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Abstract 

 

N-linked glycosylation is a posttranslational modification involving the attachment of a 

carbohydrate to an asparagine (Asn) residue located within an Asn-X-Ser/Thr consensus 

sequence. This process is well understood in Eucarya and, more recently, in Bacteria. 

However, information about the equivalent process in Archaea is limited. This lack of 

knowledge includes data on glycan structures, assembly, and attachment. Assembly is 

believed to involve the sequential addition of monosaccharides to a membrane-embedded 

lipid carrier using a series of glycosyltransferases. Once the glycan is completed, it is 

transported across the membrane via a flippase and transferred to the protein using an 

oligosaccharyltransferase (Stt3p homolog). Working with the archaeon Methanococcus 

maripaludis, a novel glycan N-linked to the flagellin proteins of this organism was 

identified. Mass spectrometry has identified the glycan to have a mass of 1036.4 Da and 

secondary fragmentation pattern analysis of the intact glycan indicates that in addition to 

an N-acetylglucosamine residue (203 Da) and a di-N-acetylhexosamine (258 Da), there is 

an additional terminal mass of 575 Da suggesting that the glycan may be a 

tetrasaccharide. Genes suspected to be involved in flagellin glycosylation were targeted 

for in-frame deletion. The deletion of a number of these genes resulted in mutants that 

had a downward shift in flagellin molecular mass as evidenced by immunoblotting with 

anti-flagellin antisera. The annotation of these genes indicates that they are involved in 
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the assembly of the glycan and its subsequent transfer to the target protein. Mutants that 

carried a deletion of an oligosaccharyltransferase (MMP1424) had flagellins that 

appeared completely unmodified by immunoblotting. Furthermore, mutants that had 

deletions in one of two glycosyltransferase genes (MMP1080, MMP1079) produced 

flagellins of intermediate molecular mass. Subsequent complementation of these 

glycosyltransferase mutations partially or fully restored flagellins to wild-type mass. 

Examination by electron microscopy showed that two mutants (ΔMMP1424, ΔMMP1079) 

were unable to assemble flagellar filaments while one glycosyltransferase mutant 

(ΔMMP1080) still produced flagellar filaments. Collectively, these data begin to reveal 

the pathway and requirement of N-linked glycosylation in archaea using M. maripaludis 

as a model. 
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Chapter 1 

 

Literature Review 

 

1.1 Introduction 

The work of Carl Woese in the 1970’s, classifying all life forms based on sequence data 

from small subunit ribosomal RNA, led to the discovery of a third domain of life, the 

Archaea (Woese and Fox, 1977). The domain Archaea is a prokaryotic lineage that 

represents a line of evolutionary decent separate from Eukarya and Bacteria. Archaea 

were first believed to inhabit only extreme environments, however, that notion has 

changed due to culture-independent PCR amplification of rRNA genes from a variety of 

habitats. This method has established that archaea are present as significant or even major 

components, not just in a variety of extreme habitats, but also in nonextreme habitats, 

such as ocean waters, freshwater sediments, and soils (DeLong, 1992; Barns et al., 1994; 

DeLong et al., 1994; Barns et al., 1996). Archaea have also been isolated from living 

organisms being found in the rumen as well as the human gut and mouth (Chaban et al., 

2006a). The organism used in this study, the obligate anaerobe Methanococcus 

maripaludis, was isolated from salt marsh sediments (Jones et al., 1983). 

 Although archaea are prokaryotes like bacteria, they have ties to eukaryotic cells 

with respect to such processes as transcription and translation (Bell and Jackson, 1998). 
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As these organisms seem to be unique, the study of archaea and their novel processes can 

be fascinating and valuable. Currently, the study of many archaeal cell processes is 

lagging compared to bacteria and eukaryotes. The focus of this study, the post-

translational modification of glycosylation, is just one example. Characterizing this 

process in Archaea and its relationship to bacterial and eukaryotic counterparts is an 

attempt to uncover one aspect of these mysterious organisms. 

 As the importance of glycosylation in determining the functionality of proteins is 

becoming more apparent, the interest in novel sugars and the understanding of the 

pathways and enzymes involved in the assembly and attachment of glycans is growing. 

There is a desire to understand why these glycans are actually needed. As glycoproteins 

are prevalent in many biological systems, the study of glycosylation is of great 

importance from a medical and commercial perspective as well. The field of 

glycobiology has been hampered by the inability to clone glycosylation systems into a 

simple host such as Escherichia coli resulting in expressed proteins that lack the needed 

modifications. However, recent discoveries have shown that a Campylobacter 

glycosylation cluster can be used to glycosylate proteins in E. coli (Wacker et al., 2002). 

This finding could open the door to a mechanism of engineering desired glycoproteins 

and sugar structures for use in therapeutic agents, however, a concrete understanding of 

the enzymes and mechanisms involved in the glycosylation process needs to be achieved 

for this to be a possibility. 
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1.1 Basics of Glycosylation 

A glycoprotein consists of a protein and one or more carbohydrates joined together in 

covalent chemical linkage. This post-translational modification is often important for 

proper protein structure and function, although the exact role that the glycans are serving 

is relatively unknown. It was once believed that glycoproteins were confined to 

eukaryotic organisms, but it is now widely accepted that post-translational glycosylation 

is a universal modification utilized in bacteria and archaea as well (Eichler and Adams, 

2005). There are various classifications of glycosylation, which are determined by the 

glycosidic linkage between the glycan and the protein. In eukaryotes there are 5 types 

which include N-glycosides, O-glycosides, phosphorous-linked glycosides, S-glycosides 

and C-glycosides (Upreti et al., 2003). To date, only N- and O-linkages have been 

reported in prokaryotes. In N-linked glycosylation (Figure 1.1A) a glycan is transferred to 

the side-chain NH2 group of an asparagine residue that is located within an Asn-X-

Ser/Thr consensus sequence (where X represents any amino acid except proline). In O-

linked (Figure 1.1B), sugars are attached to the OH groups of some serine or threonine 

side-chains.  

Glycosylation is believed to occur in more than half of all eukaryotic proteins and 

has been shown to affect protein folding, stability/turnover, solubility, subcellular 

localization and recognition events (Apweiler et al., 1999). Data on the importance of 

glycosylation is overwhelming and the study of this process in eukaryotes has been an 

active area of research for many years with the use of Saccharomyces cerevisiae as a 

model organism. 
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A    N-linked 

 

B    O-linked 

 

 
 

Figure 1.1. Examples of N- and O-linkages. (A) A GlcNAc sugar attached to the side-
chain NH2 group of an asparagine residue as in N-linked glycoproteins. (B) A GalNAc 
sugar attached to the OH group of a serine residue side-chain as in O-linked 
glycoproteins. 
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The belief that glycoproteins were utilized only by eukaryotes was eventually 

proven false when the S-layer protein from the archaeon Halobacterium salinarum was 

shown to contain both N- and O-linked glycans (Mescher et al., 1974; Mescher and 

Strominger, 1976). Since then, studies conducted on the bacterium Campylobacter jejuni 

(Szymanski et al., 2003; Schmidt et al., 2003; Szymanski and Wren, 2005) have 

identified and characterized two glycosylation loci, which encoded both N- and O-linked 

glycosylation systems allowing this organism to serve as the model for N- and O-linked 

glycosylation in bacteria. Although the list of putative and confirmed glycoproteins in 

archaea is significant (Messner, 2004; Eichler and Adams, 2005), comparative 

knowledge of glycan structures, assembly, or attachment is mostly lacking in this domain. 

