exponential fit giving rate constants of 0.26 and 
0.07 min-1 for the fast and slow phases, respectively. The inset shows the TgCYP 
spectrum recorded at the end of the reaction, with near complete conversion to the 
ferrous-CO bound species absorbing at 445 nm. (C) Dependence of the rate 
constant for the fast phase of the TgCYP reduction reaction (kfast) on a 
CPR:TgCYP ratio. The TgCYP concentration was constant and equal to 0.5 M. 
In vitro kinetic studies suggest that acetone can be oxidized by the TgCYP-CPR 
redox couple with a turnover number of 4 min-1. 
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Figure 4.7: TgCYP gene knock-out in Toxoplasma tachyzoites. A gene knock-
out construct was generated in order to introduce a hypoxanthine-xanthine-
guanine phosphoribosyltransferase (HPT) selectable marker into the TgCYP 
locus. The TgCYP knock-out vector was created by amplifying 4.9 kb and 5.0 kB 
regions of the genome up and downstream of the TgCYP locus with primers 
listed in Table 2.1. This vector was electroporated into type I or type II ku80 
knock-o t ines nd inte nts e e se ected it   medi   m  
myco eno ic cid nd  m  nt ine  noc o t lines were single cell 
cloned and confirmed by DNA amplification using primers listed in Table 2.1. 
(Inset) Primer A was upstream of the selectable marker and primer B was within 
the HPT gene, requiring correct integration to obtain an amplification product in 
knockout lines (KO). Primers C and D were in the region of the CYP gene that 
was lost by homologous integration and therefore only amplify the intact CYP 
locus (control). 
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relative growth of a cyp line in competition with a GFP- and CYP-expressing line using flow 

cytometry.  

 

4. Loss of TgCYP affects fitness. 

To assess the overall fitness of the tgcyp null parasite lines, equivalent number of tgcyp 

null parasites and wild-type parasites expressing GFP were inoculated into monolayers of HFF 

host cells in T25 flasks. I assessed the relative growth of the lines both in normal tissue culture 

conditions and in the presence of 2% acetone added the tissue culture media. These cultures were 

serially passed for 10 days. A fraction of the lysed-out parasite culture from each flask was 

analyzed for relative numbers of non-fluorescent (knock-out parasites) and green fluorescent 

(wild-type parasites) by flow cytometry (Figure 4.8). These experiments revealed that although 

tgcyp null parasites have a modest growth defect when grown in competition with wild-type 

parasites, the null parasites have a robust growth advantage over wild-type parasites when 2% 

acetone is added to the culture conditions, suggesting that expressing TgCYP is deleterious under 

certain conditions. 

 

5. The coccidian CYP may be a retained alveolate enzyme. 

Given that many apicomplexan lineages lack CYP-encoding genes, the coccidian CYPs 

could either represent a gene that was acquired by horizontal gene transfer to the ancestor of the 

coccidian lineage subsequent to the loss of all CYP genes by the ancestral apicomplexan or one 

that was selectively retained by the ancestor of the coccidian lineage of apicomplexans (Figure 

4.9). The ~230 residues of the C-terminus of the coccidian CYPs shows sequence similarity to 

other proteins in the non-redundant (NR) database at NCBI. This region harbors the CYP  
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Figure 4.8: Fitness competition assay. The relative growth of null and 
control lines was followed in culture. The competition assay was carried out 
both under normal tissue culture conditions (- acetone) and in media with 
2% added acetone (+ acetone). Two tgcyp null clones (KO1 and KO2) were 
assessed in this assay, with each condition measured in triplicate. Confluent 
HFF cells in T25 flasks were inoculated with an equal number of parasites 
from a type I tgcyp null line and a type I green fluorescent protein (GFP)-
expressing line (1x107 each line). After host monolayer lysis, 1 mL of the 
lysed culture was passed to a new T25 flask with confluent HFF cells. The 
remaining material was used to quantify relative numbers of tgcyp null and 
GFP-expressing parasites. The trend lines represent the percentage of total 
tgcyp null parasites at each time point. The tgcyp KO lines have a modest 
fitness defect under normal culture conditions (blue and green lines) but in 
the presence of acetone have much greater fitness than wild-type parasites 
(red and purple lines). 
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Figure 4.9: Alternative explanations for the origin of the coccidian CYP. 
(A) All CYPs were lost from the ancestral apicomplexan lineage with 
subsequent horizontal gene transfer to the ancestor of the coccidian subset. 
This model would be most strongly supported by the finding that TgCYP is 
more similar to non-alveolate CYPs. (B) Selective retention of a single CYP 
by the ancestor of the tissue cyst forming coccidian lineage. This model 
requires that the coccidian CYP be most like other alveolate CYPs. 
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signatures (Figure 4.3 and Table 4.3) and is homologous to diverse CYPs from a wide range of 

organisms (bacteria, plants, fungi and vertebrates). With the exception of a CYP from the ancient 

vascular plant Selaginella moellendorffii, none of the hits has homology that extends into the 

amino-terminal region. Moreover, using conventional BLASTp, the isolated N-terminal portion 

of the coccidian CYPs does not show significant similarity to any known proteins. However, 

analysis using DELTA-BLAST, which constructs a position-specific scoring matrix using the 

results of a conserved domain database search (BORATYN et al. 2012), then searches the NR 

sequence database, identifies CYPs with homology that extends into the N-terminal portion of 

the coccidian proteins. This analysis identifies a number of vertebrate CYPs, particularly the 3A 

subset, raising the intriguing possibility that the ancestral tissue cyst-forming coccidian acquired 

a CYP gene by horizontal transfer from its vertebrate host.  

Apicomplexans are grouped with chromerids, dinoflagellates, perkinsids and ciliates in 

the alveolate superphylum (KEELING et al. 2005). While the ciliates are the oldest diverging 

lineage of the alveolates, chromerids are most closely related to the apicomplexans. Chromerids 

are free-living, photosynthetic marine organisms that live in close association with hard corals 

(MOORE et al. 2008). Other related lineages include the marine mollusk pathogen Perkinsus 

marinus (a Perkinsid) and dinoflagellates, marine organisms such as Alexandrium spp., 

Symbiodinium spp., and Karenia spp. that exhibit a variety of pathogenic, photosynthetic or 

endosymbiotic lifestyles. Using tblastn (translated BLAST) we were able to identify fragments 

of CYPs in ESTs from dinoflagellates. As assembled dinoflagellate genomes are not yet 

available, this lineage was not represented in our final analysis, although it is abundantly clear 

that dinoflagellates (like ciliates) have multiple CYP genes. The recently released genomes of 

Vitrella brassicaformis and Chromera velia (the chromerids) were used to identify and confirm  



 

 102  

sequences of putative CYPs (which are not yet in the NR database). There are 24 likely CYP 

candidates (see Table 2.2). While many are apparently full-length, a few are not and may 

represent pseudogene fragments. In order to assess whether the TgCYP is a retained ancestral 

(alveolate) protein or was acquired at a later point by horizontal transfer, we collected a set of 

alveolate CYPs as well as CYPs from other organisms (vertebrates and a land plant) which were 

close matches using BLASTp and DELTA BLAST analysis. Given the fact that ciliates 

(Tetrahymena, Paramecium) were the earliest branching alveolates, we analyzed CYPs from 

chromerids and a perkinsid (Perkinsus marinus).  

