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Abstract 

The archaeal flagellum is a rotating prokaryotic motility apparatus used for swimming 

motility and adhesion; however, it is more closely related to the bacterial type IV pilus system 

than its bacterial namesake. Methanococcus maripaludis is a highly flagellated, obligately 

anaerobic methanogen and is used as the archaeal model system during this study. The identified 

structural genes of the archaeal flagella are transcribed by a single fla operon; however, the 

interactions between the majority of the Fla proteins has yet to be elucidated. In this work, several 

techniques were attempted to determine the protein-protein interactions between Fla proteins, 

including membrane fractionation experiments and in vitro dimerization assays.  Evidence from 

these experiments suggests that two proteins, FlaC and FlaE, have the ability to self-associate. 

 The M. maripaludis flagella system is also used as a model for the study of the N-linked 

glycosylation pathway in the domain, due to the presence of a tetrasaccharide N-linked to 

flagellin monomers.  Previous work has identified several of the processes involved in the 

assembly of this glycan, including glycosyltransferases, the oligosaccharide transferase and 

several of the key components involved in the biosynthesis of the sugar residue precursors. 

However, many of the enzymes responsible for biochemical modifications to the sugar residues 

remain to be determined.  The operon structure of the genes between mmp1080 and mmp1095 

was experimentally confirmed using RT-PCR, and each of the operons contains at least one gene 

involved in the biosynthesis of the N-linked glycan.  In-frame deletions of genes in this region 

were characterized for effects on the N-linked glycan. Evidence suggests that Mmp1082 and 

Mmp1083 are acting in conjunction with Mmp1081 in the addition of an acetamidino functional 

group to the third sugar residue. Mmp1085 was determined to be a methyltransferase responsible 
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for the methylation of the terminal sugar residue. Additionally, Mmp1087 and Mmp1094 were 

identified as potentially having an effect on the glycan.   

 Though this work, the breadth of knowledge in regards to both the archaeal flagella and 

the N-linked glycosylation process in the domain has been increased. 
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Chapter 1 

Introduction 

1.1 Archaea as the third domain of life 

With the ability to determine nucleic acid sequence in the late 1960’s, it became possible 

to classify organisms based on their phylogeny, that is, how evolutionarily distinct organisms 

were based on genetic information as opposed to the more traditional phenotypic characteristics 

(reviewed by Woese and Goldenfeld, 2009). Comparisons of the sequences of the small 

ribosomal subunit RNA allowed Carl Woese to demonstrate significant differences between the 

two groups of prokaryotic life, initially designated the eubacteria and the archaebacteria (Woese 

and Fox, 1977).  Later, these differences prompted the reclassification of the traditional 

hierarchical division of life, i.e., prokaryotic and eukaryotic, into the three distinct domains of life 

we currently know: the Eucarya, the Bacteria and the Archaea (Woese et al., 1990).  In addition 

to large differences in 16S rRNA sequence, the Archaea showed several prominent distinctions 

from their bacterial counterparts, including ether-linked membrane lipids (Hendrick et al., 1991), 

unusually complex RNA polymerase subunit compositions (reviewed by Hirata and Murakami, 

2009), a variety of atypical cell wall compositions, all of which are devoid of murein (Zillig, 

1991) and, of interest for this study, a unique flagella system (Thomas et al., 2001), thus lending 

support for the revised tree of life (Figure 1.1a)  

Within the domain Archaea, several phyla have been suggested, with the majority of 

cultured species being members of either the Euryarchaeota or the Crenarchaeota.  Additionally, 

members of the Korarchaeota candidate phylum have been investigated (Auchtung et al., 2006), 

and genome characterization has begun to lend credibility to this differentiation (Elkins et al.,  
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Figure 1.1. a) The phylogenetic tree of life based on the small ribosomal subunit RNA sequence, 
depicting the three domains proposed by Carl Woese. (Woese et al. 1990)  b) The distribution of 
flagella in archaeal species. The genera listed in green font are those in which flagella related 
genes have been identified (adapted from Thomas et al., 2001) 
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2008). Nanoarchaeum equitans was identified and classified into a novel putative phylum 

Nanoarchaeota (Huber et al., 2002), and additional members have been suggested through 16S 

rRNA identification (Casanueva et al., 2008).  However, it has also been suggested that the 

reclassification of the Nanoarchaeota phylum may be incorrect and that the difference in the 

ribosomal subunits seen in these members may be due to adaptations to the extreme temperature 

environments in which they live (Brochier et al., 2005).  Instead, the authors suggest that N. 

equitans may be a member of the Euryarchaeota, closely related to the Thermococcus genus. 

Other phyla have also been suggested, such as the Thaumarchaeota, (Brochier-Armanet et al., 

2008), which were traditionally grouped as Crenarchaeota. Current evidence suggests a deep 

phylogenetic divide between the lineages, and includes multiple Thaumarchaeota specific 

proteins, which strengthens the proposal for a novel phylum (reviewed by Gupta and Shami, 

2010)  

Interestingly, archaeal rRNA sequences can be amplified widely from nature (Chaban et 

al., 2006).  Indeed, it is believed that archaeal cells may comprise up to a third of the prokaryotic 

life within the ocean environments (Karner et al., 2001), and it has been suggested that certain 

specialists, such as ammonia oxidizing archaea, may outnumber their bacterial counterparts in 

soils globally (Leininger et al., 2006).  Additionally, nitrifying archaea have been proposed to 

play the prominent part in similar ammonia oxidization of ocean environments (Wutcher et al., 

2006), and the capacity for such a role was demonstrated in physiological studies of the only 

ammonia oxidizing marine archaeon currently in cultivation, Nitrosopumilus maritimus (Martens-

Habbena et al., 2009). 

This seemingly ubiquitous nature and apparent global importance of members of the 

archaea is contrasted by the difficulty of researchers to culture and isolate organisms of this 
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domain from these common habitats (Cavicchioli, 2010). Ironically, the most success in this 

regard has been with microorganisms that inhabit unusual niches or extreme environmental 

locations such as geologically active hot springs, extremely acidic water sources, very high salt 

concentrations and highly reduced anaerobic niches. These extremophilic organisms are of 

interest in regards to elucidating the biochemical modifications and metabolic pathways that 

allow them to flourish in such seemingly inhospitable environments (Rothschild and Mancinelli, 

2001). 

Methane of biological origin on our planet can be produced in several known ways. The 

first is through the thermogenic conversion of organic matter at high temperatures (Schoell, 

1988). The second is through methanogenesis, by members of the Euryarchaeota, in strictly 

anaerobic environments (Whitman et al., 2006; Liu and Whitman, 2008). It has been speculated 

that methanogenesis was one of the earliest forms of energy productions used by living 

organisms, and is thought to predate the oxygenation of the Earth’s atmosphere by photosynthetic 

microbes (Kral et al., 1998). Methanogenic organisms can be found in a diverse range of 

anaerobic environments, such as mesopelagic regions of the ocean, bogs, rice paddies, salt 

marshes and the rumen of grazing mammals (Liu and Whitman, 2008). They often act as the 

terminal electron acceptors in the biological decomposition of organic matter by microbial 

communities (Schink, 1997) and are, therefore, an important contributor to the global nutrient 

cycle. Additionally, methane can act as a potent greenhouse gas (Cicerone and Oremland, 1988) 

and so methanogens may play a role in contributing to global warming conditions (Galperin, 

2007). Methanogens have also been suggested as having a role in certain human diseases 

including periodontal (Lepp et al., 2004) and gastrointestinal diseases (Pimentel et al., 2003; 
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Stuart et al., 2006), although whether methanogens are the causative agent or not has yet to be 

determined (reviewed in Conway de Macario and Macario, 2009). 

Methanococcus maripaludis is an obligately anaerobic Euryarchaeota that was originally 

isolated from a salt marsh in South Carolina (Jones et al., 1983).  It is used as a model system for 

the study of hydrogenotrophic methanogens due to is completely sequenced genome 

(Hendrickson et al. 2004), relative ease of growth (Jones et al., 1983) and the development of 

several genetic tools, such as an efficient transformation procedure (Tumbula et al., 1994), in-

frame deletion and complementation methodologies, which allow for manipulation of the species 

(Moore and Leigh, 2005; Lie et al., 2005).  

1.2 Prokaryotic motility structures 

Prokaryotic organisms have evolved a myriad of unique structures and functional 

mechanisms as a means of locomotion, however, the use of filamentous projections from the cell 

surface represents the most common theme (Jarrell and McBride, 2008). The bacterial flagellum 

and the type IV pilus represent two such filamentous appendages, displaying separate assembly 

mechanisms, evolutionary lineage and means to elicit movement of the bacterial cell through the 

environment.  

Bacterial flagella are the best studied of all the prokaryotic motility organelles (Bardy et 

al., 2003) and are represented in a vast diversity of microorganisms (Pallen and Matzke, 2006). 

Flagella are typically used as propellers, enabling the cell to swim through liquid environments 

and swarm across solid surfaces (Kearns, 2010); however, they have also been associated with 

virulence factor secretion (Reed et al., 2002), environment sensing (Wang et al., 2005) and 

biofilm formation (Liu and Ochman, 2007). The flagella system expressed in the enteric Gram-

negative bacteria Escherichia coli K-12 and Salmonella enteric serovar Typhimurium (S. 
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typhimurium) LT2 have been the most thoroughly examined (Pallen et al., 2005), and despite 

minor variations, the components of the flagella biosynthesis pathways in these two organisms 

are largely identical (Macnab, 1992). 

The overall structure of the flagella can be divided into three distinct regions; the basal 

body, the hook and the filament (Macnab, 2004). Interestingly, the bacterial flagellum shares a 

remarkable homology with the needle structure of Type III secretion systems associated with 

toxin secretion in many pathogenic strains (Yip and Strynadka, 2006), pointing to a common 

evolutionary origin of the two structures. Most of the structural proteins of the flagellum (rod 

proteins, hook protein, hook associated proteins and flagellin) are secreted through a type III like 

export apparatus located at the base and travel through the central pore of the growing flagella 

structure, being integrated as part of the complex at the distal end (Apel and Surrette, 2008). 

The type IV pilus (Tfp) is a filamentous motility organelle used in the process of 

twitching motility, allowing the bacterium to move across solid surfaces (Mattick, 2002).  Unlike 

the flagella, the Tfp systems of bacteria do not rotate; instead the filament extends, grips and then 

retracts from the base, effectively pulling the cell forward (Skerker and Berg, 2001). Pilin 

monomers are added and subtracted from the proximal end of the filament structure at the rate of 

around 1000 subunits/second (Craig and Li, 2008). Unlike the filament of the bacterial flagellum, 

the pilus filament is not hollow and subunits instead form a solid projection (Ramboarina et al., 

2005). Similar to the bacterial flagellum, the Tfp has been adapted to perform a variety of 

functions. In addition to its role in surface motility, the bacterial Tfp has been associated with 

adhesion (Rakotoarivonina et al., 2002), colonization (Zhang et al., 2000) and has been 

implicated in the uptake of DNA in transformation (Juhas et al., 2008).  
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Many of the proteins of the pilus system are believed to have homology with the bacterial 

type II secretion system, thus pointing to a common evolutionary origin (Peabody et al., 2003). 

This relationship of the motility organelle to a separate secretion system also resembles the 

similarity of the flagella to the Type III secretion system. 

Tfp systems have been broadly classified into two subgroups, Type IVa and Type IVb 

based on N-terminal sequence similarity of pilin subunits, length of signal peptide sequence and 

general filament structure (Tomach et al., 2007) and differences in assembly and regulation 

between the systems have been observed (Pelicic, 2008). Type IVa pili are found in a diverse 

range of microorganisms in both Gram negative and positive species (Craig and Li, 2008); those 

found in the species Pseudomonas aeruginosa and Neisseria gonorrhoeae have been the most 

extensively studied.  Type IVb pili, however, are predominantly found in Gram-negative 

pathogens and are typified by the bundle-forming-pilus (Bfp) of enteropathic E. coli (EPEC) and 

the toxin-coregulated-pilus (TCP) of Vibrio cholerae (Pelicic, 2008).  

Unlike the filament proteins of the flagella which rely heavily on specific chaperones and 

the type III secretion system for transport and incorporation into the flagella filament, prepilin 

subunits are believed to be targeted to the inner membrane through the Sec general secretion 

system (Ramer et al., 1996). After insertion into the inner membrane, the prepilins are processed 

by a dedicated pre-pilin peptidase which cleaves the unusual N-terminal signal peptide prior to 

incorporation of the subunit into the pilus (Zhang et al. 1994, Craig and Li 2008).  Insertion and 

removal of the pilin subunits into the filament is facilitated by the action of separate conserved 

ATPases assembled at the base of the pilus structure (Pelicic 2008). 
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1.3 Archaeal flagella  

Flagella structures have been discovered in all of the major subgroups of cultivatable 

Archaea including thermoacidophiles, extreme halophiles, hyperthermophiles and methanogens 

(Figure 1.1b) (Ng et al., 2006) and are the most thoroughly studied of the archaeal surface 

appendages.  Biochemical, structural and genetic studies have been reported for many different 

species, however the majority of the work published has been on members of either the 

Halobacterium or the Methanococcus genera. Like the flagella structures expressed in bacteria, 

the archaeal flagellum is a bi-directional rotating appendage, which is used for swimming; 

however, no homology in structural or biosynthetic genes is seen between the two organelles (Ng 

et al., 2006). In addition to swimming, flagella can be involved in additional functions, such as 

adhesion as is seen in Sulfolobus solfataricus (Zolghadr et al., 2010) and adhesion and cell to cell 

contact in Pyrococcus furiosus (Nather et al., 2006), although additional functions remain to be 

proven in Methanococcus species.  Recent work in Haloferax volcanii demonstrated that the 

flagella expressed by this species were not involved in adherence, although are required for 

motility (Tripepi et al., 2010).  

Archaeal flagella are much more similar to the Tfp structures expressed by bacteria than 

their flagella namesakes. The filament lacks a central channel that would allow for flagellin 

monomers to pass through for integration at the distal tip, as is the hallmark of the bacterial 

flagella, and it is believed that monomers are added to the cell proximal end of the structure, 

similar to the process in Tfp (Trachtenberg and Cohen-Krausz, 2006; Jarrell et al., 1996). 

Rotation of the flagella in Halobacterium salinarum is driven by the hydrolysis of ATP as 

opposed to the proton motive force as seen in the bacterial counterpart (Streif et al., 2008) and it 

is likely similar in other archaeal species. A homologous ATPase and membrane component are 
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shared between the archaeal flagella and the Tfp structure and both have been shown by deletion 

anlaysis to be critical for flagella formation (Chaban et al., 2007; Thomas et al., 2002; Patenge et 

al., 2001).  

Additionally, archaeal flagellin monomers are subjected to several unusual 

posttranslational modifications prior to their insertion into the structure proper. Flagellin 

monomers are first translated as preproteins, containing atypical, type IV pilin-like (class III) 

signal peptides, which are cleaved by a dedicated signal peptidase, homologous to that of the 

bacterial type IV pilus system (Bardy and Jarrell, 2002; Peabody et al., 2003).  In addition to this 

signal processing, the flagellin monomers undergo another posttranslational modification in the 

form of N-linked glycosylation (See below). This is unusual in comparison to the bacterial 

flagella, where glycosylation of flagellins is rare and always O-linked (Logan, 2006). These 

interesting facts point to a more common evolutionary origin between the archaeal flagellum and 

the bacterial Tfp as opposed to bacterial flagella. 

The majority of known genes involved in flagella structure and assembly in archaeal 

species are contained within a single fla operon, although variations between species in regards to 

the genes present and their transcriptional orientation exist (Jarrell et al., 2007) (Figure 1.2 a). 