 

1.2 Eukaryotic N-linked glycosylation 

The N-linked glycosylation system in eukaryotes has been well characterized using 

Saccharomyces cerevisiae as a model and it involves the assembly and attachment of a 

tetradecasaccharide (Glc3Man9GlcNAc2) to nascent proteins. This saccharide is highly 

conserved in higher order eukaryotic systems (Weerapana and Imperiali, 2006). N-

glycosylation in eukaryotes takes place at the endoplasmic reticulum (ER) membrane. 

The genetics of this process have been investigated and genes participating in the 

pathway are termed asparagine-linked glycosylation (alg) genes. 

The process begins with nucleotide-activated monosaccharides located in the 

cytoplasm. A nucleotide-activated sugar is a sugar group coupled with a nucleotide such 

as uridine diphosphate (UDP) or guanosine diphosphate (GDP). The cell manufactures 

these compounds by using enzymes that couple the two components together. Once it 
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does so, glycosylation specific enzymes (glycosyltransferases) can now harness the 

energy of the nucleotide’s phosphate bond and catalyze a sugar transfer resulting in the 

addition of these monosaccharides to lipid carriers or growing sugar chains (Campbell et 

al., 1997). 

In eukaryotes, a lipid carrier, dolichol, is embedded in the ER membrane. It is a 

polyisoprenoid lipid with 80-100 carbons or 16-20 isoprene units (Rip et al., 1985; Jones 

et al., 2005). Unlike the undecaprenol lipid carrier utilized in bacterial N-glycosylation, 

dolichol includes a saturated α-isoprene subunit that is important for its recognition as a 

glycosyl donor (Stoll et al., 1988). The dolichol carrier acts both as a carrier for which 

the growing sugar chain will be attached and also as a carrier that some sugar 

intermediates must be attached to before becoming incorporated into the main sugar 

structure. As shown in Figure 1.2, assembly of the glycan onto dolichol phosphate (Dol-P) 

initiates on the cytosolic face of the ER membrane when UDP-GlcNAc is transferred to 

Dol-P to form N-acetylglucosamine-pyrophosphodolichol (Dol-PP-GlcNac). This 

reaction is catalyzed by an N-acetylglucosamine-phosphate transferase encoded by the 

alg7 gene (Kukuruzinska and Robbins, 1987). The addition of a second GlcNAc is 

catalyzed by a glycosyltransferase complex classified as Alg13/14 (Bickel et al., 2005). 

Cytosolic Alg13 possesses the predicted catalytic domain and it is recruited by ER 

membrane bound Alg14 to form a unique UDP-N-acetylglucosamine transferase (Gao et 

al., 2005). The next addition to the saccharide chain is a mannose residue carried out by 

Alg1 (Weerapana and Imperiali, 2006). Subsequently, 4 additional nucleotide-activated 

mannose residues are incorporated into the sugar chain using the mannosyltransferases
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(flippase)

(STT3 
homolog)

(flippase)

(STT3 
homolog)

  
 

 
 
Figure 1.2. N-linked glycosylation in eukaryotes.  Nucleotide-activated monosaccharides 
are sequentially transferred to the dolichol carrier forming a heptasaccharide.  The glycan 
is then flipped into the lumen of the ER where additional dolichol-linked 
monosaccharides are transferred to the glycan.  The completed tetradecasaccharide is 
then transferred to an Asn residue on the protein. Adapted from Weerapana and Imperiali 
(2006). 
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Alg2 and Alg11 (Yamazaki et al., 1998; Cipollo et al., 2001), however, their exact roles 

in this process remain to be determined.  

Once the intermediate heptasaccharide (Man5GlcNAc2) has been assembled, it is 

then flipped to the lumenal face of the ER membrane by the ATP-independent, bi-

directional, membrane-spanning flippase, Rft1p (Helenius et al., 2002). The remaining 

biosynthetic steps occur on the luminal face of the ER where the glycan donors are no 

longer nucleotide-activated but are rather the dolichol-phosphate linked Dol-P-Man and 

Dol-P-Glc. Both Dol-P-Man and Dol-P-Glc are synthesized on the cytoplasmic side of 

the ER membrane by Dpm1 and Alg5, respectively, and the lipid-linked sugars are 

translocated across the membrane to the lumenal face where they are used. The 

heptasaccharide is further extended by the addition of 4 mannose residues accomplished 

sequentially by mannosyltransferases Alg3, Alg9, Alg12, and Alg9. Alg9 catalyzes the 

addition of both the seventh and the ninth mannose residues (Frank and Aebi, 2005). The 

oligosaccharide is then capped with 3 glucose residues which are added sequentially by 

glucosyltransferases Alg6, Alg8, and Alg10 (Burda and Aebi, 1999). Once the 

tetradecasaccharide Glc3Man9GlcNAc2 is completed, it is transferred to the target protein.  

The enzyme that catalyzes the transfer of the glycan to the target protein is the 

multimeric, ER membrane-associated oligosaccharide transferase (OT) complex. The 

active site is exposed to the luminal compartment. In eukaryotes, the OT is made up of at 

least 8 subunits that exist in three subcomplexes, Ost1p-Ost5p, Ost2p-Swp1p-Wbp1p, 

and Stt3p-Ost4p-Ost3p/Ost6p. Genetic-knockout experiments have revealed that five of 

these subunits (Ost2p, Ost1p, Stt3p, Swp1p, and Wbp1p) are essential for yeast cell 

viability (te Heesen et al., 1993; Zufferey et al., 1995; Yan and Lennarz, 1999; Dempski, 
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Jr. and Imperiali, 2004). Site-directed mutagenesis combined with crosslinking 

experiments show that Stt3p is directly involved in the catalytic process (Yan and 

Lennarz, 2002; Nilsson et al., 2003). A highly conserved WWDYG amino acid sequence 

is present in all homologs of Stt3p in organisms that contain a system for N-linked 

glycosylation.  

Glycans that are now covalently attached to proteins are further modified in the 

ER and Golgi complex by trimming, further glycosylation, sulfation and epimerization 

(Szymanski and Wren, 2005). Once the tetradecasaccharide has been transferred to the 

protein, the remaining dolichol pyrophosphate (Dol-PP) is recycled to Dol-P and 

translocated back to the cytosolic face of the ER membrane (Burda and Aebi, 1999).  

 

1.4 Bacterial N-linked glycosylation 

In 2002, Young et al. identified over 22 N-linked glycoproteins in C. jejuni. These 

proteins were all annotated to be periplasmic proteins. It was determined that these 

proteins all had a common heptasaccharide, composed of five N-acetylgalactosamine 

residues, one glucose, and one bacillosamine (2,4-diacetamido-2,4,6-

trideoxyglucopyranose), N-linked to asparagine residues within the Asn-X-Ser/Thr 

consensus sequence (Young et al., 2002). Bacterial N-linked glycosylation genes are 

found in a cluster and were initially thought to be involved in lipopolysaccharide (LPS) 

biosynthesis (Fry et al., 1998). Upon mutational studies, however, the genes were shown 

to be involved in protein glycosylation and were name protein glycosylation (pgl) genes 

(Szymanski et al., 1999). The complete N-linked glycosylation pathway has been 

elucidated in C. jejuni by bioinformatics analysis as well as in vitro assembly of the 
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complete glycan using purified glycosyltransferases (Glover et al., 2005). It is displayed 

in Figure 1.3. 