ClustalW2 (LARKIN et al. 2007; GOUJON et al. 2010) was used to align amino acid 

sequences of 56 CYPs including the four coccidian P450 proteins (Table 4.4). We used 18 CYPs 

from the Chromera velia genome, 21 CYPs from the Vitrella brassicaformis genome and 9 

CYPs from the Perkinsus marinus genome. In order to include other potentially related CYPs, 

we included sequences which were best matches in the NR database using BLASTP and 

DELTA-BLAST. A 39 amino acid stretch of the alignment lacking insertions and deletions was 

used to construct a phylogenetic tree. This region encompasses the CYP signature sequence and 

the resulting relationships were displayed as a radial tree (Figure 4.10). These results indicate 

that the coccidian CYPs are in a distinct lineage along with single specific CYPs from 

Chromera, Vitrella and Perkinsus. This set of CYPs is distinct from vertebrate and plant P450 

enzymes which were identified as significant matches using various BLAST strategies. Although 

it is formally possible that the ancestral apicomplexan could have lost all CYPs, then acquired 

one from another alveolate (horizontal transfer from a related species), we favor the 

interpretation that the coccidian CYPs represent an ancestral CYP that was selectively retained 

by the tissue cyst forming coccidian subset of apicomplexans. 
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Table 4.4: CYP members used in the phylogenetic analysis 
Short 
name 

Accession 
number 

Organism Comments 

Tg1 TGME49_315770 Toxoplasma gondii Coccidian CYP 
Hh1 HHA_315770 Hammondia hammondii Coccidian CYP 
Nc1 NCLIV_058440 Neospora caninum Coccidian CYP 
Sn1 none Sarcocystis neurona Coccidian CYP 
Ca1 XP_011949640.1 Cercocebus atys CYP4F2, best match 
Cv1 Cvel_6456 Chromera velia  
Cv2 Cvel_28088 Chromera velia  
Cv3 Cvel_21934 Chromera velia  
Cv4 Cvel_26699 Chromera velia  
Cv5 Cvel_10159 Chromera velia  
Cv6 Cvel_14318 Chromera velia  
Cv7 Cvel_19377 Chromera velia  
Cv8 Cvel_17367 Chromera velia  
Cv9 Cvel_941 Chromera velia  
Cv10 Cvel_7998 Chromera velia  
Cv11 Cvel_16376 Chromera velia  
Cv12 Cvel_13782 Chromera velia  
Cv13 Cvel_21070 Chromera velia  
Cv14 Cvel_3759 Chromera velia  
Cv15 Cvel_5365 Chromera velia Same group as coccidian CYPs 
Cv16 Cvel_21347 Chromera velia  
Cv17 Cvel_4947 Chromera velia  
Cv18 Cvel_31586 Chromera velia  
Mm1 BAA95951.1 Mus musculus DELTA-BLAST NcCYP, 3A 
Pm1 XP_002771486.1 Perkinsus marinus  
Pm2 XP_002771486.1 Perkinsus marinus  
Pm3 XP_002777229.1 Perkinsus marinus  
Pm4 XP_002766302.1 Perkinsus marinus  
Pm5 XP_002767100.1 Perkinsus marinus  
Pm6 XP_002771842.1 Perkinsus marinus  
Pm7 XP_002764505.1 Perkinsus marinus  
Pm8 XP_002766353.1 Perkinsus marinus  
Pm9 XP_002771789.1 Perkinsus marinus Same group as coccidian CYPs 
Rn1 CAA55887.1 Rattus norvegicus Best match DELTA-BLAST 

TgCYP 
Sh1 XP_007310851.1 Stereum hirsutum Low identity in N-terminal 

region alone 
Sm XP_002983738.1 Selaginella 

moellendorffii 
Match extends into N-terminal 
region 

Vb1 Vbra_22291 Vitrella brassicaformis  
Vb2 Vbra_5145 Vitrella brassicaformis  
Vb3 Vbra_22422 Vitrella brassicaformis  
Vb4 Vbra_16262 Vitrella brassicaformis  
Vb5 Vbra_1471 Vitrella brassicaformis  
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Vb6 Vbra_4874 Vitrella brassicaformis  
Vb7 Vbra_13086 Vitrella brassicaformis  
Vb8 Vbra_13111 Vitrella brassicaformis  
Vb9 Vbra_21587 Vitrella brassicaformis  
Vb10 Vbra_1326 Vitrella brassicaformis  
Vb11 Vbra_11869 Vitrella brassicaformis  
Vb12 Vbra_14298 Vitrella brassicaformis  
Vb13 Vbra_5538 Vitrella brassicaformis  
Vb14 Vbra_11469 Vitrella brassicaformis  
Vb15 Vbra_21871 Vitrella brassicaformis  
Vb16 Vbra_10092 Vitrella brassicaformis Same group as coccidian CYPs 
Vb17 Vbra_20506 Vitrella brassicaformis  
Vb18 Vbra_15271 Vitrella brassicaformis  
Vb19 Vbra_3993 Vitrella brassicaformis  
Vb20 Vbra_861 Vitrella brassicaformis  
Vb21 Vbra_11766 Vitrella brassicaformis  
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Figure 4.10: Phylogenetic analysis of CYPs. A set of 56 CYPs was aligned and a 
39 amino acid stretch without insertions or deletions was used to construct a 
phylogenetic tree. The coccidian CYPs (orange) cluster in a distinct lineage along 
with single CYPs from the alveolates Chromera, Vitrella and Perkinsus (yellow). 
This set of CYPs is distinct from other CYPs that were identified as most similar in 
the NCBI database with DELTA-BLAST protocols. These other CYPs include 
XP_002983738.1 (Sm1), a CYP from the ancient vascular plant lineage Selaginella 
moellendorffii which was a high-scoring BLASTP hit (5-19) and the only protein 
with homology extending beyond the P450-like region into the N-terminus (70% 
coverage). DELTA-BLAST analysis identified vertebrate 3A-type CYPs (blue) and 
a 4F CYP from Cercocebus atys (sooty mangabey; purple). Sh1, a CYP from the 
bracket fungus Stereum hirsutum, was included because it was identified when the 
N-terminal 300 amino acids of TgCYP were used to query the NR database with 
BLAST (aqua). This result is most consistent with the coccidian CYPs representing 
a retained ancestral CYP rather than one acquired by lateral transfer subsequent to 
the loss of all CYPs in the ancestor of the Apicomplexa. 
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DISCUSSION: 

CYPs are an ancient and diverse group of heme-containing enzymes that are found in 

organisms ranging from archaea and bacteria to most eukaryotes (WERCK-REICHHART AND 

FEYEREISEN 2000; COON 2005; POULOS 2005). CYPs typically add oxygen to carbon atoms in 

the context of complex molecules. Some CYPs participate in synthesis of steroids and 

degradation of fatty acids while others modify xenobiotics such as drugs to promote their 

inactivation and excretion. This chapter describes a novel CYP that localizes to the Toxoplasma 

mitochondrion in tachyzoites. Our analysis indicates that it is the sole CYP gene in the 

Toxoplasma genome. Moreover, only tissue cyst forming coccidians harbor CYP genes: the 

genomes of all other apicomplexans apparently lack CYP genes altogether. Given the restricted 

appearance of this gene in the Apicomplexa, it is of interest to consider whether the TgCYP 

represents a selectively retained ancestral protein or was acquired subsequent to loss of all P450 

enzymes by horizontal transfer. The phylogenetic analysis suggests that TgCYP is most similar 

to CYPs from Chromera, Vitrella and Perkinsus supporting the interpretation that the coccidian 

CYPs represent an ancestral alveolate CYP that was selectively retained by tissue cyst forming 

coccidians.  