Additionally, it is likely that other loci within the genome have important roles in chemotaxis 

(Schlesner et al. 2009), anchoring and rotation of the flagella structure. The fla operons usually 

begin with the genes that encode several different flagellin monomers, with the exceptions being 

members of the genus Sulfolobus and the species Metallosphaera sedula, which possess only a 

single flagellin (Szabo et al., 2007; Auernik et al., 2008). Deletion analysis indicates that each 

flagellin gene is required for the formation of any flagellum structure, with exceptions in both  



 

10 

 

 
 
 
Figure 1.2. a) Comparison of the fla operons between several flagellated archaeal species. Arrows 
indicate direction of gene transcription. All currently identified flagellated Archaea contain 
conserved flaHIJ and a variable subset of accessory genes flaA-flaG. Flagellin genes flaA-flaB are 
transcribe ahead of remainder of the fla operon b) The fla operon of Methanococcus maripaludis, 
the species used in this study and functions in the flagella system. 
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Methanococcus species and Halobacterim salinarum, where one of the “flagellin” genes encodes 

the hook protein and its deletion results in modified flagella structures lacking this curved region 

 (Bardy et al., 2002; Chaban et al., 2007; Beznosov et al., 2007) The fla operon in M. maripaludis 

contains 11 open reading frames (Figure 1.2b). The first two genes, flaB1 and flaB2, encode 

flagellin monomers and a third flagellin flaB3 is responsible for the hook-like feature. 

  Following the flagellin genes, the fla operon, encodes variations of a core subset of 

flagella associated genes, flaC-flaJ, with the preflagellin peptidase flaK, typically being located 

elsewhere on the chromosome. The highly conserved flaHIJ are found in all flagellated archaeal 

species, and are believed to be integral members of the assembly platform and export of the 

flagella structural components (Jarrell et al., 2010b; Albers and Driessen, 2005).  FlaH may be an 

ATPase, as it contains a conserved Walker A motif (critical for ATP binding), although no 

Walker box B (for ATP hydrolysis) has been reported in homologues of this protein (Thomas and 

Jarrell, 2001). FlaI is homologous to ATPases found in Tfp expressed by bacteria 

(PilT/PilB/TadA) responsible for the elongation and retraction of the pili filament, thus 

suggesting a similar function in the archaeal flagella (Albers and Driessen, 2005). FlaJ is a 

conserved membrane associated protein, homologous to PilC/TadB of the Tfp and likely acts as 

the major transmembrane component of the system (Peabody et al., 2003). The function of the 

remaining variable genes flaC-flaG remains to be elucidated, however, it has been reported that in 

Hbt. salinarum FlaCE and FlaD associate with various Che proteins of the chemotaxis system 

(Schlesner et al., 2009). Deletions in any of the accessory genes in M. maripaludis, with the 

exception of flaD and flaE, which were unable to be deleted, resulted in non-flagellated cells, 

even though some of these genes are not even present in all flagellated archaeal species (Chaban 

et al., 2007).   
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1.4 Glycosylation in prokaryotes 

The posttranslational attachment of specific polysaccharide components to proteins is 

termed glycosylation. Prior to the discovery of the first prokaryotic glycoprotein, the surface layer 

protein of the archaeon Halobacterium salinarum (Mescher and Strominger, 1976), it was 

believed that only eukaryotic cells performed such modifications. However, it is now a 

modification known to be present in all three domains of life (Jarrell et al., 2010a). O-linked and 

N-linked are the two types of glycosylation that have, thus far, been described in prokaryotic life 

(Jarrell et al., 2010a; Abu-Qarn et al. 2008; Weerapana and Imperiali, 2006).  O-linked 

glycosylation is the attachment of glycans to specific hydroxyl groups of target serine and 

threonine residues (Peter-Katalinic, 2005), and is the most common glycosylation state found in 

the bacterial domain. Currently, very little has been published about the process of O-linked 

glycosylation in the archaeal domain (Calo et al., 2010), although the surface layer proteins of 

Halobacterium salinarum and Haloferax volcanii are both known to exhibit such modification 

(Mescher and Strominger, 1976; Sumper et al., 1990).  

N-linked glycosylation refers to the covalent attachment of the glycan, through a β-

glycosylamide linkage to the NH2 group of select asparagine residues of the target protein 

(Weerapana and Imperiali, 2006).  Compared to O-linked glycosylation, it is believed to be rarer 

in the bacterial domain, and has only been thoroughly described in one major bacterial species, 

Campylobacter jejuni (Szymanski and Wren, 2005), although it may be widely spread throughout 

the domain (Nothaft and Szymanski, 2010). Interestingly, the bacterial protein glycosylation 

genes (pgl) catalyze the addition of nucleotide-activated monosaccharide subunits on the 

cytoplasmic side of the plasma membrane to an undecaprenyl pyrophosphate lipid carrier, as 

opposed to a dolichyl pyrophospate used in the eukaryotic and archaeal systems (Linton et al., 
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2005, Lechner et al., 1985). Glycosylation related genes identified in Archaea are renamed with 

the agl (archaeal glycosylation) prefix as proposed by Chaban et al. (2006). 

  N-linked glycosylation is a common modification found in S-layer and flagellin 

monomers in many archaeal species (Jarrell et al., 2010a) and has been recently shown to also 

occur in the main structural pilin in M. maripaludis (Ng et al., 2010). Similar to many aspects of 

archaeal physiology, the N-linked glycosylation system shares several commonalities to the 

systems in each of the other domains (Table 1.1).  

1.5 N-linked glycosylation in M. maripaludis 

The flagellin monomers of the M. maripaludis are modified with an N-linked glycan 

attached to asparagine (Asn) residues within the conserved sequon, Asn-X-Ser/Thr (X cannot be 

proline).  The reported structure of the flagellin N-linked glycan was Sug-4-β-

ManNAc3NAmA6Thr-4-β-GlcNAc3NAcA-3-β-GalNAc-Asn (Figure 1.3), where Sug was a 

previously unreported  (5S)-2-acetamido-2,4-dideoxy-5-O-methyl-α-l-erythro-hexos-5-ulo-1,5-

pyranose, representing the first example of a naturally occurring diglycoside of an aldulose 

(Figure 1.3) (Kelly et al. 2009). The sugar linking the oligosaccharide to the Asn of the target 

protein is N-acetylgalactosamine (GalNAc), as opposed to N-acetylglucosamine (GlcNAc) used 

in the close relative M. voltae (Voisin et al. 2005).  An acetylated derivative of GlcNAc, di-N-

acetyl-glucuronic acid (GlcNAc3NAcA) however, is attached at the second position. A derivative 

of 2,3-diamino-2,3-dideoxymannuronic acid amidated with a threonine amino group 

(ManNAc3NAmA6Thr) is attached at position three (Kelly et al. 2009) and with the unusual 

diglycoside of aldulose found at position four.   
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Table 1.1. Comparison of N-linked glycosylation pathway among the three domains of life  
 

N-linked 
Trait Eukarya 

 
Bacteria Archaea 

 

Sugar donor Nucleotide-
activated sugars; 
Dolichyl-P-glycans 

Nucleotide-
activated 
sugars 

Nucleotide-
activated sugars; 
Dolichyl-P-
glycans? 
 
 

Lipid carrier Dolichyl 
pyrophosphate 

Undecaprenyl 
pyrophosphate 

Dolichyl mono- or 
pyrophosphate 
 
 

Flippase Rft1?; ATP-
independent 

PglK; ATP-
dependent 

Unknown 

OTase Multimeric; STT3 
catalytic subunit 

Single subunit; 
PglB (STT3 
homologue) 

Single subunit; 
AglB (STT3 
homologue) 
 
 

Sequon in 
target protein 

N-X-S/T (X ≠ P) D/E-Z-N-X-
S/T (Z, X ≠ P) 

N-X-S/T (X ≠ P); 
N-X-N/L/V 

 



 

15 

 

 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
Figure 1.3. Representation of glycan N-linked to the flagellins of M. maripaludis. 1st :N-acetyl 
galactosamine, 2nd :Di-N-acetyl-glucuronic acid, 3rd :2,3-diamino-2,3-dideoxymannuronic acid 
amidated with a threonine amino group, 4th :2-acetamido-2,4-dideoxy-5-O-methyl-hexos-5-ulo-
1,5 pyranose. Also depicted are the glycosyltransferases responsible for the addition of the sugar 
residues, where known. (Adapted form Kelly et al., 2009) 
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The glycan is assembled on the cytoplasmic face of the cell membrane through the 

sequential addition of sugar residues beginning with the attachment of N-acetylgalactosamine to a 

dolichol lipid carrier, by a currently unidentified glycosyltransferase.  The genes mmp1079 

(aglO), mmp1080 (aglA) and mmp1088 (aglL) have been identified as encoding the 

glycosyltransferases responsible for transfer of the second, third and fourth sugar residues to the 

dolichol carrier, respectively (Figure 1.3) (VanDyke et al. 2009). It is hypothesized that upon 

completion of the glycan, the oligosaccharide is translocated across the cytoplasmic membrane 

through the action of a currently unidentified flippase, proposed to be required in both bacteria 

and eukaryotes (Alaimo et al., 2006; Helenius et al. 2002). The glycan is then transferred to the 

target sequon of flagellin monomers by an oligosaccharide transferase encoded by mmp1424 

(aglB) (VanDyke et al., 2009). Assembly of the flagella structure is dependent on having at least 

a two-sugar glycan attached to flagellin subunits (VanDyke et al., 2008). Strains carrying 

mutations that result in the loss of the terminal sugar (mmp1088) or the third sugar (mmp1080) 

are still flagellated while a mutant carrying a deletion of mmp1079, responsible for transferring 

the second sugar or of the oligosaccharide transferase, mmp1424, are nonflagellated (VanDyke et 

al., 2009). 

1.6 Glycan biosynthesis in M. maripaludis 

Recent in vitro work has helped described the biosynthetic pathway of several of the 

sugar residue precursors of the M. maripaludis tetrasaccharide (Figure 1.4) (Namboori and 

Graham, 2008).  The product of mmp1680 was shown to be a glutamine–Fru-6-P transaminase 

that catalyzes the isomerization of fructose-6-phosphate and its transamination from an L-  
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Figure 1.4. Putative biosynthesis of the 1st,  2nd and 3rd sugar residues of the M. maripaludis 
glycan, including enzymes responsible for their catalysis and predicted enzymes required for 
unaccounted for modifications. (Figure adapted from Namboori and Graham 2008; and Kelly et 
al., 2009; VanDyke et al., 2008; Wu J. MSc. Thesis 2009)  
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glutamine amide resulting in glucosamine-6-phosphate (GlcN-6-P). A phospho-glucosamine 

mutase (Mmp1077) is responsible for the transfer of the phosphate from the sixth position of 

GlcN-6-P to the first, producing GlcN-1-P. Its neighbor, mmp1076, encodes an enzyme that acts 

in a bifunctional manner, as a GlcN-1-P- acetyltransferase/uridylyltransferase, which acetylates 

the 2-amino group of GlcN-1-P using acetyl-CoA and transfers the residue to UTP, producing 

UDP-N-acetylglucosamine (UDP-GlcNAc). An additional gene, mmp0350, which was identified 

as being homologous to other known acetyltransferases, was shown to likely be involved in 

attaching an acetyl group to the second sugar (GlcNAc3NAcA) (VanDyke et al., 2008). This 

modification might occur after the sugar is already linked to N-acetylgalactosamine as the 

monoacetylated form can still be transferred but then cannot be used as a subsequent target for 

transfer of the third sugar.  

Mmp0705 epimerizes UDP-N-acetylglucosamine to UDP-N-acetylmannosamine and 

Mmp0706, a UDP-ManNAc 6-dehydrogenase, oxidizes UDP-N-acetylmannosamine to UDP-N-

acetylmannosaminuronate (Namboori and Graham, 2008), a precursor to the third residue of the 

M. maripaludis glycan (Kelly et al., 2009). Recent work using in-frame deletion methodologies 

and corresponding mass spectrometry analysis of the flagella of a mmp1081 deletion strain have 

demonstrated that the N-acetylmannosaminuronate derivative at this position was missing an 

acetamidino group, suggesting Mmp1081 acts as an acetamidino-transferase (Jarrell, Jones, 

Logan, Kelly, Wu in preparation). BLAST algorithm searches using mmp1081 suggest homology 

to several bacterial genes involved in a similar modification in LPS biosynthesis, lfnA from 

Pseudomonas aeruginosa and wbuX from E. coli O145 (King et al. 2008).  Recent unpublished 

work has implicated an additional gene, mmp1090, (an annotated epimerase), which, based on 
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deletion analysis and mass spectrometry analysis of isolated flagella (Jarrell, Logan, Kelly, Wu 

and Jones, unpublished), may be involved in the formation of the unusual 4th sugar.  

1.7 Aim of this study 

This work had two major goals; the first was to identify proteins transcribed by the fla 

operon that interact as a first step in elucidating their role in the flagella assembly. The function 

of most of the Fla associated proteins is currently unknown and for the majority no obvious 

function can be described using in silico analysis.  Previous work demonstrated that the Fla 

accessory proteins in M. voltae localized to membrane fractions (Thomas and Jarrell, 2001), and 

was thought to be similar in M. maripaludis.  The first technique used to identify potentially 

interacting partners within this operon was to examine membrane localization of two proteins 

(FlaD and FlaE), which lacked predictable transmembrane domains, in strains that had deletions 

of other proteins in the fla operon (Chaban et al., 2006). The second approach relied on detection 

of protein interactions through the use of an in vitro bacterial LexA based two-hybrid assay 

(Dmitrova et al., 1998). Proteins of the fla operon were cloned into the system and screened for 

interaction between themselves.  

The second major goal of this work was to continue the elucidation of the genes involved 

in the biosynthetic pathway of the N-linked glycosylation pathway in M. maripaludis. The locus 

between mmp1081–mmp1094 was targeted due to its proximity to the known glycosyltransferase 

genes, mmp1079 (aglO), mmp1080 (aglA) and mmp1088 (aglL)  (VanDyke et al., 2009) (Figure 

1.5), the acetamidino-transferase Mmp1081 and the possible epimerase Mmp1090 which are all 

known to be involved in the N-linked glycosylation pathway from previous work. The first task 

was to experimentally determine the transcribed operon structure of the genes in this region 

through the use of Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR). Primers 
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Figure 1.5. Depiction of the M. maripaludis genes predicted to be involved in glycosylation in 
this study. Smaller blue arrows indicate predicted operon structure based on orientation of genes 
and intergenic distance.  Bold green arrows represent known glycosyltransferases (VanDyke et al. 
2009). Bold orange arrows represent genes for which inframe have been acquired by the Jarrell 
lab and were further characterized in this work. Bold blue arrows represent genes that were 
deleted and characterized in this work. Black arrows represent genes that have not currently been 
deleted.  
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designed to amplify flanking regions of neighboring genes were used with harvested mRNA.  

Previously acquired mutants were rescreened for potential effect on N-linked glycosylation, and 

several genes in this region were targeted for in-frame deletions (Moore and Leigh, 2005), and 

their effects on the glycan biosynthesis was tested in accordance with previously utilized 

methodologies (VanDyke, et al. 2008).  

Through these studies, the breadth of knowledge about both the unusual flagella structure 

in archaea and N-linked glycosylation in these unusual organisms was enhanced.  
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Chapter 2 

Materials and Methods 

2.1 Strains and growth conditions  

Escherichia coli and Methanococcus maripaludis strains used in this study are described 

in Table 2.1. E. coli strains were grown in Luria-Bertani (LB) broth (Sigma-Aldrich Canada, 

Oakville, ON) with shaking (120 rpm) or plated on LB containing 15 g/L agar (EMD Chemicals, 

Gibbstown, NJ)  at 37°C in the presence of various antibiotics for selection. Ampicillin (100 

µg/ml), tetracycline (10 µg/ml) or chloramphenicol (30 µg/ml) were used in selection when 

necessary. 