In the case of bacteria, the lipid carrier, undecaprenol, is embedded in the 

cytoplasmic membrane. Like the eukaryotic carrier, dolichol, undecaprenol is a 

polyisoprenoid lipid. However, it is different in that it is a fixed length of 55 carbons or 

11 isoprene units, with all of the isoprene units being unsaturated (Weerapana and 

Imperiali, 2006). In Campylobacter, it is hypothesized that the N-linked pathway begins 

when UDP-bacillosamine (UDP-Bac) is made from sequentially modifying UDP-

HexNAc using PglF (dehydratase), PglE (aminotransferase), and PglD (acetyltransferase) 

in the cytoplasm (Szymanski and Wren, 2005). As shown in Figure 1.3, UDP-Bac is 

linked to undecaprenyl phosphate through the action of PglC to create the first 

membrane-associated intermediate, undecaprenylpyrophosphate-linked Bac (Und-PP-Bac) 

(Glover et al., 2005). PglA and PglJ add the first two GalNAc residues, respectively. 

PglH attaches the remaining three GalNAc residues and the final branching glucose is 

added by PglI (Glover et al., 2005). Once the entire heptasaccharide is assembled, it is 

flipped across the plasma membrane to the periplasmic side via an ATP-binding cassette 

(ABC) transporter PglK (formerly WlaB) (Alaimo et al., 2006). This is analogous to the 

eukaryotic system in which assembled sugars are flipped from the cytoplasm into the 

lumen of the endoplasmic reticulum.   

After being translocated across the plasma membrane, the glycan is transferred to 

the protein. This is accomplished using the oligosaccharyltransferase PglB. PglB is 

homologous to the Stt3p subunit from the OT complex found in eukaryotes, and N-linked 

glycosylation in C. jejuni is abolished with the loss of PglB (Wacker et al., 2002; Young
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Figure 1.3. N-linked glycosylation in bacteria. Nucleotide-activated sugars are 
sequentially added to the undecaprenol carrier forming a heptasaccharide.  The completed 
glycan is then flipped across the inner membrane and transferred to an Asn residue on the 
polypeptide chain. Adapted from Weerapana and Imperiali (2006). 
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et al., 2002). PglB contains the same highly conserved WWDYG motif. Mutations within 

the WWDYG motif result in the loss of glycosylation activity, suggesting that this 

sequence includes residues that are essential for catalysis in PglB and Stt3p (Wacker et 

al., 2002; Nita-Lazar et al., 2005). In C. jejuni, once the glycan has been attached to the 

protein it does not undergo any further trimming or modifications like those observed in 

eukaryotes. 

 

1.5 N-Glycosylation Consensus Sequence Specificity 

As previously mentioned, N-linked glycans are transferred to an Asn residue within an 

Asn-X-Ser/Thr consensus sequence. Point mutations that alter the consensus sequence in 

bacteria result in no glycan attachment at that site (Nita-Lazar et al., 2005). The 

occurrence of the consensus sequence alone, however, does not guarantee that a glycan is 

indeed present, as approximately only 60% of the N-glycosylation consensus sequences 

found in eukaryotic secretory proteins are actually glycosylated (Petrescu et al., 2004) 

while a similar trend is also observed for bacterial proteins (Nita-Lazar et al., 2005). The 

data available on consensus sequence specificity in archaea seems to differ significantly 

from that found in bacteria and eukaryotes. In H. salinarum it was observed that 

replacement of the Ser residue of the Asn-2-Ala-3-Ser-4 sequence in the S-layer protein 

with Val, Leu, or Asn did not prevent N-glycosylation at the Asn-2 position (Zeitler et al., 

1998). In the same study, however, replacement of Ser-481 for Val in another sequon 

interfered with the attachment of a different N-glycan at that site. This may indicate the 

allowance for some flexibility in the N-linked consensus sequence in archaea and 

potential sites of N-glycosylation not conforming to the general consensus sequence 
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could be overlooked. It is also possible that Halobacterium may contain two 

oligosaccharyltransferases for attaching the two different N-glycans, each with different 

specificities for the N-linked consensus sequence.  

 To try and elucidate the reason that only selected N-linked sequons are 

glycosylated in eukaryotes, patterns in the amino acid residues surrounding these 

consensus sequences were investigated. Except for proline at position X and immediately 

following the sequon, no single amino acid at any of the flanking positions of the N-X-

S/T sequon seemed to have a dramatic effect on N-glycosylation. It is likely that 

conformational factors have a more decisive role in determining whether a sequon will be 

occupied or not (Imperiali and Hendrickson, 1995). The study of N-glycosylation sequons 

in C. jejuni lead to an expansion of the consensus sequence (Kowarik et al., 2006) to 

include the requirement for a negatively charged side chain at the -2 position, resulting in 

Glu/Asp-Y-X-Ser/Thr (where X and Y are any amino acid except proline). However, this 

sequence alone was not sufficient as some sites containing this extended sequence were 

still unglycosylated. It is currently unknown whether all bacteria require this extended 

motif or if this finding is limited to C. jejuni. An analysis of the amino acid sequences 

surrounding archaeal glycoprotein sequons has also been conducted (Abu-Qarn and 

Eichler, 2006b). However, as in the case of eukaryotes, no definitive patterns that 

determine a glycosylated sequon from an unglycosylated sequon were clearly observed. 

The fact that exogenously introduced hexapeptides (Tyr-Asn-Leu-Thr-Ser-Val) are 

sufficient for glycosylation in H. salinarum (Lechner et al., 1985b) also shows a lack of 

necessity for specific upstream or downstream sequences. 
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1.6 Bacterial Flagellum versus Archaeal Flagellum 

Although similar from a functional perspective, the archaeal flagellum differs 

significantly from its bacterial counterpart in structure and presumed mode of assembly 

(Reviewed in Ng et al., 2006). Archaeal flagella have been noted to more closely 

resembled type IV pili systems than bacterial flagella by several groups (Peabody et al., 

2003; Ng et al., 2006; Trachtenberg and Cohen-Krausz, 2006; Jarrell et al., 2007).  

In general, bacterial flagella are of variable length and have a diameter of 18-24 

nm (Trachtenberg and Cohen-Krausz, 2006). They are described as being composed of 

three different parts: a long and helical ‘filament’, a short curved structure known as the 

‘hook’, and a complex ‘basal body’ made up of a central rod and a series of rings around 

and below it. Bacteria assemble flagella by first constructing components of the basal 

body using the Sec pathway. The hook and flagellar filament, however, are assembled by 

passing structural proteins through a central channel in the growing flagellum via a 

specialized type III secretion system, thus elongating the structure at the distal end 

(Macnab, 2003).  

The archaeal flagellum is much thinner, having a diameter of 10-14 nm 

(Trachtenberg and Cohen-Krausz, 2006). It is also comprised of a hook and filament, 

however, a complex basal body similar to that found in bacteria has yet to be observed. 

Archaeal flagella do not have a central channel large enough for flagellin proteins to pass 

through (Trachtenberg and Cohen-Krausz, 2006). As such, components are apparently 

incorporated at the base of the growing structure similar to many pili systems and as first 

postulated by Jarrell et al. (Jarrell et al., 1996). As in type IV pili systems, archaeal 

flagellin proteins are synthesized with a leader peptide. This signal sequence targets the 
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flagellins to the cytoplasmic membrane where it is cleaved by a unique signal peptidase, 

FlaK. Associated with this event is translocation of the flagellins across the membrane 

where they are hypothesized to be subsequently incorporated at the base of the growing 

flagellum (Ng et al., 2006).  

 Bacteria and archaea assemble flagella by two completely different mechanisms. 

This is reflected in the glycosylation patterns that have been observed in the flagellin 

structural proteins of each system. 