The data presented here indicate that TgCYP is localized in the mitochondrion and it acts 

on acetone. I hypothesize that TgCYP may be important for detoxification of acetone derived 

from excess acetyl-CoA. Individual species of Apicomplexan parasites inhabit a variety of 

distinct cellular niches in host organisms and have likely accumulated genomic differences that 

reflect their disparate metabolic requirements (POLONAIS AND SOLDATI-FAVRE 2010). Although 

Plasmodium spp. and Babesia spp. replicate in glucose-rich red blood cells and Cryptosporidium 

spp., and Cyclospora spp. are restricted to the nutrient-rich cells of the intestinal epithelium, 
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Toxoplasma and other tissue cyst forming coccidia productively infect a wide range of nucleated 

host cells, particularly in deep tissues, and persist in a slow-growing, latent state for years. These 

parasites must therefore employ versatile biochemical strategies to survive in cell types with 

distinct metabolic profiles. In order to sustain metabolic plasticity, Toxoplasma must be able to 

obtain energy and metabolic precursors from a variety of sources. 

An understanding of how Toxoplasma manages its metabolic needs is emerging from a 

number of recent studies. Studies with inhibitors indicate that glycolysis but not oxidative 

phosphorylation is critically important for maintaining ATP levels in freshly lysed extracellular 

tachyzoites (LIN et al. 2011). Recent mapping of carbon metabolism pathways indicates that 

Toxoplasma tachyzoites catabolize glucose by a canonical TCA cycle (MACRAE et al. 2012). 

Tachyzoites that lack glucose transporters only have a modest growth defect and can use 

glutamine for energy (BLUME et al. 2009). The Toxoplasma genome contains genes for enzymes 

involved in oxidation of branched chain amino acids (BCAA) and lipids (POLONAIS AND 

SOLDATI-FAVRE 2010). However, the genes coding for β-oxidation enzymes are appear to not be 

expressed in tachyzoites, but may be active in oocysts (POSSENTI et al. 2013). Moreover, 

although breakdown of fatty acids and BCAAs produces propionyl-CoA, Toxoplasma has a 2-

methylcitrate cycle (2-MCC) capable of detoxifying this toxic metabolite (LIMENITAKIS et al. 

2012). The 2-MCC enzymes are only encoded in the genomes of coccidian apicomplexans 

(Toxoplasma, Neospora and Eimeria). Toxoplasma null for the 2-methylisocitrate lyase gene 

(TgPrpB) are viable but exhibit increased sensitivity to propionic acid. A product of fatty acid 

breakdown is acetone and can be metabolized to lactate and pyruvate, and ultimately glucose 

(GLEW 2010). 
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 In humans, CYP2E1 is responsible for converting acetone into methylglyoxal (BONDOC 

et al. 1999) and eventually into lactic acid or glucose (Figure 4.11A). In times of limited 

nutrition, such as the bradyzoite and oocyst stages, Toxoplasma must use alternative molecules 

for energy that those used in the tachyzoite stage. It is likely that TgCYP is used to detoxify 

acetone produced during ketogenic metabolism. Acetone may ultimately feed into to 

gluconeogenesis and the TCA cycle when nutrients are low and may be essential for long-term 

maintenance of bradyzoites. Data from my competition assay provide the puzzling result that 

tgcyp null parasites were more fit under in vitro excess acetone than wild-type parasites.  This 

could be explained by an inability of the downstream glyoxalase enzymes to rapidly clear 

methylglyoxal produced by TgCYP, as it is a cytotoxic metabolite (Figure 4.11B) that can react 

with the nucleophilic centers of macromolecules such as DNA, RNA and proteins (LO et al. 

1994a; LO et al. 1994b; PAPOULIS et al. 1995). Although excess acetone is deleterious, excess 

methylglyoxal may be more detrimental to replicating tachyzoites, explaining why the tgcyp null 

parasites outperform wild-type parasites when grown in acetone. It may be that using lower 

levels of exogenous acetone in this assay (0.1 to 1%) would reveal an inflection point at which 

tgcyp null lines would grow less well that wild type. This would likely define the maximal ability 

of the glyoxalase system to detoxify methylglyoxal produced by tgcyp. The Toxoplasma genome 

has genes encoding glyoxalase I and II as well as putative homologs which would permit lactate 

and pyruvate to feed into the TCA cycle and gluconeogenesis (Figure 4.11B). 

Previous studies by others showed an effect of P450 inhibitors on growth of RH strain 

tachyzoites in LLC-MK2 host cells: parasites replicated aberrantly, and exhibited endoplasmic 

reticulum and nuclear envelope swelling and pellicle defects (MARTINS-DUARTE EDOS et al. 

2008). Further studies by this group indicated that itraconazole treatment reduces brain cyst  
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Figure 4.11: Acetone metabolism in vertebrates and Toxoplasma. (A) In humans, 
the metabolism of acetone is dependent on the site of metabolism (liver versus other 
organs) and on the concentration of acetone. At low concentrations, acetone is 
converted to form methylglyoxal by CYP2E1. Methylglyoxal is then converted to 
lactate by glyoxylase I and II and glutathione-S-transferase. It is also possible for 
methylglyoxyl to be converted directly to pyruvate and incorporated into the TCA 
cycle or gluconeogenesis. (B) In Toxoplasma, all enzymes for the methylglyoxal 
pathway are found in the genome (red). It is likely that in the presence of low 
acetone concentrations, Toxoplasma is able to successfully clear acetone and 
methylglyoxal from the parasite. However, in high acetone concentrations, 
glyoxalase I and II may not be able to remove accumulated methylglyoxal in time to 
prevent cytotoxicity.  Pathway modified from Toxological Review of Acetone (CAS 
No. 67-64-1) found at www.epa.gov/iris. 
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numbers in Toxoplasma-infected mice (MARTINS-DUARTE et al. 2009). Although these data 

might imply that the Toxoplasma P450 enzyme plays an important role in parasite membrane 

processes and bradyzoite differentiation, our data suggests that the effects of the azole inhibitors 

may reflect a need for host P450-derived metabolites during parasite replication and 

differentiation. This conclusion is consistent with the observation that we do not observe similar 

morphological effects of azole inhibitors on RH or Pru strain parasites cultured in HFF host cells 

(not shown) and spectral studies of soluble TgCYP indicate that this enzyme does not bind to 

azole inhibitors (not shown). This conclusion does not alter the exciting observation that P450 

inhibitors influence parasite proliferation and differentiation or persistence.
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CHAPTER FIVE 

SUMMARY AND FUTURE DIRECTIONS 

 

The previous chapters have presented work on glycosylation of Toxoplasma and studies 

of a unique cytochrome P450 in the parasite. These studies are important to expand our 

knowledge of biochemical processes in Toxoplasma and other apicomplexans. It is critical to 

define the specific features of metabolism in these protozoa in order to identify key components 

that contribute to their success as parasitic agents. Additionally, a greater understanding of 

Toxoplasma processes is required in order to improve therapies for human toxoplasmosis.  