M. maripaludis strains were cultivated anaerobically in Balch III media under a CO2/H2 

(20:80) atmosphere (Balch et al., 1979). Cultures were grown with shaking (100 rpm) at 37°C or 

on solid Balch III containing 15 g/L agar (EMD Chemicals, Gibbstown, NJ). For selection during 

transformation, McCas media (Whitman et al. 1986) and solid McCas containing 20g/L Noble 

agar was used for culture growth and single colony isolation, respectively. 8-azahypoxanthine 

(240 µg/ml), neomycin (1 mg/ml) and puromycin (2.5 µg/ml) were used for selection when 

necessary.  

Several M. maripaludis strains were grown anaerobically in nitrogen free media (Blank et 

al., 1995) supplemented with either l-alanine or NH4Cl as the sole nitrogen source. Cultures were 

grown with shaking (100 rpm) at 30°C under a CO2/H2 (20:80) atmosphere. 

Plasmids used and generated in this work are listed in Table 2.2. 
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Table 2.1. Strains used in this study 

Strain Description Reference or source 

E. coli strains 

DH5α Φ80dlacZ ΔM15 Δ(lacZYA-argF) endA1 

recA1 

Laboratory strain 

Su101 lexA71::Tn5 (Def)sulA211 sulA::lacZ  

Δ(lacIPZYA)169/F' lacIq lacZM15::Tn9 

with integrated lacZ reporter regulated by 

the wild-type LexA operator, op+/op+ 

Dmitrova et al. 1998 

Su202 lexA71::Tn5 sulA211 sulA::lacZ 

(lacIPOZYA)169 F' lacIq lacZM15::Tn9 

with integrated lacZ reporter controlled 

by the hybrid LexA operator, op408/op+ 

Dmitrova et al. 1998 

 

M. maripaludis strains 

S2 (formerly LL) Wild-type Whitman et al., 1986 

Mm900 S2 Δ mmp0145 (Δhpt) Moore and Leigh, 2005 

Mm1081 Mm900 Δ mmp1081 J. Wu, unpublished 

Mm1082 Mm900 Δ mmp1082 J. Wu, unpublished 

Mm1083 Mm900 Δ mmp1083 J. Wu, unpublished 

Mm1084 Mm900 Δ mmp1084 This study 

Mm1085 Mm900 Δ mmp1085 This study 

Mm1087 Mm900 Δ mmp1087 K. Jarrell Unpublished 

Mm1092 Mm900 Δ mmp1092 K. Jarrell Unpublished 

Mm1094 Mm900 Δ mmp1094 This study 

ΔFlaB2 Mm900 Δ flaB2 Chaban et al., 2007 

ΔFlaC Mm900 Δ flaC Chaban et al., 2007 

ΔFlaF Mm900 Δ flaF Chaban et al., 2007 

ΔFlaG Mm900 Δ flaG Chaban et al., 2007 
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ΔFlaH Mm900 Δ flaH Chaban et al., 2007 

ΔFlaI Mm900 Δ flaI Chaban et al., 2007 

ΔFlaJ Mm900 Δ flaJ J. Wu, unpublished 

Mm1504 Mm900 Δ mmp1504 VanDyke et al., 2009 
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Table 2.2 Plasmids used in this study 

 

 

Plasmid Description Source or Reference 

pMS604 lacUV5 promoter LexA(1-87)-Fos zipper, TcR Dmitrova et al. 1998 

pDP804 lacUV5 promoter LexA(1-87)408-Jun zipper, AmpR Dmitrova et al. 1998 

pKJ731 pMS604:: LexA(1-87)-mmpflaC This study 

pKJ732 pMS604:: LexA(1-87)-mmpflaD This study 

pKJ760 pMS604:: LexA(1-87)-mmpflaE(22-135) This study 

pKJ799 pMS604:: LexA(1-87)-mmpflaE This study 

pKJ775 pMS604:: LexA(1-87)-mmpflaF(25-125) This study 

pKJ801 pMS604:: LexA(1-87)-mmpflaG(27-150) This study 

pKJ847 pMS604:: LexA(1-87)-mmpflaH This study 

pKJ848 pMS604:: LexA(1-87)-mmpflaI(1-270) This study 

pKJ865 pMS604:: LexA(1-87)-mmpflaJ(50-197) This study 

pKJ733 pDP804:: LexA(1-87)408-mmpflaC This study 

pKJ734 pDP804:: LexA(1-87)408-mmpflaD This study 

pKJ800 pDP804:: LexA(1-87)408-mmpflaF(25-125) This study 

pKJ802 pDP804:: LexA(1-87)408-mmpflaE This study 

pKJ803 pDP804:: LexA(1-87)408-mmpflaJ(50-197) This study 

pKJ866 pDP804:: LexA(1-87)408-mmpflaI(314-540) This study 

pKJ878 pDP804:: LexA(1-87)408-mmpflaH This study 

   

pCRPrtNeo hmv promoter-hpt fusion + NeoR cassette in 

pCR2.1Topo, AmpR 

Moore and Leigh, 2005 

pKJ715 pCRPrtNeo + inframe deletion of mmp1085 This study 

pKJ795 pCRPrtNeo + inframe deletion of mmp1084 This study 

pKJ878 pCRPrtNeo + inframe deletion of mmp1094 This study 
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2.2 DNA manipulations  

Restriction digests were performed with enzymes acquired from Fermentas (Fermentas 

Canada, Burlington, ON) or NEB (New England Biolabs Canada, Pickering, ON) using standard 

protocols. DNA Rapid Ligation Kit (Fermentas, Burlington, ON) and supplied protocol was used 

for all DNA ligations and vector cloning. Plasmid DNA was isolated from E. coli cells using a 

QIAprep® Spin Miniprep Kit (Qiagen Inc. Canada Mississauga, ON). DNA from restriction 

digests and PCR reaction mixes were purified, when necessary, using a QIAquick® PCR 

purification kit (Qiagen Inc. Canada Mississauga, ON).  DNA fragments were isolated from 0.8% 

agarose gels through the use of a PureLinkTM Quick Gel Extraction Kit (Invitrogen Canada Inc. 

Burlington, ON). All kit use followed manufacturer’s supplied protocol.  DNA samples were 

electrophoresed through agarose (0.8%) gels containing ethidium bromide run with TAE Buffer 

(40 mM Tris-HCl, pH 8.0, 0.1% glacial acetic acid, 1 mM EDTA) and were visualized using UV 

light (208 nm) (Maniatis et al., 1982). Sequencing was performed by ACGT Corp (ACGT Corp, 

Toronto, ON).  

2.3 Polymerase Chain Reaction (PCR)  

All PCR work was performed with a Mastercycler Epgradient S thermal cycler 

(Eppendorf Canada, Mississauga, ON). Standard PCR reaction mixtures contained; 40.5 µl dH2O, 

5 µl 10x Polymerase Thermobuffer (New England Biolabs Canada, Pickering, ON), 1 µl (50 

pmol) of both forward and reverse primers, 1 µl of dNTPs (0.8 mM), 1 µl DNA template and 0.5 

µl Vent Polymerase (1 unit) (New England Biolabs Canada, Pickering, ON). Primers used for 

PCR amplifications are described in Table 2.3 and were obtained from IDT (Integrated DNA 

Technologies, Coralville, IA). Annealing temperature varied depending on primer pairs between  
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Table 2.3 Primers used in this study.  

Primers Construct/ 

Purpose 

Corresponding 

Plasmid 

Fla.Prom.450bp.Up: 5’TTTATAGATTCTGGATGTTCAAATGC 

Fla.Prom.Down: 5’AGTTTCCGCTGCTCATGTCTTGGTTACC 

Fla.Prom.For: 5’CATAATCATATACATAACTACATACC 

Sequencing 

primers for Fla 

promoter region 

n/a 

LexA.Fusion.Seq.For: 5’AAGGCGTTATTGAAATTGTTTCC Screening for 

pMS604 and 

pDP804 

n/a 

FlaC.pMS604.For: 5’AGAACCGGTGATGCCTAATATCTCAGAGATT 

FlaC.pMS604.Rev: 5’AAACTCGAGTTACCAATCATCGGAATCCTC 

pMS604/FlaC pKJ731 

FlaC.pDP804.For: 5’AAACTCGAGATGCCTAATATCTCAGAGATT 

FlaC.pDP804.Rev:5’AAAGGATCCTTACCAATCATCGGAATCCTC 

pDP804/FlaC pKJ733 

FlaD.pMS604.For: 5’AGAACCGGTGATGATTGGTAACGTTAAAATGG 

FlaD.pMS604.Rev: 5’AAACTCGAGGTAATATTGATGATAATGCTGC 

pMS604/FlaD pKJ732 

FlaD.pDP804.For: 5’AAACTCGAGATGATTGGTAACGTTAAAATGG 

FlaD.pDP804.Rev:5’AAAGGATCCGTAATATTGATGATAATGCTGC 

pDP804/FlaD pKJ734 

FlaE.pMS604.For: 5’AGAACCGGTGATGAACACTGCAGCATTATCATC 

FlaE.pMS604.Rev: 5’AAACTCGAGCTAAATCCCATAGTATTGCTCTGC 

pMS604/FlaE pKJ760 

FlaE.pDP804.For: 5’AAACTCGAGATGAACACTGCAGCATTATCATC 

FlaE.pDP804.Rev: 5’AAAGGATCCCTAAATCCCATAGTATTGCTCTGC 

pDP804/FlaE pKJ802 

FlaF.tr.pMS604.For: 5’AAGAACCGGTGACTGTAGACCTAACGTCTGC 

FlaF.tr.pMS604.Rev:5’CGCCTCGAGGGATGCCATCTAAATCACAACG 

pMS604/FlaF 

(25-125) 

pKJ775 

FlaF.tr.pDP804.For: 5’AAACTCGAGACTGTAGACCTAACGTCTGC 

FlaF.tr.pDP804.Rev: 5’AAAGGATCCGGATGCCATCTAAATCACAACG 

pDP804/FlaF 

(25-125) 

pKJ800 

FlaG.tr.pMS604.For:5’AAACCGGTGACAAGCACCCACAAAATATCGCTC

GGA 
FlaG.tr.pMS604.Rev:5’GGGCTCGAGTTAATTGACATCTCCAGTTATTGTT

CTAG 

pMS604/FlaG(2

7-150) 

pKJ801 

FlaH.pMS604.For:5’CTGACCGGTGGTGGTTGATTTGAAACTAGCAAGAA 

FlaH.pMS604.Rev:5’CTGCTCGAGTTATGCTACAGAGGATATTTCTACG 

pMS604/FlaH pKJ847 

FlaH.pDP804.For:5’AAACTCGAGGTGGTTGATTTGAAACTAGCAAGAA 

FlaH.pDP804.Rev:5’AAAGGATCCTTATGCTACAGAGGATATTTCTACG 

pDP804/FlaH pKJ878 
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FlaI.1-270.604.For:5’TGAACCGGTGATGGCTGATGATTTCAAAACTGCAC 

FlaI1-270.604.Rev: 5’TGACTCGAGTTAGGTAATACTTATTGGAACATCTG 

pMS604/FlaI 

(1-270) 

pKJ848 

FlaI.314-546.804.For:5’AAACTCGAGTTGCCATTTATCAAGCCTAAATC 

FlaI.314-546.804.Rev:5’AAAGGATCCTTAAACCTGGAATGGCAGTCCTTC 

pDP804/FlaI 

(314-546) 

pKJ866 

FlaJ.tr.pMS604.For:5’AAAACCGGTGCTGCCGCTTCTTTTAATGGGAAGC 

FlaJ.tr.pMS604.Rev:5’GGGCTCGAGTTAGCTGACATACATCTCTTTAAAC 

pMS604/FlaJ 

(50-197) 
pKJ865 

FlaJ.tr.pDP804.For: 5’AAACTCGAGCTGCCGCTTCTTTTAATGGGAAGC 

FlaJ.tr.pDP804.Rev:5’AAAGGATCCTTAGCTGACATACATCTCTTTAAAC 

pDP804/FlaJ 

(50-197) 
pKJ803 

1081.Del.Seq.For: 5’GATGCAGTATGCCATTTGAG 

1081.Del.Seq.Rev: 5’TCATTGGTTATAATAGCGTC 

Confirmation of 

Δmmp1081  

n/a 

1082.Del.Seq.For: 5’CTAGAGCGGAAGCATTAGGACAG 

1082.Del.Seq.Rev: 5’TATCATTGAATATCCTGACTGC 

Confirmation of 

Δmmp1082  

n/a 

1083.Del.Seq.For: 5’TCGAAGGATAACATCTATGGAG 

1083.Del.Seq.Rev: 5’TGGATTTATGGATAAACACATTG 

Confirmation of 

Δmmp1083  
n/a 

1084.Del.Up.For: 5’ACCAAGGATCCGTAAATAACAATGTAAATGGATG 

1084.Del.Up.Rev: 5’AAAGGCGCGCCGGTATATTTCCGGCATAAAATC 

1084.Del.Down.For:5’AAAGGCGCGCCATGGATACCTATTATGACGCTAC 

1084.Del.Down.Rev: 5’TTAAGGATCCCAAGTGCTGTTTCGAAGGATAAC 

pCRPrtNeo /  

mmp1084 1kb 

up and down for 

gene deletion  

pKJ795 

1084.Del.Seq.For: 5’ ATTTTCAGGATATTCTGTTAAAGG 

1084.Del.Seq.Rev: 5’ACGATGCAATTAATGTGGGAGC 

Screening of 

Δmmp1084 

n/a 

1085.Del.Up.For: 5’AAAGGATCCAACACTATGAATTTTATAGAACG 

1085.Del.Up.Rev: 5’AAAGGCGCGCCATGCATGCAATAGATAATCATG 

1085.Del.Down.For: 5’ AAAGGCGCGCCCCACATATGCGTAATGTTTTA 

1085.Del.Down.Rev: 5’AAAGGATCCGTGCTATAATATATCTTGAATCC 

pCRPrtNeo /  

mmp1085 1kb 

up and down for 

gene deletion 

pKJ715 

1085.Del.Seq.For: 5’AGTAAATAACAATGTAAATGG  

1085.Del.Seq.Rev: 5’ATATTTTCTGTATCTTCGGG 

Screening of 

Δmmp1085 
n/a 

1094.Del.Up.For:5’AAAGGATCCCGTCTCTATTGTAGACTGTAATTGGTGC 

1094.Del.Up.Rev: 5’AAGGCGCGCCGCTTAGTTTCTTTGATAAAGTACCTG 

1094.Del.Down.For: 
5’AAGGCGCGCCTCAATCTGTGGTCAGGCTGGAAGCAG 
1094.Del.Down.Rev: 
5’AAGGATCCTTGATGCAACAAGTACAAATCCCCCAAGTG 

pCRPrtNeo /  

mmp1094 1kb 

up and down for 

gene deletion 

pKJ878 

1094.Del.Seq.For: 5’ATTACCGAACCGAAATGAGCCCTACA 

1094.Del.Seq.Rev:5’TGAGTCGCCATAAACGTCATTAATTACC 

Screening of 

Δmmp1094 
n/a 
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1081upstream.rt.for:    5’CATGACTAATCATGACTTCCCAAATGTC 