   

1.7 Bacterial Flagellin Glycosylation 

The biosynthesis, assembly and regulation of the flagellar apparatus has been the subject 

of extensive studies over many decades, with considerable attention devoted to the 

peritrichous flagella of Escherichia coli and Salmonella enterica. The characterization of 

flagellar systems from other bacterial species has begun to reveal structural differences. 

Unlike in E. coli and S. enterica, the flagellin protein monomers composing flagellar 

structures in a significant number of both Gram-negative and Gram-positive organisms 

have recently been shown to be glycosylated at multiple sites (Logan, 2006). Thus far, 

the linkages of the glycans are limited to O-linked, not including the sheath proteins 

found to be associated with the periplasmic flagella of spirochetes (Li et al., 1993; Ge et 

al., 1998).  

The observation of bacterial flagellins utilizing glycans with an O-glycosidic 

linkage is likely a consequence of the mechanism of bacterial flagellar assembly. 

Flagellins cross the cell membrane by passing through the flagellar structure, where there 

is no possibility for interaction with the N-glycosylation oligosaccharyltransferase at the 
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periplasmic face. The location of the O-glycosylation system is unknown, although there 

is some evidence that it takes place in the cytoplasm (Benz and Schmidt, 2002). The 

current hypothesis by Logan (2006) is that bacterial flagellin O-glycosylation takes place 

either in the sequestered basal body environment (either external to the cell membrane or 

as the protein monomer passes through), or at the cytoplasmic face of the inner 

membrane in the close vicinity of the basal body. This would permit the assembly of 

complexes required for the process of glycosylation. 

For the bacterial flagellin glycoproteins characterized to date, it is apparent that 

the sites of O-glycosylation are likely localized to surface exposed domains of the 

flagellin protein (Samatey et al., 2000). How this specificity is accomplished is unknown, 

as the current knowledge of O-glycosylation has failed to identify any consensus 

sequence. It is currently unclear what state the flagellin protein is in during transit 

through the central channel. It could be partially or completely unfolded when it comes 

into contact with the specific glycosyltransferases and this could be a factor.  

Currently, the requirement of the glycan, amongst bacteria that glycosylate their 

flagellins, seems to be variable in terms of flagellar assembly and function. Mutants in 

glycan biosynthetic genes in several strains of Campylobacter are non-motile and 

accumulate intracellular flagellins of reduced molecular mass (Goon et al., 2003). 

Helicobacter pylori becomes nonmotile and unable to synthesize a flagellar filament 

when the glycosylation process is prevented (Schirm et al., 2003). Work conducted in 

Caulobacter crescentus found strains containing mutations in putative glycosylation 

genes also failed to assemble a flagellar filament and in some cases produced flagellins 

intracellularly of reduced molecular mass (Logan, 2006). In contrast, lack of 
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glycosylation through mutation of a rhamnose-specific glycosyltransferase gene had no 

effect on flagellar assembly or subsequent motility in Pseudomonas aeruginosa PAK 

(Schirm et al., 2004). Similarly, flagellin glycosylation was not required for flagellar 

assembly in Pseudomonas syringae (Takeuchi et al., 2003). 

 

1.8 Archaeal Glycoproteins 

The number of confirmed and putative glycoproteins reported in archaea is significant 

and is based on evidence that ranges from glycoprotein staining, abherrent SDS-PAGE 

migration, glycosylation inhibition, and lectin binding to completely characterized glycan 

structures and linkages (Reviewed in Eichler and Adams, 2005). The first prokaryotic 

glycoprotein to be described in detail was the surface (S)-layer protein from the 

halophilic archaeon Halobacterium salinarum (Mescher et al., 1974; Mescher and 

Strominger, 1976). Since then, evidence of glycosylation in the S-layer proteins of other 

organisms, such as Haloarcula japonica (Wakai et al., 1997), Haloferax volcanii 

(Sumper et al., 1990), Methanococcus voltae (Voisin et al., 2005), Methanothermus spp. 

(Bröckl et al., 1991; Kärcher et al., 1993), Staphylothermus marinus (Peters et al., 1995), 

and Sulfolobus spp. (Grogan, 1989) has established these proteins as the most widely 

recognized glycoproteins in archaea. Archaeal S-layer glycoproteins can undergo both N- 

and O-glycosylation. In contrast, bacterial S-layer glycoproteins contain only O-linked 

glycans (Upreti et al., 2003; Messner, 2004). Analysis of the composition of the N-linked 

glycans from archaeal S-layer proteins has revealed a wide variety of saccharides much 

more diverse than that seen in bacterial and eukaryotic N-glycosylation processes 

(Wacker et al., 2002; Szymanski and Wren, 2005).  
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Putative glycosylation has been reported in the flagellins of many archaeal species 

mainly based on glycan-detecting stains, deglycosylation, and glycan inhibition studies 

(Eichler and Adams, 2005). Definitive evidence for flagellin glycosylation, however, has 

been found in H. salinarum and M. voltae in which structures of attached glycans have 

been determined. Mass spectrometry conducted in M. voltae has shown that a 

trisaccharide composed of mannuronic acid, glucuronic acid, and N-acetylglucosamine 

(β-ManpNAcA6Thr-(1-4)-β-Glc-pNAc3NAcA-(1-3)-β-GlcpNAc) is attached to the 

flagellin proteins of this organism (Voisin et al., 2005). The glycan found on H. 

salinarum flagellin proteins was also shown to be a linear oligosaccharide composed of 

glucose and sulfated glucuronic and iduronic acids (Sumper, 1987; Wieland, 1988). In 

contrast to bacterial glycosylated flagellins, the structures in M. voltae and H. salinarum 

are N-linked. In M. voltae and H. salinarum, the flagellin N-linked saccharides were also 

found on the S-layer proteins suggesting a common glycosylation process for the two 

proteins. The N-linked nature of the glycans characterized on archaeal flagellin proteins 

is likely attributed to way that these organisms are proposed to assemble flagella by 

translocating flagellins across the plasma membrane and incorporating them at the base, 

unlike in bacteria. 

 While most of the studies on archaeal glycosylation have focused on S-layer 

glycoproteins and flagellins, other putative and confirmed archaeal glycoproteins have 

been identified. A majority of the evidence is based on glycan staining and lectin binding. 

Many of these proteins are membrane associated and in several instances they are binding 

proteins involved in nutrient uptake. These proteins include the maltose/trehalose-binding 

protein of Thermococcus litoralis (Greller et al., 2001). Identified in Pyrococcus furiosus 
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are a cellobiose-binding protein (Koning et al., 2001), ABC transporter binding proteins 

CipA and CipB (Weinberg et al., 2005), and pyrolysin (serine-protease) (Voorhorst et al., 

1996). Glycosylated proteins identified in Sulfolobus acidocaldarius include an acid 

protease thermopsin (Lin and Tang, 1990). Uncharacterized, glycosylated, membrane-

associated proteins were found in H. volcanii (Eichler, 2000) and Haloferax mediterranei 

(Konrad and Eichler, 2002). Glycosylated membrane-associated sugar-binding proteins 

(Elferink et al., 2001) and a serine/threonine kinase (Lower and Kennelly, 2002) were 

detected in Sulfolobus solfataricus. Secreted glycoproteins have also been found, 

including copper response extracellular proteins from Methanobacterium bryantii (Kim 

et al., 1995). More definitive data has been found for a number of glycoproteins, in which 

the saccharide content has been determined. These include the maltose/trehalose-binding 

protein from P. furiosus (Koning et al., 2002), S. acidocaldarius cytochrome b558/566 

(Hettmann et al., 1998), and a secreted alkaline phosphatase from Haloarcula 

marismortui (Goldman et al., 1990). 