 

I. Glycosylation of Toxoplasma proteins  

The process of glycosylation has not been extensively studied in Toxoplasma but it is an 

important modification of surface and secreted proteins, as in other eukaryotes. Historically, 

glycans have been understudied because they are biochemically complex and there have been 

few tools available to probe these complex carbohydrates, particularly in less defined systems 

such as in protozoan parasites (PRESCHER AND BERTOZZI 2006). However, I exploited a new 

labeling technique to label glycans in living parasites, using azidosugars to probe Toxoplasma 

tachyzoite glycosylation (PRESCHER AND BERTOZZI 2005; GRAMMEL AND HANG 2013; 

PATTERSON et al. 2014). Azido analogs are metabolized by diverse living cells and can be added 

to proteins as post translational modifications. Previous to my studies, this technique had not 

been applied to Toxoplasma. It proved to be difficult to expose intracellular tachyzoites to 

unnatural sugars, as there are three membranes which sugars must cross to reach the endoplasmic 

reticulum and Golgi apparatus in the tachyzoites. To circumvent host cell barriers, extracellular 
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parasites were labeled in “intracellular” ionic conditions that mimic conditions found inside a 

parasitophorous vacuole within a host cell (ENDO AND YAGITA 1990). Using azidosugars in 

“intracellular” ionic conditions it was determined that extracellular Toxoplasma tachyzoites 

incorporate unnatural sugars into glycans. Therefore, it is possible to use these unnatural sugars 

as a tool to further study glycosylation in Toxoplasma. Importantly, parasites remain viable after 

labeling with azidosugars and are capable of invading host cells and replicating. In order to 

profile Toxoplasma glycoproteins, azidosugar-modified polypeptides were isolated and identified 

using mass spectrometry. The set of modified proteins includes both novel and conserved 

components and the results are complementary but distinct from previous lectin-based MS 

surveys (LUO et al. 2011).  

There were a number of technical challenges associated with adapting labeling protocols 

to work in the context of an intracellular parasite. First, in order to produce sufficient levels of 

labeled glycoproteins for analysis, it was necessary to label a large number of tachyzoites (~3 x 

1010 parasites). The majority of proteins extracted from parasites did not incorporate unnatural 

sugar because most were synthesized prior to labeling with unnatural sugar. Although 

extracellular parasites in “intracellular” ionic conditions incorporate azidosugars, they cannot 

replicate outside of host cells and therefore are not synthesizing and turning over proteins at 

levels that would be found in replicating parasites. Therefore, labeled glycoproteins make up 

only a minority of total protein. Secondly, attempts to identify the exact carbohydrate 

modification on the glycoproteins proved difficult. Standard enzyme assays that are routinely 

used to probe glycosylation in vertebrate cells (such as treatment with PNGaseF and 

hexosaminidase-f) were apparently not effective at removing glycan modifications from parasite 

proteins. This could be because the majority of the label is not present in N-linked glycans or 
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these enzymes do not recognize Toxoplasma N-glycans. On y -elimination, treatment with 

dilute alkaline solutions to hydrolyze O- in es bet een yc ns nd t e -hydroxyl groups of 

serine or threonine, showed a meaningful reduction in labeling. This data suggests that the 

unnatural sugar, Ac4GlcNAz, mostly targets O-linked glycans.   

 

II. Future directions for glycosylation of Toxoplasma 

A. Improving labeling of intracellular parasites: 

Selective incorporation of azido sugars in Toxoplasma has been successful, however, 

improvements to the protocol would decrease the considerable numbers of parasites required for 

labeling and improve its sensitivity (signal relative to unlabeled proteins).  The largest obstacle 

during labeling was the host cell barrier, which led to labeling in a less than ideal environment. It 

would be best to label replicating parasites inside host cells. Replicating tachyzoites would 

efficiently incorporate azido sugars, which would lead to a stronger signal in downstream assays. 

To accomplish robust intracellular labeling with azidosugars, it is necessary to eliminate esterase 

activity in host cells that modifies (deacetylates) unnatural sugars in the cytosol, preventing them 

from reaching the tachyzoites. In future studies, esterase inhibitors could be screened in order to 

identify any that prevent azidosugar deacetylation in mammalian host cells.  Inhibition would 

allow increased access of azidosugars to parasite compartments to capture glycosylation of 

proteins during parasite replication. The improved yield of labeled parasite glycoproteins would 

likely allow the exact carbohydrate modifications to be determined. In this case, azidosugar 

labeling could be used in combination with other Toxoplasma protocols, such as gene knockouts 

(HUYNH AND CARRUTHERS 2009; SHEN et al. 2014) or induced depletion (SHEINER et al. 2011) 

of sugar transporters or carbohydrate modifying enzymes (see below). 
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Another alternative would be to permeabilize the host cell plasma membrane to allow 

greater access of sugars to intracellular tachyzoites. Streptolysin O (SLO), a pore-forming toxin 

from streptococcal pathogens, can be used to reversibly permeabilize eukaryotic cells (WALEV et 

al. 2001). This protocol permits delivery of molecules with up to 100 kDa to the cytosol, with 

subsequent plasma membrane repair and host cell viability. The parasitophorous vacuole (PV) 

would not need to be permeabilized because it harbors nonspecific membrane pores that allow 

rapid exchange of small molecules such as amino acids and monosaccharides (<1300-1900 Da) 

between the host cell cytoplasm and PV (SCHWAB et al. 1994). As changes in ionic conditions, 

such as treatment of human foreskin fibroblasts (HFFs) with the calcium ionophore A23187 

cause intracellular tachyzoites to egress from host cells (BLACK et al. 2000), sugar delivery 

through SLO pores should be performed under “intracellular” ionic conditions. In addition, there 

is an available mutant Toxoplasma line that is resistant to ionophore induced egress 

(ARRIZABALAGA et al. 2004) which would be useful in these experiments to prevent premature 

host cell exit. Transient SLO permiabilization would allow unnatural sugars to rapidly enter the 

host cell, cross the PV and have improved access to the tachyzoite membrane. With the use of 

the resistant line, SLO protocol and intracellular ionic conditions, it may be possible to robustly 

label replicating parasites in host cells. This would allow more detailed study of the nature of 

glycan modifications using mass spectrometry. 