1081upstream.rt.rev:   5’GTATGCTACATAAGTACTGTCTACG 

RT-PCR set for 

1080-1081 

n/a 

MMP1081_For_RT:    5’ACTAGAGCGGAAGCATTAGGACAG 

MMP1082_Rev_RT:   5’CCTGAATCGAAAGATCCCACTCCCGG 

RT-PCR set for 

1081-1082 

n/a 

MMP1082_For_RT:    5’TATACTAATGACTACGGAATACG 

MMP1083_Rev_RT:5’TAATGCCGCCAGCATAACCCAGAGGCATG 

RT-PCR set for  

1082-1083 
n/a 

MMP1084-1083.RT.Rev: 5’GTTTTGGGTGCTGGAGAACTCG 

MMP1084-1083.RT.For: 5’AATTTGGCGAATACTACGAAGC 

RT-PCR set for 

1083-1084 
n/a 

MMP1085-1084.RT.Rev: 5’TGTATCTTCGGGATTAAATCGC 

MMP1085-1084.RT.For: 5’TATAACTGCACCAAATGTCTGG 

RT-PCR set for 

1084-1085 

n/a 

MMP1086-1085.RT.Rev: 5’ATAAGTGCTCAATTACATCAGG 

MMP1086-1085.RT.For: 5’AATCTTGGAAATTGTAATGAGG 

RT-PCR set for 

1085-1086 

n/a 

MMP1087-1086.RT.Rev: 5’TTGGATCCAACAAAGATTCTCC 

MMP1087-1086.RT.For: 5’ATGTGACACTTTCATACCTACG 

RT-PCR set for 

1086-1087 

n/a 

MMP1088-1087.RT.Rev: 5’TTTCACGAGTAACTTTCCTTCG 

MMP1088-1087.RT.For: 5’AATCTTGGAAAACATTACTTGC 

RT-PCR set for 

1087-1088 
n/a 

MMP1089-88.RT.For: 5’TAATCCCTAAATTTGGAACTATTGG 

MMP1089-88.RT.Rev: 5’TTCGAAGCTTTAGGTTGTGGTTTACC 

RT-PCR set for 

1088-1089 
n/a 

MMP1090-89.RT.For: 5’ATGAGATCGTAAATATTGGTTCGG 

MMP1090-89.RT.Rev: 5’AACTGCCATTATAGTTTGGATGAGT 

RT-PCR set for 

1089-1090 

n/a 

MMP1091-90.RT.For: 5’CAGCTAACTGATGCCATGAAGTCTC 

MMP1091-90.RT.Rev: 5’ATGTTCTAACATTAATCTGTGCTGC 

RT-PCR set for 

1090-1091 

n/a 

MMP1092-91.RT.For: 5’CCACTTGTAGCCTTCCCAATTTCCG 

MMP1092-91.RT.Rev: 5’TTCCACAATGCACTGCATCTCCAAGG 

RT-PCR set for 

1091-1092 

n/a 

MMP1093-92.RT.For: 5’GACGTTTATGGCGACTCAATTTCGG 

MMP1093-92.RT.Rev: 5’CCTGTGTTTCCAATTGATGCAACAAG 

RT-PCR set for 

1092-1093 

n/a 

MMP1094-93.RT.For: 5’GATTGAACTTGTTATAACTTCATGC 

MMP1094-93.RT.Rev: 5’CTAACATTTAACGGATTTACATCGTG 

RT-PCR set for 

1093-1094 
n/a 

MMP1094-95.RT.For: 5’CCGTGCAGCCGCTAAATCCAACG 

MMP1094-95.RT.Rev: 5’GGCATTTTAACATTTTCAATTGCG 

RT-PCR set for 

1094-1095 
n/a 
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50°C and 62°C. Extension time varied based on expected amplicon length using a standard of 1kb 

extension per minute. 

2.4 Preparation of M. maripaludis cells for PCR screening 

M. maripaludis cells must be washed prior to use as PCR template due to interference of 

unknown growth medium constituents with the reaction.  1 ml of overnight culture was removed 

and placed into a 1.5 ml microcentrifuge tube.  Cells were pelleted by centrifugation (13000 rpm 

for at least 1 min) and the supernatant was removed. The pellet was resuspended in 1.5 ml sterile 

2% (w/v) NaCl and pelleted by centrifugation (13000 rpm for at least 1 min). The previous wash 

step was repeated a second time and the final pellet was resuspended in 1.5 ml sterile 2% NaCl 

and used as template for PCR reactions immediately.  

2.5 Harvesting cell membranes in M. maripaludis 

Overnight cultures (10 ml) of either wild-type M. maripaludis or fla mutant strains were 

pelleted by centrifugation (6000 RPM for 15 mins). The supernatant was removed and the pellet 

was resuspended in 1 ml of spent media and transferred to a microcentrifuge tube and pelleted 

(13000 RPM, 10 mins). Cells were resuspended in 40 µl of supernatant and 1.5 ml of dH2O was 

added to osmotically lyse the cells. Lysis was aided by pipetting up and down several times. 

Tubes were spun at 13000 RPM for 10 mins in a microcentrifuge. The supernatant was removed 

and the pellet was again resuspended in 1.5 ml of fresh dH2O and spun at 13000 RPM for 10 

mins. The supernatant was removed and the pellet was resuspended in 50 µl of dH2O and 50 µl 

protein 2X Protein electrophoresis sample buffer (ESB:125 mM Tris-HCl, pH 6.8, 2% SDS, 20% 

glycerol, 4% 2-mercaptoethanol, 0.002% bromophenol blue) and boiled for 10 mins.  
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2.6 Reverse Transcriptase-PCR (RT-PCR)  

RNA was extracted from 1 ml of an overnight culture of Mm900 using an RNeasy Mini 

Kit (Qiagen Inc. Canada Mississauga, ON) with optional DNAse digestion (Qiagen Inc. Canada 

Mississauga, ON) as per the manufacturer’s protocol. RT-primers were designed to amplify 

across the intergenic regions of each gene in the region between mmp1080 and mmp1094 (Table 

2.3). All reactions were amplified using a One-Step RT-PCR kit (Qiagen Inc. Canada 

Mississauga, ON) in accordance with the supplied protocol.  Two standard PCR amplifications 

(see above) were performed with each reaction using the same primer combination but with a 

different template; one amplifying genomic Mm900 DNA and the other using the purified RNA 

as a control against genomic DNA contamination of the RNA sample.   

2.7 SDS-PAGE and immunoblotting  

Typically, 1 ml of an overnight culture was pelleted and then resuspended in 50 µl of 

spent media and boiled in 1 x Protein ESB for 10 mins.  Samples were electrophoresed through 

15% polyacrylamide gels (Laemmli, 1970).  Protein was transferred to Immobilon-P membrane 

(Millipore, Bedford, MA), as described previously (Towbin et al., 1979).  For LexA reporter 

experiments, blots were incubated with rabbit polyclonal antibody to the LexA DNA Binding 

Region (Abcam, Cambride, MA) as 1° antibody at a dilution of 1:20000. Goat Anti-Rabbit IgG 

(H+L)-Horseradish Peroxidase conjugate (Bio Rad, Hercules, CA) was used as 2° antibody at a 

dilution of 1:20000. M. maripaludis flagellin immunoblots were developed as previously 

described (VanDyke et al. 2008). All blots were developed with a chemiluminescence kit (Roche 

Molecular Biochemicals, Laval, QC) as per the manufacturer's instructions. 
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2.8 E. coli transformation 

Initial plasmid preparations were transformed into either chemically competent E. coli 

subcloning efficiency DH5α (Invitrogen Canada Inc. Burlington, ON), One Shot® TOP10 

Chemically Competent E. coli (Invitrogen Canada Inc. Burlington, ON), or laboratory prepared 

chemically competent E. coli DH5α cells (Inoue et al. 1990). Transformation of plasmids 

essentially followed the standard protocol recommended by Invitrogen kits. 50 µl aliquots of cells 

were removed from -80°C storage and incubated on ice with plasmid preparation for 30 mins. 

The mixture was heat shocked for 30 seconds at 42°C, followed by 2 mins on ice.  950 µl of LB 

broth was added and cells were left to recover for 1 hour at 37°C with shaking, prior to plating on 

LB plates with appropriate antibiotic selection.  

Electrocompetent Su101 and Su202 (Dmitrova et al., 1998) were prepared and 

transformations followed a standard reaction condition. 50 µl aliquots of cells were removed from 

-80°C storage and incubated on ice with 1 µl of plasmid preparation for 5 mins.  The cell mixture 

was transferred to an electrocuvette (Eppendorf Canada, Mississauga , ON) and pulsed using an 

Bio Rad MicroPulserTM (Bio Rad, Hercules, CA) on bacteria setting. Cells were then allowed to 

recover for 1 hour in 950 µl of LB at 37°C with shaking prior to plating on LB agar plates 

containing the appropriate antibiotic.  Single colonies were patched and screened for the desired 

insert, using either PCR amplification or restriction digest. 

2.9 Online analysis of proteins in the fla operon 

Amino acid sequences for M. maripaludis S2 FlaC – FlaJ were obtained from the JCVI-

CMR website (http://cmr.jcvi.org/tigr-scripts/CMR/CmrHomePage.cgi) and subjected to various 

online analysis tools to predict potential transmembrane helices and indicate function.  Both 
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TMpred (available at http://www.ch.embnet.org/software/TMPRED_form.html) and Octopus 

(Viklund and Elofsson, 2008) were used to predict transmembrane helices.  

2.10 Preparation of one- and two-hybrid fusion constructs 

pMS604 and pDP804 are compatible plasmids used for the hybrid experiments (Figure 

2.1a, b) to examine the potential interaction of various Fla proteins. The coding region for the Fos 

zipper was removed from pMS604 by digesting with AgeI (New England Biolabs Canada, 

Pickering, ON) and XhoI (New England Biolabs Canada, Pickering, ON).  Similarly, Jun was 

removed from pDP804 using XhoI (New England Biolabs Canada, Pickering, ON) and BamHI 

(Fermentas Canada, Burlington, ON).  PCR primers were designed to amplify the fla gene of 

interest in-frame with the respective DNA binding domains with the addition of an AgeI 

restriction site on the forward primer and a XhoI site on the reverse primer for cloning into 

pMS604 or a XhoI site on the forward and C-terminal BamHI cut site on the reverse primer for 

cloning into pDP804 (Table 2.3, Figure 2.1c, d).  The amplicon was subjected to digestion, and 

then ligated into the appropriate vector.  Screening of transformants was done by several 

methods. The first was through performing a drop out digestion to attempt to isolate the desired 

insert. The second method was through the use of PCR amplification, using a standard forward 

primer that would bind within the coding region of the LexA DBD and the reverse primer that 

was used for the initial amplification of the gene. This amplicon was sequenced to confirm that 

the LexA DBD and the fla insert were successfully ligated in-frame.  

2.11 One- and Two-hybrid assays  

Su101 or Su202 strains harbouring Fla protein variants of pMS604 and pDP804 were 

inoculated into LB with selection, either with or without the addition of 1 mM IPTG (Isopropyl β-

D-1-thiogalactopyranoside) and grown overnight. Cultures were then diluted into fresh LB broth,  
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Figure 2.1. Original variants of plasmids used for the two-hybrid experiments. a) pMS604 was 
digested with AgeI and XhoI while pDP804 (b) was digested with XhoI and BamHI (located 
~100 bp down stream) (underlined). Desired fragments were cloned in-frame (in direction of 
arrows) with N-terminal LexA DNA binding domain (Adapted from Dmitrova et al., 1998). (c) 
Fusion region of the LexA DBD of pMS604 and (d) pDP804 containing the Fos and Jun leucine 
zippers respectively. PCR primers for fusion construct were designed to ensure insert DNA was 
in-frame with LexA region. Arrows indicate location of restriction cut sites (Adapted from Porte 
et al., 1995). 
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without selection either with or without the addition of 1 mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG) and grown to mid-log phase (OD600 0.6-0.9). Miller assays were 

preformed essentially as described by Miller (1972).  100 µl of culture was added to 900 µl of Z-

buffer. Cells were permeablized by the addition of 100 µl chloroform and 50 µl 0.1% SDS and 

vortexed for 10 seconds.  After equilibrating at room temperature for 5 minutes, 200 µl of ortho-

nitrophenyl-β-galactoside (ONPG) were added and the sample vortexed for 2 seconds. After 

precisely 5 mins, 500 µl of 1M NaCO3 were added to stop the reaction. The solution was spun for 

5 mins at max RPM on a desktop centrifuge then OD420 and OD550 measurements were taken. 

Miller Units were calculated by the following formula and recorded in an Excel spreadsheet.  

Miller Units = 1000 x [(OD420 - 1.75 x OD550)] / (T x V x OD600) 

2.12 Construction of M. maripaludis deletions  

In-frame deletion constructs for M. maripaludis were created using methodologies 

previously described (Moore and Leigh 2005). pCRPrtNeo is used for the introduction of in-

frame deletions into M. maripaludis Mm900 strain. PCR primers were designed to amplify ~1kb 

DNA fragments up and down stream of the deletion target, including the start and stop codon of 

the gene, respectively. Additionally, AscI restriction sites were added to the gene internal primers 

to facilitate ligation of the two fragments and BamHI restriction sites were added to the gene 

external primers for insertion of the ligated ~2kb fragment into pCRPrtNeo. Plasmids were 

transformed into E.coli and screened (See above). 

2.13 Transformation into M. maripaludis 

Transformation into M. maripaludis was done in accordance with anaerobic 

methodologies reported by Tumbula et al. (1994). 5 ml of an overnight culture grown in Balch 
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medium III was subcultured into 10 ml of fresh media for 1-2 hours at 37°C to allow for cells to 

enter log phase. 5 ml of culture were pelleted anaerobically by centrifugation (5K rpm for 10 

mins) in sealed tubes. The supernatant was removed and the cell pellet resuspended in 

transformation buffer (TB; 50 mM Tris-HCl, pH 7.5, 0.35 M sucrose, 0.38 M NaCl, 1 mM 

MgCl2·6H20, 0.02% cysteine·HCl, 1 mM dithiothreitol, and 0.00001% resazurin) then repelleted 

by centrifugation (5000 rpm for 20 mins). Cells were taken into a Forma anaerobic chamber 

(Thermo Fisher Scientific Ltd Canada, Nepean, ON) and the pellets were resuspended in 375 µl 

of TB and 5 µg of plasmid DNA was added.  225 µl PEG solution (40% PEG 8000 in TB) was 

added, followed by 1 hour incubation at 30°C without shaking to permit plasmid uptake.  5 ml 

McCas media were added and the cells were pelleted by centrifugation (5000 rpm for 20 mins).  

The supernatant was removed and cells resuspended and subcultured into fresh McCas media and 

grown overnight without selection. Cells were then diluted into fresh McCas media with 

neomycin selection. Following an additional overnight growth in fresh McCas with neomycin, 

cells were subcultured in McCas media without selection.  Cells were transferred into fresh 

McCas with 8-azahypoxanthine. Cultures were again subcultured into fresh McCas with 8-

azahypoxanthine. Cultures were then subjected to screening using PCR (see above). If the culture 

contained cells that were harbouring the desired deletion as detected by PCR then the culture was 

plated on McCas plates containing 8-azahypoxanthine and allowed to grow anaerobically for 7 

days. Single colonies were picked, grown in Balch medium III and screened by PCR to identify 

deletion mutants. These were then restreaked on fresh plates and single colonies again picked and 

screened for the deletion. 
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2.14 M. maripaludis swimming assays 

M. maripaludis swimming assays were run for Mm900, Δmmp1081, Δmmp1082, 

Δmmp1083, Δmmp1084, Δmmp1085, Δmmp1087, Δmmp1092 and Δmmp1094 as previously 

described (VanDyke et al. 2008). 5 ml of overnight culture were pelleted anaerobically (3000 

rpm, 10 mins) and resuspended in 200 µl of fresh media. 10 µl of cells were inoculated in the 

center of 0.25% agar Balch III plates sealed in an anaerobic canister and allowed to swim for 7 

days at 30°C.   

2.15 Flagella isolation and mass spectrometry analysis 

Flagella were isolated from M. maripaludis strains Δmmp1082, Δmmp1083 and 

Δmmp1085 strains as previously described (Bardy et al., 2002).  Briefly, a total of 8 L of M. 

maripaludis culture were harvested by centrifugation at 6000 rpm for 15 mins, then resuspended 

in 70 ml of 10 mM Tris-HCl, pH 7 containing 2% NaCl and distributed in 9 ml volumes in glass 

centrifuge tubes. OP-10 detergent (Nikko Chemicals Co. Ltd., Tokyo, Japan) was added from a 

10% stock solution to a final concentration of 1% to facilitate cell lysis and release of flagella. A 

mixture of DNase/RNase was added to reduce viscosity and tubes were incubated at room 

temperature for 30 mins with occasional inversion.  The samples were centrifuged (6000 rpm for 

15 mins) and the supernatant removed. A solution of 1M NaCl + 20% polyethylene glycol (PEG 

8000) was added to 1/10 volume and the mixture incubated on ice for 1 hour.  Following an 

additional centrifugation (7000 rpm, 20 mins) the pellet was resuspended in dH20, and added to a 

KBr solution (0.5 g/mL).  The sample was spun at 35K rpm for 18 hours in a SW41 rotor and the 

flagella band was removed and diluted in dH2O before a further centrifugation at 24K for 90 mins 

in an SW28 rotor to pellet the flagella. The final flagella pellet was resuspended in sterile distilled 
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water. Harvested flagella were sent to Dr. S. Logan (NRC, Ottawa, ON) for mass spectrometry 

analysis as previously described (Kelly et al. 2009). 