 
 
 
1.9 Subcellular Localization of N-Glycosylation in Archaea 

N-linked glycosylation occurs at the cytoplasmic membrane in bacteria and the ER 

membrane in eukaryotes. This trend seems to be apparent in archaea as well with several 

lines of evidence suggesting that N-glycosylation occurs at the cytoplasmic membrane 

with transfer to the protein occurring at the outer cell surface. Despite its inability to cross 

the plasma membrane, bacitracin is nonetheless able to interfere with H. salinarum 

protein glycosylation by preventing transfer of oligosaccharides to the S-layer 

glycoprotein (Mescher and Strominger, 1978; Wieland et al., 1980). Bacitracin also 
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interfered with flagellin glycosylation in Methanococcus deltae (Bayley et al., 1993). 

Similarly, EDTA, another cell-impermeable agent, is proposed to inhibit an externally 

orientated Mg2+-dependent oligosaccharidetransferase. Treating cells with this agent also 

interfered with flagellin protein glycosylation in H. salinarum (Sumper, 1987). In 

addition, cell-impermeable hexapeptides containing the N-linked consensus sequence 

become glycosylated by H. salinarum cells when exogenously added (Lechner et al., 

1985b). 

 

1.10 Archaeal Lipid Carrier 

Bacteria use undecaprenol and eukaryotes use dolichol as lipid carriers for N-linked 

glycosylation. In archaea, glucose-, mannose-, N-acetylglucosamine-, and sulfated 

tetrasaccharyl-containing phosphor- and pyrophosphopolyisoprene (containing 11 to 12 

isoprene units) where first observed in H. salinarum by ion exchange and thin layer 

chromatography (Mescher et al., 1976). Later studies (Lechner et al., 1985a) revealed 

that the lipid component of these compounds is C60 dodecaprenol, similar to the dolichol 

used in eukaryotic protein N-glycosylation (Burda and Aebi, 1999). Mass spectrometry 

and nuclear magnetic resonance (NMR) studies conducted in H. volcanii (Kuntz et al., 

1997) have characterized numerous dolichol-linked sugars including mannosyl-

galactosyl-phosphodolichol, dihexosyl-phosphodolichol, and a tetrasaccharyl-

phosphodolichol further implementing dolichol as the lipid carrier for N-glycosylation in 

archaea as well as eukaryotes. In addition, the membranes of S. acidocaldarius were 

found to contain an externally oriented pyrophosphatase possibly involved in the 

recycling of dolicholpyrophosphate oligosaccharide carriers (Meyer and Schäfer, 1992). 
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1.11 Genes Involved in Archaeal N-linked Glycosylation 

Although the components required for the N-linked glycosylation pathways in bacteria 

and eukaryotes are well characterized, there is very little known about the equivalents in 

the archaeal system. Archaea do contain homologues of many of the enzymes involved in 

N-linked glycosylation, however, experimental proof and a well characterized pathway 

are lacking. An N-acetylglucosamine transferase in H. salinarum membranes has been 

partially characterized (Mescher et al., 1976). A dolichylphosphate mannose synthase, 

which is able to transfer GDP-mannose to a dolichol phosphate carrier, was purified from 

Thermoplasma acidophilum and partially characterized (Zhu and Laine, 1996). A 

putative dolichylphosphate glucose synthase was identified in H. volcanii (Zhu et al., 

1995) and there has been biochemical characterization of a P. furiosus UDP-α-D-glucose 

pyrophosphorylase, responsible for UDP-glucose synthesis (Mizanur et al., 2004).  

The most definitive data is from studies recently conducted on flagellin and S-

layer proteins of M. voltae in which researchers have identified two enzymes involved in 

the assembly and attachment of the N-linked trisaccharide (Chaban et al., 2006b). A 

glycosyltransferase, AglA, was necessary for the addition of the terminal sugar of the N-

linked trisaccharide while AglB, homologous to the Stt3p oligosaccharyltransferase, was 

needed for transfer of the completed glycan to the protein. Subsequent inactivation of 

these genes also demonstrated that at least a portion of the glycan was necessary for 

proper flagellar assembly and function. Another study recently conducted in H. volcanii 

also identified an archaeal Stt3p homolog and glycosyltransferase involved in S-layer 

glycosylation (Abu-Qarn and Eichler, 2006a). 
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1.12 Model for N-Glycosylation in Archaea 

The processes of bacterial and eukaryotic N-glycosylation are highly similar. Thus, it is 

reasonable that the equivalent system in archaea may also resemble its bacterial and 

eukaryotic counterparts. The evidence accumulated concerning the potential use of 

dolichol as a lipid carrier and the subcellular localization to the outer cell surface 

certainly supports this theory. Chaban et al. (2006b) recently proposed a model for the N-

glycosylation of M. voltae flagellin proteins. In this model (Figure 1.4), the trisaccharide 

is sequentially assembled onto the cytoplasmic-embedded dolichol carrier using a number 

of glycosyltransferases. It is possible that the donor sugars could be either nucleotide-

activated or lipid linked. The last monosaccharide is added by the glycosyltransferase 

AglA. Once completed, the glycan is “flipped” across the cytoplasmic membrane to the 

outer surface and then transferred to an Asn residue contained within an N-linked 

consensus sequence using the Stt3p oligosaccharyltransferase (AglB).  

 

1.13 Aims of this Work 

The ultimate goal of this work is to piece together a pathway for N-linked glycosylation 

in archaea using Methanococcus maripaludis as a model. Glycosylation has not been 

previously shown to occur in this organism. However, because the related species M. 

voltae has N-linked glycosylated flagellins (Voisin et al., 2005), it was believed that the 

flagellin proteins in M. maripaludis are N-glycosylated as well. The first goal of the work 

was to determine if a glycan was attached to the flagellin proteins of M. maripaludis, and 

if one was found, to determine its structure. Flagella were isolated from wild-type 
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Figure 1.4. Proposed model for N-linked glycosylation in M. voltae. Steps 1-3 diagram 
the sequential assembly of the trisaccharide onto the cytoplasmic membrane-embedded 
dolichol carrier using a number of glycosyltransferases (AglA for step 3). Step 4 
represents the translocation of the completed glycan across the membrane via a flippase 
enzyme. Finally, step 5 shows the attachment of the glycan to the target protein via an 
Stt3p oligosaccharyltransferase (AglB). Taken from Chaban et al. (2006b). 
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M. maripaludis and analyzed by mass spectrometry (in collaboration with Dr. Susan 

Logan, National Research Council) in order to confirm the presence of an attached N-

glycan and to determine its structure.  

If a glycan was detected, the second aim of this work was to identify genes 

involved in the assembly and attachment of this glycan to the flagellin proteins. 

Insertional inactivations in M. voltae lead to the discovery of two genes involved in the 

assembly and attachment of the flagellin N-linked glycan (Chaban et al., 2006b). 