 

B. Using the genome to study glycosylation 

Over the past decade, the Toxoplasma genome database (ToxoDB.org) has been 

consistently growing in complexity, datasets and annotation, providing valuable information to 

the scientific community. ToxoDB belongs to the Eukaryotic Pathogen Database Resources 
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(EuPathDB:http:// eupathdb.org), a National Institute of Allergy and Infectious Diseases-funded 

Bioinformatic Resource Center (www.niaid.nih.gov/labsandresources/resources/dmid/brc/Pages/ 

default.aspx). It encompasses genomes and functional data for representatives of the 

predominant clonal lineages as well as for exotic strains of Toxoplasma. It also contains recent 

genomes for a number of related lineages such as Neospora caninum and Eimeria tenella. A 

wealth of information can easily be searched on the database that facilitates studies of the 

biochemical capacity of these parasites. In silico studies can quickly determine whether 

conserved components for a specific pathway are represented in the genome.  

I analyzed all known Toxoplasma genes that are annotated with “carbohydrate” or 

“glycan” (Table 5.1). A coordinated analysis of these genes would be required in order to 

understand the carbohydrate machinery in Toxoplasma.  For example, the type of enzymes and 

glycan building proteins represented in the genome will dictate the type of glycan modifications 

that occur in the parasite. An example from Table 5.1 is α-galactosidase which hydrolyzes 

te min  α-galactosyl moieties from glycolipids and glycoproteins. We can conclude that this 

modification occurs in Toxoplasma. There are also identifiable transferases in the genome which 

likely mediate addition of monosaccharides to glycan braches, a critical step in the construction 

of glycoproteins. I also identified various uncharacterized proteins that contain lectin-binding 

domains which may be important sensors of host and/or parasite glycoproteins. Genes of greatest 

interest for the study of glycan modifications are marked by an asterisk in the table above and the 

comments section contains information on the predicted protein. To further study these proteins 

of interest, knockouts of non-essential genes could be made to define mutant phenotypes. These 

would include biochemical phenotypes such as the disappearance of a type of glycan 

modification and well as cell biological phenotypes including reduced invasion gliding motility.  
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Table 5.1: Genes with “carbohydrate” or “glycan” annotation in ToxoDB.org 
 
Accession #: Description: Comments: 

TGME49_209960  glycosyltransferase  
α-amylase motif, specific to 
coccidians, likely catalyzes 
breakdown of starches to sugars. 

TGME49_297720  trehalose-phosphatase  Catalyses dephosphorylation of 
trehalose-6-phosphate  

TGME49_290960  pyruvate phosphate dikinase Catalyses reversible conversion of 
ATP to AMP 

TGME49_205380  fructose-bisphospatase I  
Catalyzes hydrolysis of fructose-1,6-
biphosphate to fructose-6-phosphate, 
critical to gluconeogenesis. 

TGME49_258160  carbohydrate kinase  
Phosphorylates a wide variety of 
substrates, e.g. carbohydrates and 
aromatic small molecules. 

TGME49_225490  calcium-dependent protein 
kinase CDPK2  

t y es t ns e  o  -phosphoryl 
group from ATP to serine/threonine 
residues on proteins. 

TGME49_235700  sedoheptulose-1,7-
bisphosphatase  

FIG, FBPase/IMPase/glpX-like 
domain, superfamily of metal-
dependent phosphatases, substrates 
include ketoheptose. 

TGME49_310620  starch binding domain-
containing protein  

Family 20 carbohydrate-binding 
module (CBM20)/starch-binding 
domain: found in starch degrading 
enzymes and in proteins that 
regulate starch metabolism. 

TGME49_310670  glycogen phosphorylase 1, 
putative  

Catalyzes breakdown of oligo-
saccharides into glucose-1-
phosphate units, allosteric enzyme in 
carbohydrate metabolism. 

TGME49_314910  starch binding domain-
containing protein  

Family 20 carbohydrate-binding 
modules (CBM20)/starch-binding 
domain (see above). 

TGME49_316520  1,4-α-glucan-branching 
enzyme  

α-amylase catalytic domain, adds 
branches during synthesis of 
glycogen (glucose stores). 

TGME49_247510  fructose-bisphospatase II  
Catalyzes hydrolysis of fructose-1,6-
biphosphate into fructose-6-
phosphate, gluconeogenesis. 

TGME49_209940  transporter/permease* 
Drug/metabolite transporter (DMT) 
superfamily (carbohydrate transport, 
metabolism) 

TGME49_222970  inositol(myo)-1-
monophosphatase 2 

IMPase, inositol monophosphatase: 
PI signaling. 



 
 

121 
 

TGME49_253030  glycosyl hydrolase, family 
31 protein  

α-amylase catalytic domain family: 
acts on starch, glycogen, and related 
polysaccharides. 

TGME49_253510  transporter/permease *  Transporters with specificity for 
triose phosphate. 

TGME49_254880  α-galactosidase*  
Glycoside hydrolase, hydrolyses 
te min  α-galactosyl moieties from 
glycolipids and glycoproteins. 

TGME49_320588  glycosyl hydrolases family 
35 protein*  

Hydrolyses glycosidic bond between 
two or more carbohydrates, or 
between a carbohydrate and a non-
carbohydrate moiety 

TGME49_318730  glycosyl transferase*  

Initiates formation of mucin-type, 
O-linked glycans: catalyzes transfer 
o  α-N-acetylgalactosamine 
(GalNAc) from UDP-GalNAc to 
hydroxyl groups of Ser or Thr 
residues of core proteins to GalNAc-
a-1-O-Ser/Thr. 

TGME49_318580  glucosephosphate-mutase 
Conversion of ribose-1-phosphate 
and deoxyribose-1-phosphate to 
corresponding 5-phosphopentoses. 

TGME49_318430  malate dehydrogenase L-lactate dehydrogenase-like malate 
dehydrogenase proteins 

TGME49_267380  UDP-galactose transporter 
subfamily protein* 

Nucleotide-sugar transporters 
(NSTs) found in the Golgi apparatus 
and the endoplasmic reticulum of 
eukaryotes. 

TGME49_266750  transporter/permease*  EamA-like transporter family 

TGME49_265450  hexokinase  Nucleotide-binding domain of sugar 
kinase/HSP70/actin superfamily 

TGME49_264650  phosphoracetylglucosamine 
mutase  

Catalyzes reversible intramolecular 
phosphoryl transfer on sugar 
substrates. 

TGME49_291040  lactate dehydrogenase 2 Catalyzes the last step of glycolysis 
(pyruvate is converted to L-lactate). 

TGME49_210260  NAD-dependent glycerol-3-
phosphate dehydrogenase  

Catalyses interconversion of 
dihydroxyacetone phosphate and L-
glycerol-3-phosphate. 

TGME49_307570  glycerol-3-phosphate 
dehydrogenase 

Catalyses interconversion of 
dihydroxyacetone phosphate and L-
glycerol-3-phosphate. 
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TGME49_305030  kinase, pfkB family protein  Kinases, accept a wide variety of 
substrates, see above. 

TGME49_285980  glucosephosphate-mutase 
GPM1  

Bidirectional interconversion of 
glucose-1-phosphate and glucose-6-
phosphate via 1,6-diphosphate 
intermediate.  