2.16 Electron microscopy  

Initial electron microscopy (EM) of mutant strains was performed using a Hitachi H-700 

electron microscope at 75kV. Cells were prepared by pelleting and a subsequent wash in 1x 

phosphate buffered saline (PBS). They were repelleted and then resuspended in 50 mM MgSO4, 

loaded on Formvar-coated gold grids and negatively stained with 2% phosphotungstic acid.  

Final EM analysis was supplied through collaboration with Dr. S. –I. Aizawa (Prefectural 

University of Hiroshima, Hiroshima Japan). 
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Chapter 3 

Results 

The intention of this project was to examine two major areas related to the assembly and 

functioning of archaeal flagella. The first, examines the potential interaction of various proteins 

encoded by genes of the fla operon previously demonstrated by deletion analysis to be involved 

in flagella biosynthesis (Chaban et al., 2007). As a starting point for determination of the 

potential function of these proteins, an attempt was made to locate interacting partners using 

intracellular localization techniques and one- and two-hybrid technology.  The second focus of 

this work was to identify additional genes involved in N-glycosylation, a posttranslational 

modification of flagellins that is critical for proper flagella assembly and function.  

3.1 Interactions of Fla proteins 

3.1.1 Analysis of fla deletion strains 

Several of the Fla proteins lack transmembrane domains and are predicted to be soluble; 

yet all are localized to membrane fractions in Methanococcus voltae, a close relative of M. 

maripaludis (Thomas and Jarrell 2001). This suggested that one or more of the Fla proteins that 

do have predicted transmembrane domains (Figure 3.1) may serve as an anchor for the 

attachment of the soluble proteins, as observed in certain type IV pili systems (Daniel et al. 2006, 

Ayers et al. 2009). Individual in-frame deletions of all genes in the fla operon of M. maripaludis, 

with the exception of flaD and flaE, were already available (Chaban et al., 2007). In order to 

confirm the purity of each of the fla deletion strains that were to be used for future work, PCR  
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Figure 3.1. Topology prediction by Octopus (Viklund and Elofsson, 2008) for each of the 
members of the fla operon.  Blocked red sections indicate probable transmembrane helixes. For 
the one- and two-hybrid screening protocol, the N-terminal transmembrane domains were 
removed in FlaF and FlaG due to potential interference with the assay.  FlaI was divided based on 
the location of internal transmembrane region with the N-terminal fragment being cloned into 
pMS604 and the C-terminal fragment into pDP804. The predicted cytoplasmic loop between 
amino acids 50 and 197 of FlaJ was cloned into both vectors.  
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amplifications using primers that flanked each specific deletion were performed.  Additionally, 

PCR amplifications using genomic DNA from wild-type cells as template and the same primers 

were run simultaneously to demonstrate differences in amplicon length due to the deletion of the 

gene of interest. The fla deletion strains all appeared pure and the amplicon size generated for the 

mutant cells all agreed with the sizes predicted for the deletion (Figure 3.2). 

3.1.2 Membrane immunoblots 

Cell membranes were prepared from wild-type M. maripaludis (Mm900) and each of the 

fla deletion strains. Membranes were subjected to immunoblotting using available anti-Fla protein 

antibodies to probe whether deletions of any one gene would affect membrane localization of 

other proteins in the operon. While available antibodies were limited, these were raised against 

proteins that are predicted to be soluble and as such could indicate a fla operon protein that may 

be critical for membrane localization. Preliminary results indicated no differences in localization 

of FlaD or FlaE in any of the deletion strains with the exception of ΔflaF and ΔflaI, which 

appeared to be lacking these proteins at the membrane (Figure 3.3 a, b).  However, further study 

revealed that these strains also were not producing flagellin (Figure 3.4 a), and therefore likely 

lacked all proteins from the fla operon. This was an indication that these strains, maintained by 

weekly transfers for several years had stopped transcribing the fla operon, an observation 

previously made in mutants carrying deletions in some genes involved in glycosylation of the 

flagellins (VanDyke et al., 2008).  PCR amplification and subsequent sequencing of the 1150 

base pairs upstream of flaB1 in these strains was performed in an attempt to identify a possible 

secondary mutation in the promoter region of the operon to account for this. However, no  
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Figure 3.2. PCR confirmation of fla deletion strains used for screening Fla protein interactions. 
Primers were designed to amplify across the entire gene being studied and a size decrease when 
compared to wild-type (WT) is indicative of the majority of the coding region of the gene being 
absent.  
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Figure 3.3. Immunoblots of membrane fractions of various M. maripaludis strains that have 
deletions of genes contained in the fla operon: a) probed with anti-FlaD antibody, b) probed with 
anti-FlaE antibody.  
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Figure 3.4. a) Immunoblots of whole cell lysates of Mm900, ΔFlaF, ΔFlaI and ΔFlaJ probed with 
anti-flagellin antibodies. b) The deletion strains were revived from frozen stocks and reprobed 
using anti-flagellin antibodies to demonstrate the production of the fla operon. Membrane 
fractions of the recovered ΔFlaF and ΔFlaI were probed with anti-FlaD (c) and anti-FlaE (d), 
however no obvious difference was observed in the membrane fractions compared to wild-type.  
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difference was observed in the upstream sequence in either strain compared to the wild-type 

version (data not shown).  When cells were grown from frozen stocks of the original mutants, 

flagellin proteins were detected by immunoblots (Figure 3.4 b), but now these strains did not 

show differences in FlaD or FlaE localization when compared to wild-type (Figure 3.4 c, d).  

3.1.3 Preparation of one- and two-hybrid constructs 

To examine potential binary interacting partners of the fla operon, a bacterial LexA 

repressor-based one- and two-hybrid system was chosen (Dmitrova et al., 1998). Primers were 

designed to amplify the gene of interest and they were cloned in-frame to the LexA binding 

domain encoded by the plasmids pMS604 or pDP804. However, due to a limitation of hybrid 

screening methodologies, transmembrane proteins are unsuitable for use (Tripathi and Taylor 

2007), thus primers to create truncated variants of FlaF and FlaG, predicted transmembrane 

proteins, were used (Figure 3.1). FlaI has a predicted transmembrane component and primers 

were designed to amplify either the N-terminal (1-270) or C-terminal sections (314-540). FlaJ has 

multiple predicted transmembrane domains, therefore primers were designed to add a predicted 

cytoplasmic domain (50-197) into the vectors (Figure 3.1). The fusion region of each vector was 

sequenced to confirm that the intended protein fusion was in-frame (data not shown).  

3.1.4 One-hybrid assays  

E. coli strain Su101, which carries a chromosomal lacZ gene under the control of a wild-type 

LexA operator, was transformed with pMS604/Fla variants.  Repression of lacZ in this system 

requires dimerization of the LexA DBD mediated by homodimerization of the fused Fla protein 

encoded on the pMS604 plasmid. Therefore, decrease in β-galactosidase activity indicates a 

potentially homodimerizing or homooligimerizing fusion protein (Daigle et al., 2007). 
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Transformants were subjected to triplicate beta galactosidase assays, either with IPTG, to induce 

fusion protein expression or without as a comparison (Dmitrova et al. 1998). Miller units for each 

strain were calculated and compiled into graphical form (Figure 3.5 a).  Full expression of LacZ 

in this strain would be expected to yield a Miller unit reading of approximately 1500 (Dmitrova et 

al. 1998). Fold decrease in beta galactosidase activity relative to uninduced cells was calculated 

and shown in Figure 3.5 b. A large fold decrease can be seen in both FlaC (~60 fold decrease) 

and FlaE (~40 fold decrease) fusions when induced compared to the uninduced cells, indicating 

potentially self-dimerization or oligomerization of these proteins. Additionally, a 6 fold decrease 

can be seen in the FlaH fusion, which may also indicate a positive interaction. Strains harbouring 

plasmids with the other Fla proteins did not show a fold decrease of greater than 2 in Miller unit 

values when induced compared to the uninduced controls.  Whole cell lysates of all of the strains, 

both induced and uninduced, were subjected to immunoblot analysis using anti-LexA DNA 

binding domain antibody, which confirmed the expression of all of the fusion proteins with IPTG 

(Figure 3.5 c).  

3.1.5 Two-hybrid assays 

To probe for any hetero associations between proteins of the fla operon, experiments with 

the bacterial two-hybrid system were conducted. Here, E. coli strain Su202, which carries a 

chromosomal lacZ gene under the control of a modified LexA operator, was transformed with 

various pMS604 and pDP804 variant combinations. Repression of lacZ in this strain requires 

dimerization of the wild-type LexA DBD encoded on the pMS604 plasmid, and a modified LexA 

DBD encoded on the pDP804, mediated by dimerization of the fused proteins respectively. 

Decreases in β-galactosidase activity indicate potentially heterodimerizing or heterooligimerizing 

fusion protein (Daigle et al., 2007). Transformants were subjected to triplicate beta-galactosidase  
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Figure 3.5. A one-hybrid assay using strain Su101 containing the various pMS604/Fla protein 
fusions. a) Beta-galactosidase activity recorded as Miller units in strains either with (I) or without 
induction by IPTG. A decrease in value is indicative of the restoration of the LexA DBD 
indicating dimerization of fusion proteins. b) Fold decrease of beta-gal activity demonstrated 
between induced and uninduced cells. c) Immunoblots using anti-LexA DBD antibody of cells 
with (I) or without induction (U), demonstrating fusion protein expression and stability.  
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assays, either with or without induction by IPTG, to screen for potentially heterodimerization. 

Miller units for each were compiled into graphic form based on the same pMS604 variant (e.g. 

pMS604/FlaC) with all available pDP804 combinations. pMS604 harbouring the unaltered Fos 

zipper was tested against pDP804/Jun as a positive control for the protocol and a negative control 

for each of the altered pDP804/Fla variants was performed (Figure 3.6 a). Fold decrease when 

compared to the negative control in each run was performed (Figure 3.6 b). Protein expression of 

all fusions was confirmed by immunoblots as with the one-hybrid system (Figure 3.6 c). When 

induced, Fos and Jun show strong repression of LacZ, corresponding to a ~100 fold decrease in 

LacZ activity, which was similar to values previously reported (Dmitrova et al. 1998). Although a 

slight decrease is shown for several of the variants with the Fos control, none show a fold 

decrease greater than 1 compared to uninduced cells as would be expected. Each of the 

subsequent figures are depicted as having the same pMS604 fusion plasmid with each pDP804 

variants: pMS604/FlaC (Figure 3.7), pMS604/FlaD (Figure 3.8), pMS604/FlaE (Figure 3.9), 

pMS604/FlaF (25-125) (Figure 3.10), pMS604/FlaG (27-150)(Figure 3.11), pMS604/FlaH 

(Figure 3.12) and pMS604/FlaI(1-270) (Figure 3.13). Average Miller units and standard 

deviations were calculated for each plasmid combination (Figure 3.7 a - 3.13 a). The fold change 

for each was also included (Figure 3.7 b - 3.13 b) as well as immunoblots confirming protein 

expression for each combination (Figure 3.7 c - 3.13 c). Several of the Fla protein fusions ran at a 

nearly identical molecular weight and separation was not discernable at this resolution. Of note, 

pMS604FlaC/pDP804FlaC showed a 6 fold decrease when compared to the 

pMS604FlaC/pDP804Jun control and pMS604FlaE/pDP804FlaE also showed a 5.5 fold decrease 

when compared to the pMS604FlaE/pDP804Jun control, supporting the FlaC and FlaE results 

from the Su101 one-hybrid experiments. However, the average Miller units for 
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Figure 3.6. A two-hybrid experiment with strain Su202, using pMS604/Fos as a negative control 
and the various pDP804/Fla protein variants. a) Beta-galactosidase activity recorded as Miller 
units in strains either with (I) or without induction by IPTG. A decrease in value is indicative of 
the restoration of the LexA DBD indicating dimerization of fusion proteins. b) Fold decrease of 
beta-gal activity demonstrated between induced and uninduced cells. c) Immunoblots probed with 
anti-LexA DBD antibody of whole cell lysates with (I) or without (U) induction, demonstrating 
fusion protein expression and stability. The * indicates the pDP804 protein fusions based on 
predicted molecular weight.  The < identifies the pMS604/fos protein. 
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Figure 3.7. Two-hybrid assays using strain Su202 containing pMS604/FlaC and the various 
pDP804 Fla protein fusions. a) Beta-galactosidase activity recorded as Miller units in strains 
either with (I) or without induction by IPTG. A decrease in value is indicative of the restoration 
of the LexA DBD indicating dimerization of fusion proteins. b) Fold decrease in beta-gal activity 
demonstrated between induced and uninduced cells. c) Immunoblots using anti-LexA DBD 
antibody of cells with (I) or without induction (U), demonstrating fusion protein expression and 
stability. The * denotes the pDP804 fusion protein based on predicted molecular weight. The < 
symbol indicates the pMS604/FlaC protein.  
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Figure 3.8: Two-hybrid assays using strain Su202 containing pMS604/FlaD and the various Fla 
protein fusions in pDP804. a) Beta-galactosidase activity recorded as Miller units in strains either 
with (I) or without induction by IPTG. A decrease in value is indicative of the restoration of the 
LexA DBD indicating dimerization of fusion proteins. b) Fold decrease in beta-gal activity 
demonstrated between induced and uninduced cells. Greater than 5 fold decrease was considered 
a positive interaction. c) Immunoblots using anti-LexA DBD antibody of cells with (I) or without 
(U) induction, demonstrating fusion protein expression and stability. The * denotes the pDP804 
fusion protein based on predicted molecular weight. The < symbol indicates the pMS604/FlaD 
protein.  
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Figure 3.9: Two-hybrid assays using strain Su202 containing pMS604/FlaE and the various Fla 
protein fusions in pDP804. a) Beta-galactosidase activity recorded as Miller units in strains either 
with (I) or without induction by IPTG. A decrease in value is indicative of the restoration of the 
LexA DBD indicating dimerization of fusion proteins. b) Fold decrease in beta-gal activity 
demonstrated between induced and uninduced cells. c) Immunoblots using anti-LexA DBD 
antibody of cells with (I) or without induction, demonstrating fusion protein expression and 
stability. The * denotes the pDP804 fusion protein based on predicted molecular weight. The < 
symbol indicates the pMS604/FlaE protein.  
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Figure 3.10: Two-hybrid assays using strain Su202 containing pMS604/FlaF (25-125) and the 
various Fla protein fusions in pDP804. a) Beta-galactosidase activity recorded as Miller units in 
strains either with (I) or without induction by IPTG. A decrease in value is indicative of the 
restoration of the LexA DBD indicating dimerization of fusion proteins. b) Fold decrease in beta-
gal activity demonstrated between induced and uninduced cells. c) Immunoblots using anti-LexA 
DBD antibody of cells with (I) or without induction, demonstrating fusion protein expression and 
stability. The * denotes the pDP804 fusion protein based on predicted molecular weight. The < 
symbol indicates the pMS604/FlaF protein.  
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Figure 3.11: Two-hybrid assays using strain Su202 containing pMS604/FlaG (27-150) and the 
various Fla protein fusions in pDP804. a) Beta-galactosidase activity recorded as Miller units in 
strains either with (I) or without induction by IPTG. A decrease in value is indicative of the 
restoration of the LexA DBD indicating dimerization of fusion proteins. b) Fold decrease in beta-
gal activity demonstrated between induced and uninduced cells. c) Immunoblots using anti-LexA 
DBD antibody of cells with (I) or without (U) induction, demonstrating fusion protein expression 
and stability. The * denotes the pDP804 fusion protein based on predicted molecular weight. The 
< symbol indicates the pMS604/FlaG protein.  
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Figure 3.12: Two-hybrid assays using strain Su202 containing pMS604/FlaH and the various Fla 
protein fusions in pDP804. a) Beta-galactosidase activity recorded as Miller units in strains either 
with (I) or without induction by IPTG. A decrease in value is indicative of the restoration of the 
LexA DBD indicating dimerization of fusion proteins. b) Fold decrease in beta-gal activity 
demonstrated between induced and uninduced cells. c) Immunoblots using anti-LexA DBD 
antibody of cells with (I) or without (U) induction, demonstrating fusion protein expression and 
stability. The * denotes the pDP804 fusion protein based on predicted molecular weight. The < 
symbol indicates the pMS604/FlaH protein.  
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Figure 3.13: Two-hybrid assays using strain Su202 containing pMS604/FlaI (1-270) and the 
various Fla protein fusions in pDP804. a) Beta-galactosidase activity recorded as Miller units in 
strains either with (I) or without induction by IPTG. A decrease in value is indicative of the 
restoration of the LexA DBD indicating dimerization of fusion proteins. b) Fold decrease of beta-
gal activity demonstrated between induced and uninduced cells. c) Immunoblots using anti-LexA 
DBD antibody of cells with (I) or without (U) induction, demonstrating fusion protein expression 
and stability. The * denotes the pDP804 fusion protein based on predicted molecular weight. The 
< symbol indicates the pMS604/FlaI protein.  
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pMS604FlaH/pDP804FlaH only exhibited a decrease similar to that of the control, which was not 

in accordance with results from the one-hybrid experiment.  