However, recent advances in the genetic manipulation of M. maripaludis has allowed for 

the creation of markerless in-frame deletions in this organism. As opposed to the 

insertional inactivations conducted in M. voltae, in-frame deletion does not disrupt co-

transcribed genes located downstream from the target gene. Thus, any change in 

phenotype observed is a result of the deletion of the target gene and not due to disruption 

of downstream co-transcribed genes. Once created the deletion strain is stable whereas in 

M. voltae, insertional inactivation mutants have been found to occasionally revert back to 

wild-type (Chaban et al., 2006b). In addition, the in-frame deletion system in M. 

maripaludis allows the potential for complementation to try to restore function of the 

target gene. For these reasons, M. maripaludis is a much better candidate for the genetic 

characterization of the N-glycosylation system. Genes suspected to be involved in 

flagellin glycosylation were indentified based on homology to bacterial and eukaryotic 

counterparts. They were targeted for in-frame deletion. Once deleted, genes were 

assessed for their participation in flagellin glycosylation by observing shifts in flagellin 

molecular mass by immunoblotting. 
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The third goal of this work is to assess the requirement for the flagellin glycan in 

proper flagellar assembly and function. Mutants with flagellin proteins suspected of 

having no glycan or a partial glycan attached, as identified by immunoblotting, were 

assessed for motility by light microscopy and for the presence of flagellar filaments by 

electron microscopy to determine the extent of flagellin glycosylation required for these 

processes. 

Collectively, this study aims to elucidate the pathway of N-glycosylation in 

archaea, using M. maripaludis flagellin proteins as a model. It also hopes to shed some 

light on the mysterious requirement and role of glycans for the proper structure and 

function of glycoproteins. 
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Chapter 2 

 

Materials and Methods 

 

2.1 Strains and Plasmids 

The Escherichia coli and Methanococcus maripaludis strains used in this study are listed 

in Table 2.1. E. coli DH5α, was used for all plasmid cloning. M. maripaludis strain 

MM900 was used for in-frame deletions of target genes. This strain, derived from wild-

type strain S2, contains a deletion in the hpt gene (encoding hypoxanthine 

phosphoribosyltransferase) enabling it to be resistant to the toxic base analog 8-

azahypoxanthine (Moore and Leigh, 2005). The plasmids used in this study are listed in 

Table 2.2. 

 

2.2 Media and Growth Conditions 

E. coli was routinely grown in Luria-Bertani (LB) media at 37 °C while shaking at 120 

rpm. To prepare solid plates, 15 g of agar was added to the media prior to sterilization. 

Ampicillin (final concentration of 100 µg/ml) was used for selection when necessary. 

 The recipes and preparation for all M. maripaludis media can be found in the 

Appendix. M. maripaludis was routinely grown in Balch media III (Balch et al., 1979) 

under an atmosphere of CO2/H2 (20:80). Cultures were shaken at 120 rpm and incubated
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 Table 2.1. Strains of M. maripaludis and E. coli used in this study. 
 

Strain Description Source or reference 
 
M. maripaludis strains 

  

   S2 wild-type (Whitman et al., 
1986) 

   MM900 M. maripaludis S2 Δhpt (Moore and Leigh, 
2005) 

   MM1080 MM900 Δ1080 This study 
   MM1079 MM900 Δ1079 This study 
   MM1424 MM900 Δ1424 This study 
   MM0354 MM900 Δ0354 This study 

 
E. coli strains   
   DH5α Φ80dlacZ ΔM15 Δ(lacZYA-argF) 

endA1 recA1 
 

(Ausubel et al., 1992) 
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Table 2.2. Plasmids used in this study. 
 

Plasmid Descriptiona Source or 
reference 

 
pCRPrtNeo 

 
hmv promoter-hpt fusion + Neor cassette in 
pCR2.1Topo, Ampr, Kanr

 
(Moore and 
Leigh, 2005) 

pKJ573 pCRPrtNeo with in-frame deletion of MMP1080 This study 
pKJ618 pCRPrtNeo with in-frame deletion of MMP1079 This study 
pKJ574 pCRPrtNeo with in-frame deletion of MMP1424 This study 
pKJ575 pCRPrtNeo with in-frame deletion of MMP1423 This study 
pKJ600 pCRPrtNeo with in-frame deletion of MMP0354 This study 
pKJ634 pCRPrtNeo with in-frame deletion of MMP1170 This study 
pKJ626 pCRPrtNeo with in-frame deletion of MMP1089 This study 
pHW40 nif promoter-lacZ fusion + Purr cassette, Ampr J. Leigh 
pKJ627 pHW40 with C-terminal his-tagged MMP1080 This study 
pKJ655 pHW40 with C-terminal his-tagged MMP1079 This study 
pKJ677 pHW40 with C-terminal his-tagged MMP1424 This study 

 
aAmp, ampicillin; Kan, kanamycin; Neo, neomycin; Pur, puromycin. 
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at 30 °C as motility and flagella production are increased at this temperature, relative to 

37 °C. Puromycin (2.5 µg/ml) was added for selection when required. 

 To create in-frame deletions, M. maripaludis cells were grown in McCas medium 

(Moore and Leigh, 2005). As opposed to Balch III media, which contains yeast extract, 

McCas medium is supplemented with Casamino acids as yeast extract reduces the 

sensitivity of M. maripaludis to toxic base analogs. To prepare solid plates, 20 g of noble 

agar (Difco) was added to the medium. Neomycin (1 mg/ml) and 8-azahypoxanthine (240 

µg/ml, Acros Organics, NJ) were added for selection when needed. 

 For the complementation studies, nitrogen-free minimal medium (Blank et al., 

1995) was used and supplemented with sterile anaerobic NH4Cl (10 mM) or L-alanine 

(10 mM) as a nitrogen source when necessary. 

 

2.3 M. maripaludis Flagella Extraction 

M. maripaludis flagella were isolated as previously described (Bardy et al., 2002). 

Briefly, M. maripaludis cells (8 litres) were harvested by centrifugation (5500 × g, 15 

min, Sorvall RC2-B) and resuspended in 10 mM Tris-HCl + 2% NaCl (pH 7.0). The 

intact cells were lysed with the addition of the detergent C-12 to a final concentration of 

1%. DNase-RNase was added to reduce viscosity and the sample was incubated at room 

temperature for 30 min with occasional inverting. Following centrifugation (6000 × g, 15 

min, Sorvall RC2-B), the supernatant was shaken on ice for 1 hr with the addition of a 

1/10 volume of precipitation solution [1M NaCl + 20% polyethylene glycol (PEG) 8000]. 

Following another centrifugation (6000 × g, 15 min, Sorvall RC2-B) pellets were 

resuspended in distilled water, placed onto a KBr gradient (0.5 g/ml) and centrifuged 
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(151 000 × g, 18 hr, SW-41 rotor, Beckman L8-M). A white band part-way through the 

gradient contained the flagella and it was removed and desalted following further 

centrifugation in distilled water (111 000 × g, 90 min, SW-41 rotor, Beckman L8-M). 

 

2.4 DNA Isolation 

M. maripaludis genomic DNA was isolated as previously described (Gernhardt et al., 

1990). Briefly, 3 ml of cells were pelleted (3000 × g, 10 min, Sorvall RC2-B) and 

resuspended in TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) which immediately induced 

cell lysis. Sodium dodecyl sulfate (SDS) (final of 0.1%) and RNase (60 µg/ml, 

Fermentas) were added and mixed prior to a 30 min incubation at 37 °C. After the 

addition of Proteinase K (230 µg/ml, Fermentas) the incubation was continued for 45 

min at 55 °C. The lysate was extracted once with phenol:chloroform followed by an 

extraction with chloroform alone. The DNA was precipitated with ethanol and 

resuspended in dH2O.  

 Plasmid DNA was isolated from E. coli by using QIAprep® Spin Miniprep Kit 

(Qiagen) according to the manufacturer’s instructions. 

 All DNA was analysed by electrophoresis through a 0.8% agarose gel containing 

0.00003% ethidium bromide in TAE buffer (40 mM Tris-HCl, pH 8.0, 0.1% glacial 

acetic acid, 1 mM EDTA) (Maniatis et al., 1982) and visualized using UV illumination. 