TGME49_283490  α-amylase AMY3, putative  
Glycoside hydrolases, majority act 
on starch, glycogen, and related 
polysaccharides. See above. 

TGME49_280670  hypothetical protein*  Sugar transporter motif. 

TGME49_280380  poly(ADP-ribose) 
glycohydrolase  

Responsible for catabolism of 
poly(ADP-ribose), a covalent-
modifier of chromosomal proteins. 

TGME49_205290  serine/threonine specific 
protein phosphatase  

Family 20 carbohydrate-binding 
module (CBM20)/starch-binding 
domain: found in starch degrading 
enzymes and in proteins that 
regulate starch metabolism. 

TGME49_203110  citrate synthase, putative  

Catalyzes condensation of acetyl 
coenzyme A and oxalacetate from 
citrate and coenzyme A, first step in 
the oxidative citric acid cycle. 

TGME49_263130  citrate synthase, putative  See above. 

TGME49_262760  poly(ADP-ribose) 
glycohydrolase  

Responsible for catabolism of 
poly(ADP-ribose), see above. 

TGME49_260140  phosphomannose isomerase 
type I protein  

Zinc-dependent metalloenzymes, 
reversible isomerization of D-
mannose 6-phosphate (M6P) and 
D-fructose 6-phosphate (F6P). 

TGME49_259080  hypothetical protein*  -4-Galactosyltransferase motif 

TGME49_258770  polypeptide n-acetylgalact-
osaminyltransferase 12* 

Initiates formation of mucin-type, 
O-linked glycans by catalyzing 
t ns e  o  α-N-acetylgalactosamine 
(GalNAc) from UDP-GalNAc to 
hydroxyl groups of Ser or Thr 
residues of core proteins to 
GalNAc-a-1-O-Ser/Thr, see above.  

TGME49_229360  transaldolase  

Reversible transfer of dyhydroxy-
acetone to erythrose-4-phosphate 
yielding sedoheptulose-7-phosphate 
and glyceraldehyde-3-phosphate.  

TGME49_231350  glucosamine-fructose-6-
phosphate aminotransferase*  

Hexosamine biosynthesis, final 
product is precursor of macro-
molecules containing amino sugars. 
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TGME49_232290  hypothetical protein*  Galactose binding lectin domain 
TGME49_232350  lactate dehydrogenase 1  See above.  
TGME49_233320  hypothetical protein  Inositol monophosphatase family  

TGME49_271210  4-α-glucanotransferase*  

Catalyzes transfer of a segment of a 
1,4-α-D-glucan to a new position in 
an acceptor carbohydrate, which 
may be glucose or a 1,4-α-D-glucan 

TGME49_270850  glycosyl hydrolases family 
17 protein  

hydrolyzes 1,3- -glucan 
polysaccharides  

TGME49_268890  citrate synthase I  Condensation of acetyl coenzyme A 
and oxalacetate, see above. 

TGME49_268340  
glycosyltransferase family 28 
C-terminal domain-
containing protein*  

Transfers UDP, ADP, GDP or CMP 
linked sugars to a variety of 
substrates.  

TGME49_223840  ATP-citrate lyase, putative  Cleaves citryl-CoA to acetyl-CoA 
and oxaloacetate.  

TGME49_223672  3'(2'),5'-bisphosphate 
nucleotidase  

Inositol monophosphatase family.  

TGME49_309930  melibiase subfamily protein  Galactosidase, hydrolysis of 
melibiose to galactose and glucose. 

TGME49_310580  1,3(4)- -glucanase  

Hydrolyses glycosidic bond between 
two or more carbo-hydrates, or 
between a carbohydrate and a non-
carbohydrate moiety.  

TGME49_218460  C-type lectin* 

Binds a variety of carbohydrate 
ligands including mannose, N-
acetylglucosamine, galactose, N-
acetylgalactosamine, and fucose.  

TGME49_246690  α-amylase, catalytic domain-
containing protein  

Hydrolyzes starch into glucose and 
maltose. 

TGME49_247670  ribulose-phosphate 3 
epimerase family protein  

Catalyses interconversion of D-
ribulose 5-phosphate into D-
xylulose 5-phosphate (oxidative 
pentose phosphate pathway).  

TGME49_250880  kinase, pfkB family protein  Phosphorylation of ribofuranosyl-
containing nucleoside analogues  

TGME49_278830  glucose-6-phosphate 1-
dehydrogenase  

Pentose phosphate pathway, 
reducing energy 
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Invasion and motility are known to have components that are glycan-modified and 

therefore may be affected by removal of enzymes playing key roles in glycosylation. Studies of 

null lines would provide a greater insight into the functionality of enzymes involved in the 

synthesis of glycoproteins. Since many of the genes of greatest interest are likely to be essential, 

creating null lines are not feasible. In this case, induced depletion through a knock-in of a 

regulatable promoter is possible.  A Toxoplasma system has been established in which the gene 

of interest is directly controlled by a tet-repressible promoter: addition of anhydrotetracycline 

induces a dramatic reduction in protein levels by inhibiting gene transcription (SHEINER et al. 

2011). This strategy has previously been used to successfully analyze several essential genes in 

Toxoplasma (FRANCIA et al. 2012; SAMPELS et al. 2012).  

The availability of the Toxoplasma genome as well as the genomes of other 

apicomplexan parasites has allowed researchers to compare the genes and genomes of a number 

of apicomplexan parasites. Differences in the complement of metabolic enzymes between 

individual apicomplexans reflect the distinct niches that these pathogens have evolved to fill. We 

also used this approach to identify a novel cytochrome P450 in Toxoplasma.    

  

III. An unusual Cytochrome P450 in Toxoplasma 

Toxoplasma has been considered to be a model organism because it is easily manipulated 

in the laboratory relative to other apicomplexans. One limitation of Toxoplasma as an 

experimental system is that only the tachyzoite stage is completely accessible in vitro. The other 

stages of the parasite are not as well studied because it is difficult to isolate these stages or they 

are accessible in a laboratory setting. However, the availability of full parasite genomes allows 

researchers to evaluate genes that may be critical in these other life cycle stages. Similarly, it is 
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possible to compare genomes among related species to investigate genetic differences between 

apicomplexan parasites, even when some of the organisms cannot be cultured in the laboratory. 

Through analysis of genomes available on EuPathDB.org we were able to determine that the 

only apicomplexans that possess a CYP gene are tissue cyst forming coccidians. This is of 

interest because there is a need to identify metabolic processes that are essential to bradyzoites in 

order to develop drug therapies that effectively eliminate latent parasites.  

CYPs are found in humans, higher land plants, archaea, bacteria and viruses (KELLY et 

al. 2003; LAMB et al. 2009; LEWIS AND ITO 2010; NELSON AND WERCK-REICHHART 2011). 

Therefore, it was surprising that CYPs were not present in most apicomplexan parasites. 