3.2 Archaeal N-linked glycosylation 

3.2.1 Identification of additional genes involved in N-linked glycosylation of flagellins 

Analysis of the genes surrounding the known glycosyltranfersases, mmp1079, mmp1080 

and mmp1088 suggested from their orientation and intergenic regions that there may be several 

that are co-transcribed in separate operons (Figure 1.5). To test for the presence of this putative 

operon structure, primers were designed to amplify across the intergenic regions of genes located 

between mmp1080 and mmp1095 (Table 2.3; Figure 3.14 a).  A reverse transcriptase PCR and 

standard PCR reaction was preformed on isolated RNA from M. maripaludis cells and a standard 

PCR using the primer pair was also performed to confirm amplicon size and primer specificity 

(Figure 3.14 b).  Amplification occurred for each of the primer pairs using a standard PCR 

amplification with genomic DNA as template. No such amplification was seen in the PCR 

reaction using the isolated RNA, confirming that the sample was free of residual genomic DNA 

contamination from the RNA purification protocol. RT amplification is visible for each of the 

predicted operons. Although mmp1080 is transcribed in the same orientation as mmp1081, there 

is a large intergenic region of slightly over 700bp and the RT data confirm they are separately 

transcribed, while mmp1081, mmp1082 and mmp1083 are co-transcribed. Additionally, 

mmp1084-mmp1087 form an operon separate from both the mmp1081-mmp1083 operon and 

mmp1088, which would be independently transcribed based on its opposite orientation to both 

mmp1087 and mmp1089.  mmp1089-mmp1094 appear to form another operon and these genes are 

not transcribed with either mmp1088 or mmp1095, as expected since these genes are orientated in 

the opposite direction of mmp1089-1094. 
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Figure 3.14.  a) Representation of gene region between mmp1080 and mmp1095, which was 
targeted for RT-PCR to determine co-transcribed genes. Blue lines represent regions between 
genes that were targeted for amplification. b) Experimental data from the RT-PCR experiment. 
Each primer set was run using a standard PCR reaction and genomic Mm900 DNA (DNA) for 
amplicon size confirmation. An RT-PCR reaction (RT) was run using the same primers and 
harvested Mm900 mRNA to establish co-transcription of genes. DNA bands in the RT lanes are 
indicative of genes that are co-transcribed. Additionally, a standard PCR was run using the 
harvested mRNA as a template as a control against genomic DNA contamination of the RNA 
(RNA).  
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3.2.2 Analysis of Mmp1081, 1082, 1083 role in N-glycosylation 

Previously, in-frame deletions of mmp1081, mmp1082 and mmp1083 were generated and it was 

demonstrated that Mmp1081 likely acted as an acetamido-transferase on the third sugar of the M. 

maripaludis glycan (J. Wu, M.Sc thesis). The glycan structure linked to flagellins in this mutant 

is composed of 3 sugars, with the third sugar lacking the acetamido group found in wild-type 

cells and the terminal sugar missing altogether.  No other data on any of the genes in this operon 

was previously available. To further this work, additional examination of all these deletion 

mutants was performed. Using specific sequencing primers, PCR amplification from whole cell 

preparations of each of the deletions were compared to amplifications from Mm900 genomic 

DNA in order to confirm the purity of the deletion strains (Figure 3.15 a). Immunoblot analysis of 

whole cell lysates of each of the deletion strains developed with flagellin antisera indicated a 

decrease in flagellin molecular weight in Δmmp1083, but not Δmmp1082 when compared to wild-

type cells (Mm900) (Figure 3.15 b).  Additionally, motility assays were performed on the deletion 

strains to identify swimming defects that would correspond to modifications of the wild-type 

glycan as previously seen (VanDyke et al. 2008). Mutants carrying deletions in mmp1081, 

mmp1082 or mmp1083 showed a similar decrease in swimming diameter when compared to wild-

type cells, likely indicating that defective glycan structure would be found in each of these 

mutants (Figure 3.15 c).  Harvested cells were sent to Dr. S. –I. Aizawa (Prefectural University of 

Hiroshima, Hiroshima Japan) for electron microscopy to confirm that the deletion strains were 

still flagellated (Figure 3.15 d). To ascertain if these deletions had resulted in a defective glycan 

structure, flagella were purified from each mutant and sent to our mass spectrometry collaborators 

(Dr Susan Logan and Dr. John Kelly, NRC Ottawa, ON) for analysis.  Surprisingly, MS analysis 
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of the flagella indicated no discernable difference in the glycan structure of either Mm1082 or 

Mm1083 as compared to wild-type (data not shown). The mmp1081-mmp1083 operon is 

homologous with an operon found in the bacterial domain, such as wbuXYZ from E. coli, which 

includes a N-acetyl sugar acetamidino-transferases (Mmp1081) and two similar accessory 

proteins (Mmp1082 and Mmp1083) (Feng et al., 2005).  The two accompanying proteins are 

believed to be involved in the ammonia transfer to Mmp1081 in limiting conditions. To test this, 

the strains harbouring mutations in the genes of this operon were grown in nitrogen free media 

(Blank et al., 1995) supplemented with either alanine or NH4 as a sole nitrogen source.  No effect 

can be seen in WT, Mm1081 or Mm1083; however, a clear shift in the migration of the flagellins 

can be seen in Mm1082 depending on the which nitrogen source is added (Figure 3.15 e) 

3.2.3 Characterization of in-frame deletions of the mmp1084-mmp1087 operon 

Due to the location of the mmp1084-mmp1087 operon near genes known to be involved 

in N-linked glycosylation and the annotation of several of the genes, this operon was targeted for 

in-frame deletion analysis. mmp1084 and  mmp1085 were deleted in this work and the Jarrell lab 

has also successfully obtained a deletion in mmp1087 (Jarrell, unpublished). 1kb up and down 

deletion arms were amplified using PCR for mmp1084 and mmp1085. The arms for the respective 

deletions were ligated together, then cloned into pCRPrtNeo (data not shown).  Plasmids were 

subjected to drop out digests and the sequence of the intended in-frame deletion was obtained and 

shown to be correct (data not shown). Mm900 was transformed with constructs according to the 

previously reported protocol (Moore and Leigh, 2005) and single colonies were picked and 

screened using PCR amplification using specific sequencing primers.  Colonies that showed the 

predicted PCR product of the desired mutant were replated and again single colony isolates were  
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Figure 3.15. Further analysis of Mm1081, Mm1082 and Mm1083 stains.  a) PCR confirmation of 
the deletion of Δmmp1081, Δmmp1082, and Δmmp1083 using gene specific primers. Visible 
decrease in band size represents deleted region of the gene. b) Immunoblots of WT and the 
various deletion strains probed with anti-flagellin antibodies.  Decrease in flagellin size is 
typically indicative of a modified glycan. c) Swimming assays performed on the deletion strains. 
d) Electron micrographs showing that all the deletions strains are flagellated. Arrows point to an 
example flagellum. e) Immunoblots using anti-flagellin antibody using the deletions strains 
grown in nitrogen free media, supplemented with either NH4 or L-Alanine. 
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 picked and screened to confirm the deletion of the targeted gene from the strains (Figure 3.16 a, 

b, c). Whole cell lysates were prepared and subjected to immunoblots using anti flagellin 

antibody to attempt to identify molecular weight shifts that may correspond to modifications of 

the glycan structure.  No visible effect on flagellin molecular weight was seen in Δmmp1084; 

however, flagellin in the mmp1085 and the mmp1087 mutants ran as a slightly smaller protein 

compared to wild-type flagellin (Figure 3.16 d, e, f). Motility assays demonstrated that deletion of 

mmp1084, mmp1085 and mmp1087 resulted in cells that did not swim as far as cells with the 

wild-type glycan on their flagellins in semi-solid agar (Figure 3.16 g). Harvested cells were sent 

to Dr. S. –I. Aizawa (Prefectural University of Hiroshima, Hiroshima Japan) for electron 

microscopy to confirm that the deletion strains were still flagellated (Figure 3.16 h) Flagella 

isolated from the Δmmp1085 mutant were sent to collaborators (S. Logan, J. Kelly NRC Ottawa, 

ON) for mass spectroscopy analysis of the attached glycan (Figure 3.17).  It was determined that 

the glycan structure was identical to that of wild-type, with the sole exception of a missing methyl 

group at the 6th position of the terminal sugar residue, thus suggesting Mmp1085 as the 

methyltransferase responsible for this modification.  This would be in agreement with its 

annotation. Currently, no mass spectrometry data has been acquired for either Δmmp1084 or 

Δmmp1087. Several ongoing attempts have been made at making a deletion construct for the 

remaining gene in this operon, mmp1086, without success (data not shown).  

3.2.4 Characterization of in-frame deletions of the mmp1089-mmp1094 operon 

Similar to the mmp1084-mmp1087 operon, the mmp1089-mmp1094 operon was targeted 

for in-frame deletion analysis based on its location next to known genes involved in N-linked  
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Figure 3.16. PCR confirmation of Δmmp1084 (a), Δmmp1085 (b) and Δmmp1087 (c) deletion 
strains using region specific primers. Decrease in band size is indicative of gene deletion. 
Immunoblots of whole cell lysates from Mm1084 (d), Mm1085 (e) and Mm1087 (f) probed with 
anti-flagellin antibodies. (g) The deletion strains were compared in a swimming assay to wild-
type where a visible difference can be seen in the ability of the mutants to swim. h) Electron 
micrographs of the deletion strains, confirming the mutants are still flagellated. Arrows point to 
an example flagellum.
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Figure 3.17. Mass spectrometry data for flagella harvested from the mmp1085 mutant compared 
to WT.  represents the fourth sugar present in WT cells with a mass of 217 Da. Mm1085 has a 
modified terminal sugar (★) that is missing 14 Da corresponding to the loss of the methyl group, 
thus implicating Mmp1085 the methyltransferase responsible for this modification (MS and 
analysis performed by S. Logan and J. Kelly NRC Ottawa, ON )
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glycosylation and annotation. Ongoing analysis of genes in this operon has determined that at 

least some genes are involved in N-linked glycosylation. Numerous attempts to delete mmp1089 

have failed, suggesting it may be performing an essential function (J. Wu, M.Sc thesis). Deletion 

of mmp1090 resulted in a significant shift of flagellin to a smaller molecular weight suggesting 

that the flagellins in this mutant are decorated with a partial glycan  (Brimacombe C., 2010 

Micr499 thesis).  In this work, purified flagella from the mmp1090 mutant were isolated and 

preliminary mass spectrometry analysis has described the glycan in this mutant as having a 

structure identical to that reported in a mutant carrying a deletion of the fourth oligosaccharide 

transferase, Mmp1088, in which the terminal residue and the attached threonine group of the third 

sugar are absent (data not shown).  A deletion of mmp1092 had previously been obtained (Jarrell, 

unpublished) and was confirmed by PCR amplification (Figure 3.18 a) although it had no effect 

discernible by western blot analysis on flagellin molecular weight (Figure 3.18 b). In a similar 

manner as described above, a deletion construct for mmp1094 was created and a deletion strain 

was isolated (Figure 3.18 a) and subjected to flagellin immunoblot analysis. A small decrease in 

molecular weight can be seen in the mutants, suggesting a defect in glycan structure in this 

mutant (Figure 3.18 b), although no mass spectrometry data has currently been acquired to 

confirm this. Motility assays do demonstrate a defect in swimming ability of both mutant strains 

when compared to wild-type (Figure 3.18 c) and no visible difference in flagella production or 

structure can be identified when examined through EM (Figure 3.18 d) (Dr. S. –I. Aizawa 

Prefectural University of Hiroshima, Hiroshima Japan). 
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Figure 3.18. a) PCR confirmation of deletion of mmp1092 and mmp1094.  The difference in 
amplicon size of wt and mutant is indicative of the deletion of the gene. b) Immunoblots using 
anti-FlaB2 on deletion strains. A small difference is the migration of the mmp1094 mutants 
flagellin can be seen, which may indicate a small defect in the glycan structure. c) Motility assays 
for both mutant strains demonstrate deficiencies in the swimming ability when compared to WT. 
d) EM scans confirm that both mutants are still flagellated. Arrows point to an example 
flagellum. 
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Chapter 4 

Discussion 

4.1 Archaeal flagella 

The aim of this study was to continue the elucidation of a flagella system of the archaeal domain, 

by attempting to identify specific interacting protein partners of the fla operon and identifying 

components of the N-linked glycosylation system in M. maripaludis. As in bacterial systems, the 

flagella of archaea act as rotary propellers that are used in motility and adhesion, however they 

are more closely related evolutionarily to Type IV pili (Tfp) as opposed to their bacterial 

namesake (Ng et al., 2006). A single major operon is typically involved in expressing bacterial 

Tfp systems (Craig and Li, 2008), and the majority of known proteins involved in archaeal 

flagella systems are encoded by one major structural operon, containing up to 13 genes (Thomas 

et al., 2001). There are, however, many more genes that have been identified to be involved in 

archaeal motility, including chemotaxis systems (Schlesner et al., 2009), post-translational 

modifications of flagellin monomers, including signal peptidase treatment (Bardy and Jarrell, 

2002) and glycosylation (VanDyke et al., 2009) as well as a likely currently unidentified genetic 

regulation system.  

The synthesis and function of the bacterial flagella system is thought to involve over 50 

proteins encoded in at least 17 different operons (Chilcott and Hughes, 2000); However, other 

data suggests that the total number of genes involved in the motility of E. coli may be closer to 

160 (Rajagopala et al., 2007).  No homologues of genes involved with bacterial flagella can be 

found in archaeal species (Faguy and Jarrell, 1999), although several genes of the archaeal 
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flagella system share homology with those in of the Tfp. All currently identified flagellated 

archaea contain the highly conserved flaHIJ gene group (Jarrell et al., 2010b). FlaI shows strong 

sequence similarity to the ATPases PilB/PilT of the Pseudomonas aeruginosa Tfp nomenclature 

(Bayley and Jarrell, 1998) and, likewise, FlaJ shares homology to the integral membrane protein 

PilC/TadB of bacterial Tfp systems (Peabody et al., 2003). FlaI has been demonstrated to have 

ATPase activity similar to its bacterial homologue (Albers and Driessen, 2005).  Due to the 

conserved nature of flaHIJ in flagellated archaeal species, it is likely that these genes are 

responsible for the export of flagellin subunits (Jarrell et al., 2010b, Peabody et al., 2003) and 

deletions of any of these genes result in non-flagellated cells in Halobacterium salinarum 

(Patenge et al., 2001), Sulfolobus solfataricus (Szabo et al., 2007), and Methanococcus species 

(Thomas et al., 2002, Chaban et al., 2007).  