 

2.5 Polymerase Chain Reaction (PCR) 

A complete list of primers used in this study is found in Table 2.3. DNA sequences were 

amplified by creating 50 µl reactions each containing: 0.5 µl Vent polymerase stock
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Table 2.3. Primers used in this study. 
 

Primer Sequence (5’ – 3’) Restriction 
site 

 
Creating in-frame deletions 

 

 
1080_2kb_up 

 
CGGATCCAATGCCAAATTATAACTCTG 

 
BamHI 

1080_StartDel TGGCGCGCCCATTAGACAATATCATTAAAA
C 

AscI 

1080_StopDel TGGCGCGCCGATATTTAATTCTTTTAAGG AscI 
1080_2kb_down CGGATCCGGCCAATTCTGAATTCCACC BamHI 
1424_2kb_up CGGATCCTCAATTGCGAAGTTCATAAG BamHI 
1424_StartDel TGGCGCGCCTTAAAAATTCACCCATAATCC AscI 
1424_StopDel TGGCGCGCCGACTATCTCAATTAATTTGAG AscI 
1424_2kb_down CGGATCCGCTTCTACCCTGGTACTGTG BamHI 
1423_2kb_up CGGATCCCGATTGGAGATAATATCCAG BamHI 
1423_StartDel TGGCGCGCCAATATAAATCCATAACATCAC

C 
AscI 

1423_StopDel TGGCGCGCCTTATATACAAAATACTTCGG AscI 
1423_2kb_down CGGATCCGTATAGCATTATGTTTCCTC BamHI 
354_2kb_up CGGATCCAATAACGGAAGCTACAATGC BamHI 
354_StartDel TGGCGCGCCATTGACTAGAATTAAGGAGT AscI 
354_StopDel TGGCGCGCCGTTATTCTTATGTTTAGTTGTG AscI 
354_2kb_down CGGATCCTATACTGGCTACGGTTAGCA BamHI 
1079_2kb_up CGGATCCTTCAAGATTTCACCAAGCAC BamHI 
1079_StartDel TGGCGCGCCCAGAGTTATAATTTGGCATT AscI 
1079_StopDel TGGCGCGCCAAATCATTGTAACCATGAAG AscI 
1079_2kb_down CGGATCCATATGGAGCAATAATTAACT BamHI 
1089_2kb_up GCTCTAGAGGTTGTAGAGAATATATGTG XbaI 
1089_StartDel: TGGCGCGCCTCATTCGTTCTTTGTAGCTC AscI 
1089_StopDel TGGCGCGCCTATGTTTTAAAAGTGGATGA AscI 
1089_2kb_down GCTCTAGACCTGTGGATACGTTGCAGCA XbaI 
1170_2kb_up GCTCTAGAAATACGGCGCAAGAGTTGCA XbaI 
1170_StartDel TGGCGCGCCCCATACTATCCCAAAATCGC AscI 
1170_StopDel TGGCGCGCCATTTAACGGCGATAAACATG AscI 
1170_2kb_down GCTCTAGATATACGAATTAGGAGGATCG XbaI 

 
Screening deletions  
 
1080_DelFor 

 
TTGAAACGTCTAAAATATCTCG 

 

1080_DelRev AACTCATAGATTATTCAAAATGG  
1424_DelFor CATAACCATATTTGTAATTAACC  
1424_DelRev CTCAATAGCCATAAAATCACC  
1423_DelFor ATTTGAAAGCTCATCATTCC  
1423_DelRev AACAACTCTCTGAACTTCACC  

 31



Table 2.3. (Continued) 
   

Primer Sequence (5’ – 3’) Restriction 
site 

 
Screening deletions 
 
354_DelFor 

 
ATTTAAACACTTGGACTTTG 

 

354_DelRev TTTAGGACCGTTATTGAAC  
1079_DelFor AAAATCGATTATTTGAAACC  
1079_DelRev TATTTTATAACCCAGGATTG  
1089_DelFor AAGAGAAGGCGAAGTTTAC  
1089_DelRev ATCTATTAGCCCCTAAACC  
1170_DelFor ATCCGTTAAAGAAATGATGG  
1170_DelRev AAATTCTGAGACCGTGTTTG  

 
Complementations  
 
1080_For_Nsi

 
CCAATGCATGAAAAAAGTTTTAATGATATT
GTC 

 
NsiI 

1080_Rev_Mlu CGACGCGTTCAGTGATGGTGGTGATGATGA
CGACCCTCAATGGATCCAATATCTATATTTA
ACAAAACACC 

MluI 

1079_For_Nsi CCAATGCATGAGTGAAAAACCGCTAATTTC
AG 

NsiI 

1079_Rev_Xba GCTCTAGATCAGTGATGGTGGTGATGATGA
CGACCCTCAATGGATCCCAATGATTTATAA
AATACCCA 

XbaI 

1424_For_Nsi CCAATGCATGGGTGAATTTTTAAATAAAGT
C 

NsiI 

1424_Rev_Xba GCTCTAGATTAGTGATGGTGGTGATGATGA
TTGAGATAGTCAGTTCCA 

XbaI 

1424_Nsi_Mut_ 
Up_Rev 

GAAGTTGAAAACGCATGCCCAACC  

1424_Nsi_Mut_ 
Down_For 
 

GGTTGGGCATGCGTTTTCAACTTC  
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(2000 U/ml, NEB), 5 µl 10 × polymerase buffer, 1 µl (50 pmol) forward and reverse 

primers, 1 µl (0.8 mM) dNTP mix, 1 µl genomic or plasmid DNA, and sterile dH2O up 

to 50 µl. Unless otherwise stated, reactions were run at 94 °C for 5 min, followed by 30 

cycles of 45 sec at 94 °C, 45 sec at 50 °C and an extension time corresponding to 1 min 

per kb of expected product at 72 °C. Reactions then underwent a final extension at 72 °C 

for 10 min. Reactions were carried out in a Mastercycler epgradient S (Eppendorf). 

 

2.6 Restriction Digests and Ligations 

All restriction enzymes were obtained from New England Biolabs (NEB) and digests 

were carried out according to the manufacturer’s instructions. 

 Most DNA ligations were carried out using a Rapid DNA Ligation kit (Roche 

Molecular Biochemicals) according to the manufacturer’s instructions. For 

complementations, ligations of cloned genes into pHW40 were done using T4 DNA 

ligase (NEB) overnight at 16 °C. 

 

2.7 Plasmid Cloning into E. coli 

All plasmid cloning was achieved using E. coli Subcloning Efficiency™ DH5α 

Chemically Competent cells (Invitrogen) and transformation was carried out according to 

the manufacturer’s instructions. Briefly, 2 µl of an insert and vector ligation reaction was 

added to 50 µl of competent cells and incubated on ice for 30 min. The cells were heat 

shocked at 42 °C for 30 sec. 250 µl of SOC medium was added to the cells and they were 

incubated at 37 °C while shaking at 120 rpm for 1 hr. The cells were then plated onto LB 
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medium containing ampicillin (final concentration of 100 µg/ml). Individual colonies 

were isolated and screened. 

 

2.8 M. maripaludis Transformation 

Transformations of deletion and complementation plasmids were carried out as 

previously demonstrated (Tumbula et al., 1994). Briefly, an anaerobic, sterile 

transformation buffer (TB) containing 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 was prepared. A 40% PEG8000 solution was prepared in TB. M. maripaludis 

cells (5 ml) were washed in 5 ml TB using centrifugation and resuspended in 375 µl of 

TB. 5 µg of DNA in TE was added to the cells along with 225 µl of PEG solution. The 

cell suspension was incubated (1 hr, 37 °C) without shaking under a headspace of N2. 