Apicomplexans represent one group of organisms that are classified as alveolates (GUBBELS AND 

DURAISINGH 2012). The superphylum Alveolata also includes the chromerids, ciliates, 

dinoflagellates, and perkinsids (KEELING et al. 2005).  As alveolates share a common ancestor, it 

is interesting that the genomes of organisms from other alveolate lineages harbor an abundance 

of CYP genes. The chromerids, free-living, photosynthetic marine organisms that live in close 

association with stony coral, are most closely related to the apicomplexans (MOORE et al. 2008; 

OBORNIK AND LUKES 2013) The recently completed genomes of two chromerids indicate that 

they each possess ~20 CYP genes, suggesting that apicomplexans lost CYP genes during their 

transition to life as obligate intracellular parasites. 

Although most apicomplexan lineages do not have any CYP genes, the genomes of 

Toxoplasma gondii, Hammondia hammondi, Neospora caninum and Sarcocystis neurona each 

contain a single gene for a novel CYP. I determined that TgCYP localizes to the mitochondrion 

and it is not essential for tachyzoite growth in vitro. TgCYP has a characteristic Soret peak when 

bound to carbon monoxide, confirming that it is a cytochrome P450 protein. In contrast to other 
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CYPs which are characterized by permissive active sites and activity on a broad range of 

substrates, TgCYP binds to a select set of small substrates and appears to only act on acetone. 

When grown in competition with GFP-expressing wild-type parasites, tgcyp null parasites have a 

mild growth defect. However, in the presence of acetone, tgcyp null parasites have an 

unambiguous growth advantage over GFP-expressing wild-type parasites. 

Given the mitochondrial location of TgCYP and its acetone substrate, we predict that it 

improves parasite survival during conditions of nutrient limitation when ketogenesis is used to 

obtain energy from fatty acid degradation. As described in Chapter One, the precise role of the 

Toxoplasma mitochondrion is incompletely understood and is distinct from the well-studied 

mitochondria of vertebrate cells and yeast. Emerging data has indicated that the Toxoplasma 

stages experience a variety of nutrient conditions during the parasite life cycle (see Figure 1.3). 

During tachyzoite growth, Toxoplasma doubles every 6-8 hours and rapidly destroys host cells. 

Parasites released by host cell lysis go on to invade other host cells and nutrients are unlikely to 

be limiting. Once host immunity arises, intracellular tachyzoites differentiate into bradyzoites, 

particularly in immunologically privileged sites such as the brain.  Conditions that slow parasite 

growth induce bradyzoite formation in vitro and in vivo (SULLIVAN AND JEFFERS 2012). As 

bradyzoites divide slowly and asynchronously, intracellular tissue cysts persist for long periods 

of time and are refractory to the immune system and to antiparasitic drugs. It is difficult to define 

the lifespan of individual tissue cysts in a host, as it is likely that bradyzoites periodically 

emerge, replicate as tachyzoites, and return to latency in new bradyzoite cysts. It is thought that 

bradyzoites survive for weeks to years in a single cell and in these circumstances are likely to 

encounter low nutrient levels with increasing cyst age within the aging host cell. 
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Toxoplasma uses a variety of energy sources to maintain itself in different life stages and 

metabolic environments. For example, these parasites can use glutamine as an alternative energy 

source to glucose (BLUME et al. 2009). Intracellular and extracellular tachyzoites are capable of 

using these two carbon sources for energy (MACRAE et al. 2012). The specific means by which 

glutamine and glucose are converted into energy was unclear for many years. All genes required 

for a functional tricarboxylic acid (TCA) cycle are found in Toxoplasma, however pyruvate 

dehydrogenase (PDH) which is normally required for the production of acetyl-CoA from 

pyruvate only localizes to the apicoplast and not the mitochondrion (FLEIGE et al. 2008). The 

observation that it is possible to isolate parasites depleted in succinyl-CoA synthetase initially 

led researchers to conclude that tachyzoites primarily use glycolysis to degrade glucose for ATP 

synthesis. This suggested that the TCA cycle was not essential in Toxoplasma tachyzoites. 

However, the TCA cycle is essential: n n ntici ted -aminobutyric acid (GABA) shunt 

by sses α-ketoglutarate dehydrogenase and succinyl-CoA synthetase, explaining why succinyl-

CoA synthetase activity is dispensable in Toxoplasma (MACRAE et al. 2012). Moreover, recent 

studies have also demonstrated that the mitochondrial branched chain ketoacid dehydrogenase 

(BCKDH) complex functionally replaces mitochondrial PDH in Toxoplasma (OPPENHEIM et al. 

2014). BCKDH is normally involved in branched amino acid catabolism. 

Under limited nutrient conditions such as low blood glucose and depleted glycogen 

stores, many eukaryotes employ -oxidation to obtain energy in a process termed ketogenesis 

(RUI 2014). The process of -oxidation occurs in the mitochondrion, degrading fatty acids to 

produce acetyl-CoA which is typically shunted into the TCA cycle. If the amount of acetyl-CoA 

exceeds the capacity of the TCA cycle to resolve this metabolite, acetyl-CoA accumulates and 

forms acetone-containing ketone bodies. In vertebrates, ketone bodies are formed in the liver and 
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circulate to other tissues in the blood. Acetone from ketone bodies is detoxified in the liver or 

exhaled, leading to the classic “fruity breath” of a person experiencing diabetic or alcoholic 

ketosis (PASQUEL AND UMPIERREZ 2014). We hypothesize that bradyzoites use -oxidation to 

obtain energy as nutrients decline in aging host cells harboring long-term tissue cysts. As the 

thick proteoglycan cyst wall likely inhibits diffusion, acetone accumulation would be deleterious 

to bradyzoites. In this context, TgCYP detoxification of acetone is likely to be important during 

the extended latency of tissue cyst stage bradyzoites. If -oxidation is required for bradyzoite 

persistence or tachyzoite reemergence, this raises the possibility that inhibition of TgCYP would 

limit or abolish parasite latency. This is particularly significant, as established antiparasitic 

agents are not effective against bradyzoite stage organisms.  

 

IV. Future directions for TgCYP 

A. Studies in latency and aged mice 

In order to have a greater understanding of the role that TgCYP plays in Toxoplasma it is 

necessary to carry out studies in tissue cyst stage parasites (bradyzoites). It is possible to form 

early bradyzoite stages in culture using established techniques that slow parasite growth and 

induce differentiation (TOBIN et al. 2010; SULLIVAN AND JEFFERS 2012). Cysts created in tissue 

culture conditions will only survive as long as the monolayer of host cells remains intact, less 

than three weeks. This is not likely to be sufficient to define the role of TgCYP in latency. We 

have preliminary data from a collaborator that suggests that TgCYP is not essential for inducing 

bradyzoite cysts in a mouse model of infection with type II parasites (ku80 null ME49). If 

TgCYP is important for bradyzoite persistence or tachyzoite reemergence, then it is necessary to 

maintain bradyzoites for an extended period time in order to observe an effect. These studies 
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require using a mouse model of infection: wild-type and CYP knock-out parasites are used to 

infect mice. The infected mice are aged and parasite numbers are followed over time. These 

studies require a type II strain that is not as virulent as type I (RH) in mice, as the line that most 

of my experiments were performed with is excellent for in vitro studies but too virulent for 

informative mouse work.  