Archaeal flagellin monomers are translated as preproteins, with unusual type III signal 

peptides (Pohlschröder et al., 2005), that are cleaved prior to assembly into the filament. The 

enzyme that catalyzes the cleavage is a conserved prepilin peptidase-like enzyme (FlaK/PibD), 

which bears homology to the prepilin peptidases found in Tfp systems (Faguy et al., 1994; Szabo 

et al., 2007). Both the archaeal flagella and the Tfp are thought to have evolved from an ancient 

type II secretion system (Peabody et al., 2003). Due the highly conserved nature of these systems 

and the apparent lack of homologous structures in eukarya, it has been suggested that the 

ancestral system arose in the bacterial domain and was transferred to the archaea in a lateral gene 

transfer event well after divergence of the two domains (Peabody et al., 2003).  

In addition to the conserved flaHIJ, the fla operon encodes a number of proteins, 

typically beginning with several different flagellin monomers and containing a variable subset of 

proteins between flaC-G (Jarrell et al., 2007). Interestingly, while deletion analysis of genes of 
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this operon indicated that all are necessary for flagellation in M. maripaludis (Chaban et al., 

2007), not all flagellated archaeal species contain the total set of the genes. The fla operon 

expressed by M. maripaludis contains two major flagellin subunits, flaB1 and flaB2, a hook-

forming flagellin, flaB3 and eight flagella accessory genes flaC-J. Apart from the flagellins and 

flaIJ, little is known about the role of any of the remaining proteins encoded within the operon. 

One goal of this study was to identify potentially interacting partners for proteins encoded by this 

operon as a first step to suggesting a function for each. 

4.1.1 Membrane fraction analysis 

 Several major approaches can be used in an attempt to demonstrate protein interactions 

(Phizicy and  Fields, 1995). One of the more commonly used strategies relies on the ability to co-

purify interacting proteins, as demonstrated by techniques such as co-immunoprecipitation and 

affinity chromatography.  These methods work on the principle that by anchoring a target protein, 

other interacting partners will bind strongly enough to withstand precipitation out of solution 

(Bauer and Kuster, 2003).  A variation of this technique was used during this work. By using 

deletion strains and harvesting cell membranes, it was hoped that the absence of specific Fla 

proteins transcribed by the fla operon would clearly demonstrate the absence of other Fla proteins 

localized to the cell membrane.  These techniques have been used multiple times in studies of Tfp 

protein interactions (Daniel et al., 2006; Ayers et al., 2009).  

For these screens antibodies to only two of the proteins of the operon, FlaD and FlaE 

were available. However, importantly, these proteins have been reported to localize to the cell 

membrane in the close relative of M. maripaludis, i.e., M. voltae (Thomas and Jarrell, 2001). 

Additionally, in Mm900 (WT), FlaD and FlaE localized to the membrane preparations (Figure 3.3 

a, b) in spite of the fact that these proteins lack predictable transmembrane domains (Figure 3.1), 
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making it likely that they are being recruited to the membrane through interaction with another 

protein(s). Thus, they are good candidates to follow their location in the various deletion strains. 

FlaF and FlaG, have predicted N-terminal transmembrane domains (Figure 3.1) and were 

believed to be good candidates as cytoplasmic membrane anchors in addition to the previously 

known transmembrane protein FlaJ. Data obtained in this study, however, reveals that the 

recruiting partner(s) is not any of the other proteins encoded by the fla operon acting individually, 

as deletions of any one of the fla genes tested did not result in a clear absence of either FlaD or 

FlaE at the membrane.  It is possible that these proteins are interacting with several of the Fla 

associated proteins either independently or together, and therefore the loss of one of the partners 

does not result in a loss at the membrane.  Due to the current lack of deletions in either FlaD or 

FlaE, this hypothesis cannot be tested fully.   

Alternatively, these proteins may not be interacting with any other members of the fla 

operon encoded proteins. Recent data has suggested that Hbt. salinarum FlaCE and FlaD 

associate with members of the chemotaxis (che) system in this species (Schlesner et al., 2009). If 

this is also true for M. maripaludis, then some of the fla operon proteins could be being recruited 

to the membrane through interactions with che related proteins, which were not included in this 

study. Future work, including deletions of che genes, may identify the proteins which are 

responsible for recruiting FlaD and FlaE, and likely other Fla proteins, to the membrane. To date, 

no studies of M. maripaludis che genes have been reported.  

It is also interesting to note that transcription of the fla operon does not appear to occur in 

several of the fla mutants strains, an observation that had been previously reported for strains 

harbouring mutations in the glycosylation pathway (VanDyke et al., 2008).  The cause for the 

loss of transcription of the operon is currently unknown although it would be advantageous to the 



 

71 

 

cells to shut off transcription of the entire operon since a deletion in any of the fla genes means 

that flagella are not produced and all of the other proteins of the system are rendered useless. It 

was originally thought that one of the possibilities for loss of transcript was for the strains to 

acquire a secondary mutation in the promoter region for the operon; although, after obtaining 

identical sequence of over 1000 base pairs upstream of the operons start site in each of the strains, 

it was concluded that another acquired change is responsible.  It is still unknown if the mutation 

responsible for the loss of transcription of this operon would be similar in all strains or if there 

could be multiple targets for this effect.  While the elements involved in flagella regulation have 

yet to be determined, it has been demonstrated that M. maripaludis does regulate the fla operons 

transcription in response to several stimuli, including nutrient stress and hydrogen pressure 

(Hendrikson et al., 2008). The arrest of transcription of the fla operon in response to gene 

deletions, while the general health of the cell seems to remain unaffected, may suggest a complex 

flagella specific regulatory system.  

4.1.2 One- and two-hybrid experiments 

The second method attempted for determining protein interactions of members of the fla 

operon was through the use of in vitro LexA-based hybrid experiments (Dmitrova et al., 1998). 

The wild-type LexA protein consists of a DNA binding domain (DBD) and a dimerization 

domain and acts as a functional transcriptional repressor only when two LexA DBD act together 

(Tripathi and Taylor, 2007). The dimerization domains of two LexA proteins facilitate interaction 

allowing the DBD to bind to a specific operator, thus preventing transcription. LexA based two-

hybrid systems work on the principle that by replacing the dimerization domain of LexA with 

proteins of interest, if the proteins interact there should be restoration of transcriptional repression 

(Tripathi and Taylor, 2007).  The system involves two compatible plasmids, into which genes 
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encoding proteins of interest can be cloned: one plasmid carrying a wild-type LexA DBD 

(pMS604) and the second carrying a mutant DBD (pDP804) containing 3 amino acid 

substitutions to allow recognition of a modified operator (Dmitrova et al., 1998). Relying on the 

use of a specific E. coli strain, Su202 (Dmitrova et al., 1998), which contains a hybrid LexA 

operator immediately upstream of a constitutively expressed reporter gene, interaction between 

the two proteins of interest should restore the transcriptional repressor function, thus preventing 

the reporter gene product (β-galactosidase) from being produced (Hu et al., 2000).  The use of the 

hybrid operator in association with the two slightly different LexA DBDs prevents 

homodimerization of either of the hybrid proteins from repressing expression of the reporter 

(Tripathi and Taylor, 2007).  The homodimerization of fusion proteins can be examined in a 

separate system utilizing strain Su101, which contains a wild-type operator, allowing for fusion 

proteins with the wild-type LexA DBD (pMS604) to restore repression (Dmitrova et al., 1998). 

Variants of the eight Fla accessory proteins contained in the M. maripaludis fla operon 

were cloned into pMS604 and pDP804, replacing the dimerization domains associated with the 

unaltered plasmids and screened for interactions.  In the homodimerization assay using Su101, 

three proteins, FlaC, FlaE and FlaH showed repression of the lacZ, indicating that they are 

potentially self associating.  In agreement with this result, the two-hybrid experiments showed 

that both FlaC and FlaE interacted with themselves causing repression of the β-galactosidase 

activity when both the pMS604 and pDP804 variants were screened; however, pMS604/FlaH 

with pDP804/FlaH unexpectedly did not cause repression. The reason for this apparent 

contradiction with the FlaH variants in the one- and two-hybrid systems is unknown. 

Although the assays suggest that FlaC, FlaE and perhaps FlaH are self associating, 

relying on the results of one assay is not sufficient to conclude that this is actually the case in 
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vivo. Additionally, it has been reported that two-hybrid screening has a high rate of false positives 

(Berggård et al., 2007), therefore these results must be confirmed through additional study. A 

relatively simple means to test this may be to attempt protein affinity chromatography using 

several modified protein variants. Previous work has resulted in the creation of C-terminal 

histidine tagged Fla variants (Chaban et al., 2007, Jarrell unpublished), which can be purified 

through use of a nickel affinity column. Prior to elution, cell lysate from strains expressing the 

LexA-tagged fusion variants could be passed through the column. Those showing interaction in 

the 1 and 2 hybrid systems should remain bound to the column until eluted with the histagged 

version of the protein.  The LexA DBD would act as an epitope tag for identification via 

immunoblots of the bound protein. 

Unfortunately, no heterodimerizing partners were found in this screen. There are several 

explanations that may explain this finding.  The first is simply that none of the proteins 

originating from the fla operon of M. maripaludis interact with each other, although this seems 

highly unlikely.  It is believed that the homologues to FlaI and FlaJ interact in bacterial Tfp 

systems (Alm and Mattick, 1997), and due to the conserved nature of the two systems, it is likely 

that FlaI and FlaJ interact in a similar manner in the archaeal flagella system (Jarrell et al., 2007). 

A second explanation for the apparent lack of hetero-associations is based on a known limitation 

of two-hybrid systems, in that the fusion proteins may sterically inhibit the binding of the LexA 

DBD properly at the adjacent operator sites (Golemis and Brent, 1992; Daines et al., 2002). 

Again the previously mentioned affinity chromatography experiment may be a solution if this is 

the case, as it is not relying on the repression of the beta-galactosidase reporter gene.   

Alternatively, the lack of interactions may be an artifact due to the requirement to 

truncate several of the proteins, protein folding issues or protein fusion stability. The addition of 
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the LexA domain to any of the proteins may have resulted in misfolding, thus preventing any 

interactions from being detected. Due to complications caused by integral membrane proteins 

with two-hybrid systems (Tripathi and Taylor, 2007), truncations excluding predicted 

transmembrane domains were made for FlaF, FlaG, FlaI and FlaJ (Figure 3.1). Immunoblots were 

performed on cells harvested from the assays using anti-LexA antibodies, in an attempt to 

confirm protein stability. While the majority of the proteins expressed well, many did not express 

at equal levels during the assays, which may indicate instability of several of the fusion proteins.  

FlaJ is a strong candidate for a membrane anchor (Jarrell et al., 2007), thus believed to be 

interacting with other members of the operon, however only one of the largest predicted 

cytoplasmic loops was included in the assay. It was anticipated that FlaI would interact with FlaJ, 

however the failed interaction may be due to the wrong loop being included in the assay. Also 

FlaI may require several of the cytoplasmic loops of FlaJ to create the 3D topology at the 

membrane required for interaction to take place, and would be therefore missed by this method of 

study.   

Finally, only binary interactions can be studied in the two-hybrid system, therefore if 

there is a requirement for a protein complex formation to recruit other members, such interactions 

will not demonstrate repression in this system (Berggård et al., 2007). Considering the size of the 

complex in certain Tfp systems, such as the bundle forming pili of enteropathogenic E. coli 

(Hwang et al., 2003), this may be an important consideration for the archaeal flagella. If the 

interactions demonstrated in the one-hybrid assay were correct (FlaC, FlaE and FlaH), they may 

then interfere or otherwise prevent any weak or transient interactions with other protein partners 

from being determined through this assay.  
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4.2 N-Linked glycosylation in Archaea 

  The study of asparagine linked (N-linked) glycosylation in archaea has begun to receive 

greater attention over the last several years. Much of the current work revolves around surface 

expressed proteins of two Euryarcheaota, Haloferax volcanii and Methanococcus maripaludis 

(Jarrell et al., 2010a), although, it is believed to be a widespread modification in the archaeal 

domain. Interestingly, the modification has been implicated in the stability of the S-layer, and 

therefore the survival of H. volcanii in extremely saline environments (Abu-Qarn et al., 2007). 

Additionally, in M. maripaludis, it has been demonstrated that the N-linked modification of 

flagellins is required for the assembly and function of the flagella structure expressed by this 

organism (VanDyke et al., 2009).  Both S-layer and flagellins are ideal for the study of N-

glycosylated proteins due to the shear amounts of both proteins in cells. 

The glycan discovered to be N-linked to the flagellin monomers of M. maripaludis is a 

tetrasaccharide, which bears some similarity to the glycan N-linked to M. voltae flagellins (Voisin 

et al., 2005; Kelly et al., 2009).  Recent work has begun to describe both the assembly and the 

biosynthetic pathway involved in the formation of this glycan structure. The individual sugar 

monomers are believed to be sequentially assembled on the cytoplasmic face of the cytoplasmic 

membrane (Plavner and Eichler, 2008), by initial attachment to a dolicol lipid carrier, through the 

workings of specific glycosyltranferases. With the exception of the glycosytransferase 

responsible for the addition of the first linking sugar, N-acetylgalactosamine, the other 

glycosyltransfereases involved in the assembly of the glycan have been determined being 

Mmp1079 (AglO), Mmp1080 (AglA) and Mmp1088 (AglL) (VanDyke et al., 2009).  In M. 

voltae, where the first sugar is N-acetylglucosamine (GlcNAc) rather than N-acetylgalactosamine 

(GalNAc), the first glycosyltransferase was identified as AglH , although it could not be 
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inactivated in M. voltae, it was shown to be able to rescue a conditionally lethal alg7 mutantion in 

yeast (Shams-Eldin et al., 2008).  A similar gene has yet to be identified in M. maripaludis, 

although the difference in the first sugar between the two species may account for this.  

The completed glycan is translocated across the cytoplasmic membrane by a currently 

unidentified component.  It is highly likely that this is accomplished through the action of a 

flippase component, as is the case in both eukaryotic (rft1) (Helenius et al., 2002) and bacterial 

systems (pglK) (Alaimo et al., 2006); although, the actual requirement for the rft1 component in 

the eukaryotic glycosylation system has been questioned (Frank et al., 2008).  Previous attempts 

in the Jarrell lab to identify the flippase, have been unsuccessful in both M. voltae (Chaban et al., 

2006) and M. maripaludis (J. Wu. MSc thesis). It is unlikely that a mutation in a flippase specific 

for the N-glycosylation system would be lethal, since deletion of the oligosaccharide transferase 

involved in the last step of the process has been obtained in several archaeal species including H. 

volcanii (Abu-Qarn et al., 2007), M. voltae (Chaban et al., 2006) and M. maripaludis (VanDyke 

et al., 2009), thus demonstrating that glycosylation through this pathway is not essential. 

Repeated attempts to delete mmp1089, a possible M. maripaludis flippase candidate located 

among genes known to be involved in N-glycosylation have been unsuccessful (J. Wu. MSc 

thesis). 

4.2.1 Glycan biosynthesis 

In 2008, using specific in vitro assays with purified histagged Methanococcus enzymes 

expressed in E. coli, Namboori and Graham began to describe acetamido sugar biosynthesis in 

methanococci. Interestingly, it seems that this pathway may be responsible for the formation of 

the precursor of the first three sugar residues of the glycan structure, namely GlcNAc (Namboori 

and Graham, 2008). The first sugar attached to the dolicol lipid carrier in M. maripaludis N-
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linked glycosylation is N- GalNAc, an epimer of GlcNAc (Kelly et al., 2009).  It may be that 

GalNac is formed through the action of a specific epimerization reaction from the GlcNAc 

precursor, possibly even after attachment of GluNAc to dolichol lipid carrier. In the region 

examined in this work, one gene, mmp1090, is annotated as a UDP-glucose 4-epimerase related, 

and was believed to be a candidate for this reaction. BLAST hits suggest similarity to other 

proteins responsible for similar modifications including GalE in C. jejuni , which catalyses the 

conversion between GlcNAc and GalNAc associated with lipopolysaccharide production (Fry et 

al., 2000) 

Deletion analysis of mmp1090, did reveal flagellin monomers which migrated faster in 

immunoblots than the wild-type (Mm900) indicating a potential deficient glycan (Brimacombe, C 

499 thesis). Additionally, while this strain was motile, it was demonstrated as having a serious 

deficiency in swimming ability when compared to the wild-type cells, also indicative of a 

modified glycan. MS analysis of flagella harvested from Mm1090, however, indicated a glycan 

that was similar to that of the mmp1088 mutant, in that the terminal sugar and threonine group 

attached to the third sugar was absent. This suggests that Mmp1090 has a role in the biosynthesis 

of the terminal sugar rather than the first.  An annotation search of the sequenced M. maripaludis 

genome does yield another potential candidate for the modification of the first sugar, mmp0357 as 

encoding an UDP-N-acetylglucosamine 2-epimerase, although currently no experimental 

evidence confirms its involvement in this pathway.  

A modified variant of GlcNAc, Di-N-acetyl-glucuronic acid (N-GlcNAcNAcA), is 

attached at the second position of the M. maripaludis tetrasaccharide (Kelly et al. 2009).  This 

sugar differs from the GlcNAc precursor in two ways, the first is the addition of an additional 

acetyl group. Previous work implicated Mmp0350 as being responsible for this modification, 
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through deletion and immunoblots analysis (VanDyke et al. 2008). Additionally, the residue is 

modified by the addition of a carboxylic acid functional group, which may be through the action 

of a currently unidentified dehydrogenase. Mmp0706, an UDP-N-acetyl mannosamine-6-

dehydrogenase was implicated in a similar modification to the third sugar residue, converting 

UDP-N-acetyl mannosamine (UDP-ManNAc) to UDP-N-acetyl mannuronic acid (UDP-

ManNAcA) (Namboori and Graham, 2008), which acts as an immediate precursor for the third 

sugar residue.  

While no obvious candidate for the modification to the second sugar was apparent by 

annotation within the gene cluster analysed in this work, examination of the sequenced M. 

maripaludis genome did identify a possible candidate in mmp0353. This gene, located close to 

mmp0350 and transcribed in the same direction, is annotated as a UDP-glucose/GDP-mannose 

dehydrogenase related protein.  BLAST searches using Mmp0353 do suggest similarity to the 

WecC family of UDP-N-acetyl-D-mannosaminuronate dehydrogenases and therefore could be a 

target for future study.  

Prior to the aforementioned dehydrogenase reaction of ManNAc to ManNAcA, an 

epimerase Mmp0705 converts GlcNAc to ManNAc (Namboori and Graham, 2008). 

Subsequently, ManNAcA then undergoes several additional modifications to become the  version 

of the sugar found in the flagellin glycan. Previous deletion analysis of mmp1081 and 

collaborating MS data of the glycan expressed on the flagellins by this mutant has indicated that 

this gene is responsible for the production of an acetamidino-transferase, which modifies this 

sugar residue (Wu, J. M.Sc. thesis).  The genes mmp1082 and mmp1083, which are co-transcribed 

with mmp1081, were also deleted in this previous work, although further characterization of these 

mutants was accomplished in this current work.  
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The flagellins of the mmp1082 mutant did not show aberrant migration in immunoblots 

when compared to Mm900 when grown in Balch III media, while a difference could be seen in 

the mmp1083 mutant (Figure 3.15 b). Swimming assays for all the genes in this operon showed 

deficient swimming capabilities comparable to WT (Figure 3.15 c), and EM confirmed all 

mutants were well flagellated. MS analysis of flagella from Mm1082 and Mm1083 did not 

demonstrate any difference in glycan structure when compared to WT (data not shown), although 

Mm1083 was missing any attached glycans at several asparagine residues known to be occupied 

in WT cells. This is likely responsible for the decrease in molecular weight of flagellin monomers 

visible by immunoblot. 

Mmp1081 shows homology with other known N-acetyl sugar acetamidino-transferases, 

including WbuX from E. coli, IfnA from Pseudomonas aeruginosa and PseA from 

Campylobacter jejuni. WbuX and LfnA have been reported as being required for the biosynthesis 

of 2,6-dideoxy-2-acetamidino-L-galactose found to be part of the O-antigen of several pathogenic 

strains (King et al. 2008) and PseA has been implicated in the attachment of an acetamidino 

functional group to glycan O-linked to flagellin of C. jejuni (McNally et al., 2006). Each of these 

genes has been found associated with two accessory genes, homologous to histidine biosynthesis 

genes, hisH and hisF (wbuYZ) (Feng et al., 2005, McNally et al., 2006) and following this theme, 

mmp1082 and mmp1083 share homology with hisH and hisF, respectively.  

HisH and HisF are known to interact (Alifano et al., 1996) and it is believed that HisH 

acts as a glutaminase which acts by hydrolyzing glutamine to produce ammonia (NH4) and 

passing it through a molecular tunnel to HisF which is then able to amidate a precursor molecule 

of histidine (Douangamath et al., 2002; Amaro et al., 2003; Mouilleron and Golinelli-Pimpaneau, 

2007). It is thought that WbuYZ accomplish a similar task, tunneling ammonia to WbuX and 
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allowing it to modify the target sugar residue (Feng et al., 2005).  Other such glutaminases 

demonstrate a glutamate independent/NH4 dependent activity (Kim et al., 1996; King et al., 

2010). Additionally deletions of these accessory genes in the C. jejuni system were demonstrated 

to have an effect on biosynthetic intermediates within the pathway (McNally et al., 2006). 

It is probable that Mmp1082 and Mmp1083 are performing similar tasks in the M. 

maripaludis system, transferring NH4 to Mmp1081, allowing it to acetamidate ManNAcA. To 

test if these proteins were NH4 dependent, the strains with mutations in genes in this operon were 

grown in nitrogen free media (Blank et al., 1995) supplemented with either alanine or NH4 as a 

sole nitrogen source, a method typically used for induction of the nif promoter for 

complementation of gene deletions in the M. maripaludis genetic system (Lie et al., 2005) . The 

difference in growth media had no effect on the migration of flagellin through SDS-PAGE for 

Mm900, Mm1081 or Mm1083 (Figure 3.15 e). Interestingly however, is that a difference can be 

seen in the flagellin migration in the mutant of mmp1082, depending on whether NH4 is present 

or not. The addition of NH4 seems to be able to restore WT phenotype of the mutant, and would 

explain the apparent lack of discernable shift in molecular weight of flagellins seen in this mutant 

through immunoblots (Figure 3.15 e) and MS, when grown in Balch III media, which has NH4 in 

it.  

Additionally, the ManNAcA precursor residue is amidated with a threonine amino group 

(Kelly et al. 2009); however, the enzymes responsible for this modification have yet to be 

identified.  It may be likely that this modification occurs after the attachment of the terminal 

sugar residue as a deletion in the fourth glycosyltransferase, Mmp1088, not only resulted in the 

expected loss of the terminal sugar but unexpectedly also in the absence of the attached threonine 

group of the third sugar  (VanDyke et al., 2009).  
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The terminal sugar of the M. maripaludis glycan was reported to be (5S)-2-acetamido-

2,4-dideoxy-5-O-methyl-α-l-erythro-hexos-5-ulo-1,5-pyranose which is was the first example of 

a naturally occurring diglycoside of an aldulose (Kelly et al., 2009). As such, much less is 

currently known about the biosynthesis of this particular residue. The deletion of mmp1085 in this 

work, and its identification as the methyltransferase responsible for the methylation of the 

terminal sugar by MS analysis of purified flagella from the mmp1085 mutant represents a small 

step in elucidation of its biosynthetic pathway. It is currently unknown whether the precursor of 

this residue is formed using the same pathway as the other three sugars.   

A deletion in mmp1084, which is co-transcribed with mmp1085, did not show a visible 

change in flagellin migration in immunoblots when compared to Mm900 (Figure 3.16 d). 

Mmp1084 is simply annotated as a conserved hypothetical protein, however, BLAST searches 

suggest it has a role in asparagine synthesis with glutamine hydrolyzing activity.  Due to the 

requirement of glutamine acting in the biosynthesis of GlcNAc (Namboori and Graham, 2008), it 

is possible that this gene is responsible for a modification of the terminal sugar that is not visible 

at the resolution of immunoblotting of flagellins. Interestingly, due to the possibility of glutamine 

hydrolyzing activity as indicated by the BLAST search, it may suggest a role similar to that of the 

aforementioned Mmp1082, and therefore only demonstrating an effect in nutrient limited 

conditions. Alternatively, this gene may not have a role in this pathway and is acting elsewhere. 

Two other genes were shown in this study to be co-transcribed in this operon, mmp1086 and 

mmp1087.  Although a deletion in mmp1086 has yet to be obtained, a deletion of mmp1087 

yielded a small difference in flagellin molecular weight (Figure 3.16 f) BLAST searches of 

Mmp1086 and Mmp1087 indicate a possible S-adenosylmethionine (SAM) motif, which has been 

implicated in the transfer of methyl functional groups (Roje, 2006). Recently another archaeal 
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methyltransferase AglP was identified in H. volcanii (Magidovich et al., 2010). AglP methylates 

the fourth residue of the pentasaccharide decorating the S-layer glycoprotein in an SAM-

dependent manner. While Mmp1085 and AglP only share 17% similarity, it is possible that the 

proximity of mmp1086 and mmp1087 to mmp1085 may implicate the products of these genes as 

functioning in conjunction with Mmp1085 in methyl transfer. Characterization of mmp1086 

through deletion analysis and further study of mmp1087, including MS analysis of purified 

flagella, may lead to a definitive answer concerning their role in the N-glycosylation pathway in 

M. maripaludis. 

The two final gene deletions that were analysed during the course of this study were 

mmp1092 and mmp1094.  The deletion of mmp1092, did not yield a visible shift in the migration 

of flagellins, however, mmp1094 did (Figure 3.18), indicative of a modified glycan. Interestingly 

both mutant strains did seem to have deficiencies in the swimming ability when compared to WT, 

however, the assays were run at different times. Several genes in the operon remain to be deleted, 

including mmp1091 and mmp1093 and it will be interesting to compare the swimming ability of 

all the mutant strains against each other. The product of mmp1092 is annotated simply as a 

conserved hypothetical protein, although BLAST searches do suggest a relationship to auxin 

efflux carriers and other permeases. It seems possible that the swimming defect of this mutant 

may be due to the general health of the strain due to nutrient supply, as opposed to any deficiency 

in the glycan.  Mmp1094 is annotated as a phosphoenolpyruvate synthase (ppsA), which is 

believed responsible for catalyzing the formation of phosphoenolpyruvate from pyruvate and 

homologues have been characterized in other anaerobic archaea (Hutchins et al., 2001). The 

possible role of this enzyme in the glycan biosynthesis pathway is unknown but it may be 
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involved in the formation of a specific enzyme co-factor involved in the formation of the final 

sugar residue. Table 4.1 summarizes the genes that were studied in this work.  
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Table 4.1: Summary of glycosylation related genes in this work. 
 

Gene Annotation* Deleted? 

Effect on 

Flagellin MW 

MS determined effect 

on glycan 

     

mmp1081 

LPS biosynthesis protein 

WbpG  Yes Yes 

Acetamidino group and 

threonine group (3rd 

sugar) and 4th sugar 

absent 

mmp1082 

Glutamine 

amidotransferase subunit 

(HisH) Yes 

Depending on 

media WT glycan 

mmp1083 

Imidazole glycerol 

phosphate synthase 

subunit (HisF) Yes Yes 

WT glycan, not present 

on all Asn residues 

mmp1084  hypothetical protein Yes No - 

mmp1085 Methyltransferase Yes Yes 

Methyl group absent 

(4th sugar) 

mmp1086 

radical SAM domain 

protein, putative No - - 

mmp1087 

putative molybdenum 

cofactor biosynthesis  Yes Yes - 

mmp1088 

Glycosyl transferase, 

group 1 Yes Yes 

Threonine group (3rd 

sugar) and 4th sugar 

absent 

mmp1089 

Polysaccharide 

biosynthesis protein No - - 
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mmp1090 

 

UDP-glucose 4-

epimerase related 

 

Yes 

 

Yes 

 

Threonine group (3rd 

sugar) and 4th sugar 

absent 

mmp1091 

UTP-glucose-1-

phosphate 

uridylyltransferase No - - 

mmp1092 

Auxin Efflux Carrier 

superfamily Yes No - 

mmp1093 

Phosphopantetheine 

adenylyltransferase No - - 

mmp1094 

phosphoenolpyruvate 

synthase Yes Yes - 

 * Annotation based on JCVI-CMB.  
Coloured genes indicate co-transcribed genes



 

86 

 

 

Chapter 5 

Conclusion and Future Directions 

One of the major goals of this study has been to determine protein interactions within the 

flagella expressed by the archaeon M. maripaludis. While no hetero-associating Fla accessory 

proteins were found, evidence from the in vitro hybrid assays does suggest that two proteins, 

FlaC and FlaE have the ability to interact with themselves.  Several possibilities exist for 

continuing this work.  Truncated variants of FlaC and FlaE can be made in an attempt to identify 

the specific interacting domain of these respective proteins. FlaD, in M. voltae is translated as two 

proteins, one of which shows sequence similarity to FlaE (Thomas and Jarrell, 2001). Due to the 

finding that FlaE is able to interact with itself, a C-terminal truncation of FlaD from M. 

maripaludis would be a likely candiate to screen using the two-hybrid protocol.  Additionally, 

alternate fusions can be made and screened against the Fla protein fusions of this work, for 

example, Che related proteins.  

Furthering the eludication of the protein interactions between members of the fla operon 

could also be accomplished through using protein affinity chromatography, using the previously 

obtained hexahistidine tagged Fla proteins in a nickel affinity column as bait for the LexA tagged 

proteins from this work. Antibodies against both tags are available for identifying the location of 

proteins in the affinity chromatography protocol. Using the two-hybrid strain, which has been 

shown in this work to express two LexA tagged proteins, it may also be possible to identify 

protein complex formation, involving up to three Fla members.  
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This study has also presented data on the biosynthesis of sugar residues in the glycan N-

linked to flagellin monomers. Several neighboring yet independently transcribed operons, all of 

which have at least one gene involved in the N-linked pathway were described. In addition to the 

previously known glycosyltransferases located in this region, this data indicates a large locus 

involved in the N-linked glycosylation pathway in M. maripaludis.  Additionally, the roles in the 

N-linked pathway of several of the genes in this region were described, including elucidating the 

specific site of action of the biochemical modification.  Continuing work on the in-frame 

deletions of mmp1086, mmp1091 and mmp1093 may yet yield further glycan modifications to 

accompany those found in this interesting locus. In addition to one identified gene, mmp0350, as 

has a confirmed role in the glycosylation system expressed in M. maripaludis (VanDyke et al., 

2008), several other genes in the region between mmp0350 – mmp0357, may have a role in the 

glycosylation pathway based on annotation. Therefore this region would be a likely target to 

confirm the operon structure using RT-PCR, as in this work, and generation of in-frame deletions 

of the genes there.  

In summary, this work has added to the body of knowledge of both the archaeal flagella 

and the N-linked glycosylation process in this domain. 
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