Although I have both type I and type II tgcyp knockout lines, they were produced in a 

hypoxanthine-xanthine-guanine phosphoribosyltransferase (HXGPRT) null line for drug 

selection purposes. Toxoplasma uses two pathways for purine salvage, defined by the enzymes 

HXGPRT and adenosine kinase (CHAUDHARY et al. 2004). Neither pathway is essential, but 

 sites e ibit  itness de ect o   e  ene tion. It is therefore important to 

create matched control and null lines that both express HXGPRT and not to compare a hxgprt 

parental line to a HXGPRT+ line containing a tgcyp gene knockout. Ideally, this can be 

accomplished by comparing parasite lines harboring homologous integration of the knock-out 

vector to lines harboring a non-homologous integration of the vector. As the non-homologous 

integration retains a segment of the plasmid with Gra1 promoter-driven expression of GFP, and 

this is lost in the homologous integrations, parasites from the same transfection can be isolated 

and used in competition assays (TRAN et al. 2012; DE LEON et al. 2013). Despite several 

attempts, I was not able to isolate parasites harboring a non-homologous integration of the tgcyp 

knockout vector. Alternatively, a different selectable marker that is not associated with a fitness 

defect, such as DHFR (DONALD AND ROOS 1993) may be used to create the tgcyp null line to be 

used in future animal studies.  

Mice infected with wild-type or tgcyp null type II lines would be allowed to age in order 

to follow long-term persistence of parasites. Numbers of brain tissue cysts are typically 
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determined in these experiments. If TgCYP does in fact play a role in the persistence of tissue 

cysts, I would expect to observe fewer bradyzoites in mice infected with the null line compared 

to mice infected with wild-type parasites. Since TgCYP may play a role in tachyzoite 

reemergence, it is important assess this process as well. It has been shown that reactivation of 

acute toxoplasmosis by reemergence of tachyzoites in chronically infected mice is induced by 

treatment of with dexamethasone (5mg/liter) leads to (SAEIJ et al. 2005). As SAG1 is exclusively 

expressed by tachyzoites and BAG1 is a specific marker of bradyzoites, expressing GFP and 

mCherry under the control of these promoters would create GFP labeled tachyzoites and 

mCherry labeled bradyzoites that could be followed using an in vivo imaging system. Once a 

type II line has been created that stably expresses these fluorescent differentiation markers, it can 

be further modified to delete TgCYP or other genes using CRISPR (SHEN et al. 2014; SIDIK et 

al. 2014). Mice infected with a tgcyp null line can be compared to other mice infected with a 

wild type line, to globally quantify the bradyzoite burden (red) and to follow emergence of 

tachyzoites (green) after treatment with dexamethasone. If TgCYP influences reemergence, the 

numbers of wild type tachyzoites would exceed in tgcyp null tachyzoites in this assay.  

 

B. Structural studies and inhibitors 

A crystal structure for TgCYP would be of great interest for several reasons. First, 

because the active site is unusually selective in TgCYP and this property is distinct from all other 

P450 enzymes studied to date. In addition, structural information would facilitate the 

identification of small molecule inhibitors. TgCYP inhibitors would be of interest and utility as 

drug leads if the mouse studies described above indicate that TgCYP is important for long-term 

persistence of bradyzoites or for the ability of tachyzoites to reemerge from these tissue cysts. If 
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the proposed mouse studies indicate that TgCYP influences persistence or reemergence, the 

crystal structure of TgCYP could be used to identify candidate small molecule inhibitors by 

docking. The best candidates could be tested for activity in biochemical assays (inhibition of 

acetone metabolism) and in mouse studies of bradyzoite persistence and tachyzoite reemergence, 

as described above.  

Growth of the tgcyp null versus wild-type parasites in my competition assay (Figure 4.8) 

provide the puzzling result that tgcyp null parasites were more fit than wild-type parasites in 

acetone although they were less fit without exogenous acetone. This could be explained by an 

inability of the glyoxalase system to clear methylglyoxal produced by TgCYP (Figure 4.11). It is 

important to repeat the competition assay with a range of acetone concentration from 0.1% to 1% 

to determine if the high levels of acetone being converted to methylglyoxal is overwhelming the 

glyoxalase system and poisoning the wild-type parasites. It is possible that decreasing the 

concentration of acetone will allow the glyoxalase system to successfully clear the amount of 

methylglyoxal being produced by TgCYP. I would expect to see an increase in the fitness of 

wild-type parasites over tgcyp null parasites as the concentration of acetone is decreased: wild-

type parasites would be able to clear both acetone and methylglyoxal but tgcyp null parasites 

would be unable to metabolize acetone.  To confirm that TgCYP is in fact converting acetone in 

methylglyoxal, it is crucial to identify production of methylglyoxal. If acetone is converted into a 

different product then it is possible that TgCYP plays a role in a distinct pathway which is 

producing a toxic product. It is very unusual for a CYP to only have one substrate; therefore, it is 

possible that TgCYP may have other unidentified substrates that it acts upon in the context of the 

parasite. Identification of these substrates would direct us to investigate the action of TgCYP in 
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other metabolic pathways. The data on TgCYP biochemistry suggests that other possible 

substrates would be small and solvent-like.  

Experiments from the Poulos laboratory using TgCYP indicate that it does not interact 

with azoles which are classic inhibitors of P450 enzymes. Moreover, we did not observe any 

morphological effects of azole inhibitors on growth of Toxoplasma tachyzoites in vitro. 

Although this contradicts a previously published report (MARTINS-DUARTE et al. 2008), our data 

consistently indicates that TgCYP is not the target of azole inhibitors. It is possible that the 

action of the inhibitors in the previous report was due to an indirect effect of azole inhibitors on 

host cell P450 enzymes. These inhibitors could influence host cell P450-associated processes 

such as fatty acid degradation.  

 

C. Origins of CYP 

 My studies have characterized a specific CYP in tissue cyst forming coccidia. With the 

availability of new alveolate genomes and the likelihood that more will be added in the near 

future, it becomes possible to create detailed analysis of CYPs in the alveolate superphylum.  It 

is of great interest explore the likely origins of the TgCYP and its orthologs in tissue cyst 

forming coccidian. One model is that all P450 enzymes were lost by the common ancestor of the 

Apicomplexa and that the ancestor of the tissue cyst forming coccidian lineage subsequently 

acquired a CYP which facilitated long-term survival in the bradyzoite stage. Alternately, the 

CYP could have originated within the ancestor of the apicomplexa, with most lineages losing all 

CYP genes and the selective retention of the CYP by the coccidian lineage. CYPs exhibit 

extremely diverse amino acid sequences with most conservation in a series of “CYP motifs” 

which coordinate the heme moiety. Our preliminary data indicates that TgCYP is most related to 
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chromerid CYPs, although given the short alignment of conserved amino acids that lack 

insertions or deletions (39 residues) that used for analysis, we cannot ascertain the robustness of 

the phylogenetic trees using bootstrapping (which requires at least 200 amino acids). As 

alignments beyond this region contain inserts and deletions, the best answer may require 

collaboration with an evolutionary biologist who can use alternative approaches. 
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