Balch III medium (5 ml) was added and and the cells were centrifuged. Final cell pellets 

were resuspended in Balch III and incubated overnight at 30 °C. 

 

2.9 Construction of Deletion Plasmids 

Approximately 1 kb fragments of DNA located directly upstream and downstream of the 

target gene (X) were amplified by PCR using primers X_2kb_up and X_Start_Del to 

amplify the upstream fragment and X_Stop_Del and X_2kb_down to amplify the 

downstream fragment. AscI sites were incorporated into X_Start_Del and X_Stop_Del so 

that the upstream and downstream arms could be ligated together maintaining the reading 

frame and creating an in-frame deletion. This ligation was used subsequently as template 

in PCR with primers X_2kb_up and X_2kb_down to amplify a 2 kb fragment. Either 
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BamHI or XbaI sites were incorporated into X_2kb_up and X_2kb_down so that the 

resulting 2 kb piece could be ligated into the multiple cloning site of pCRPrtNeo (Moore 

and Leigh, 2005) at the BamHI or XbaI site. After transformation into E. coli, plasmids 

were screened by restriction digest with either BamHI or XbaI to observe the 2 kb 

fragment. The sequence of the in-frame deletion was confirmed by amplifying and 

sequencing a 300 - 400 bp fragment across the deletion using the primers X_Del_For and 

X_Del_Rev. 

 

2.10 Generation of M. maripaludis Mutants 

Markerless in-frame deletions were constructed using a double recombination event as 

demonstrated previously by Leigh et al. (Moore and Leigh, 2005) and as illustrated in 

Figure 2.1. Briefly, pCRPrtNeo containing a constructed in-frame deletion was 

transformed into M. maripaludis strain MM900. Neomycin (1 mg/ml in McCas media) 

was used to select for incorporation of the vector into the genome, as pCRPrtNeo is 

incapable of replicating in M. maripaludis. An aliquot of this culture was subsequently 

grown overnight in medium with no selection and then plated onto medium containing 8-

azahypoxanthine. This selected for a second recombination event that had removed the 

vector along with either the target gene or the constructed sequence, leaving the cell with 

an in-frame deletion of the target gene or with the wild-type gene sequence. After 4 days 

incubation at 37°C, single colonies were picked into McCas media. Using whole cells 

washed in 2% NaCl as a template, the cells were screened by PCR using primers 

X_Del_For and X_Del_Rev. With these primers, amplification from mutant cells 

generated a 300 - 400 bp fragment as opposed to wild-type cells which
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Figure 2.1. Schematic of in-frame gene deletion in M. maripaludis. pCRPrtNeo with a 2 
kb fragment creating an in-frame deletion of the target gene is transformed into MM900 
Δhpt cells. The construct recombines into the chromosome enabling cells to survive 
selection with neomycin. After a period of growth without selection, cells are plated onto 
media containing 8-azahypoxanthine. As the vector encodes the hpt gene, only cells that 
have recombined out the plasmid can survive on 8-azahypoxanthine. The second 
recombination event can remove the vector with either the constructed sequence or the 
target gene yielding a wild-type or a mutant cell, respectively. 
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generated a larger fragment containing the intact gene in addition to the 300 – 400 bp. 

Proper in-frame deletion was confirmed by sequencing the 300 - 400 bp PCR product as 

well as by Southern blot analysis. 

 

2.11 Southern Blot Analysis 

Chromosomal DNA was extracted from wild-type and mutant cultures of M. maripaludis 

as previously described and digested with an appropriate restriction enzyme. The 

restriction enzyme used for each analysis was chosen following examination of the gene 

region for restriction sites located on either side of, but not within, the target gene. Thus, 

MspI was chosen for ΔMMP1080 analysis, MboI for ΔMMP1079, and HindIII for 

ΔMMP1424. Wild-type and mutant DNA were predicted to yield hybridizing bands of 

5098 bp and 4051 bp for ΔMMP1080 analysis, 1421 bp and 680 bp for ΔMMP1079, and 

4130 bp and 1610 bp for ΔMMP1424. Digested DNA samples were electrophoresed 

through a 0.8% agarose gel and subsequently transferred to a nylon membrane (Roche 

Molecular Biochemicals) using capillary transfer. A digoxigenin (DIG)-labeled probe 

was generated by PCR amplification across the in-frame deletion using primers 

X_Del_For and X_Del_Rev and DIG-dUTP (Roche Molecular Biochemicals). The probe, 

therefore, was specific for areas immediately surrounding the gene. Hybridization, 

washing, and developing were carried out as previously demonstrated (Thomas et al., 

2001). Briefly, the DIG-labeled DNA probe was denatured by boiling 10 min and cooling 

on ice prior to use in hybridizations. Hybridization was carried out at 50°C with a 

standard hybridization buffer [5 × SSC (diluted from 20 × SSC: 3 M NaCl, 0.3 M sodium 

citrate, pH 7.0, Maniatis et al., 1982), 0.1% N-laurylsarcosine, 0.02% SDS, 1% blocking 
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reagent (Roche Molecular Biochemicals)]. The membrane was washed as follows: 2 × 5 

min in 2 × SSC/0.1% SDS, followed by 2 × 15 min in 0.5 × SSC/0.1% SDS. The blots 

were then developed using a DIG-Chemiluminescent Detection kit (Roche Molecular 

Biochemicals) according to the manufacturer’s instructions. 

 

2.12 Immunoblotting 

M. maripaludis cells (1 ml) were pelleted and resuspended in 100 µl of media. The 

sample was mixed with an equal volume of 2 × Electrophoresis Sample Buffer (125 mM 

Tris, pH 6.8, 2% SDS, 20% glycerol, 4% 2-mercaptoethanol, 0.002% bromophenol blue) 

and boiled for 5 min. Samples were electrophoresed through a 12.5% acrylamide gel 

(Laemmli, 1970) and then transferred to an Immobilon-P membrane (Millipore, Bedford, 

MA) as previously described (Towbin et al., 1979). Immunoblots were developed using 

either chicken polyclonal M. voltae anti-FlaB2 (1:2500) [shown to crossreact with M. 

maripaludis flagellins (B. Chaban, S.Y.M. Ng, M. Kanbe, I. Saltzman, G. Nimmo, S.-I. 

Aizawa, and K.F. Jarrell in press)] or chicken polyclonal M. maripaludis anti-FlaE (1:500) 

as primary antibody and horseradish peroxidase-conjugated rabbit anti-chicken IgY 

(1:25000; Jackson Immunoresearch Laboratories, West Grove, PA) as secondary 

antibody. All antibody incubations and washes were done in TBS-T (5 mM Tris, pH 8.0, 

133mM NaCl, 0.05% Tween 20). Blots were developed using a peroxidase 

chemiluminescent kit according to the manufacturer’s instructions. 
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2.13 Construction of complementation plasmids 

The genes MMP1080 and MMP1079 were amplified by PCR using primers X_For_Nsi, 

incorporating a NsiI restriction site, and X_Rev_Mlu/Xba which integrated a C-terminal 

histidine tag and MluI or XbaI restriction site. The genes were ligated into either 

NsiI/MluI or NsiI/XbaI digested pHW40 (obtained from J. Leigh) and transformed into E. 

coli. These genes were under control of the nif promoter and expression was turned on or 

off by supplementing nitrogen-free media with L-alanine or NH4Cl, respectively.  

The gene MMP1424 contained an internal NsiI restriction site. The 

complementary primers 1424_Nsi_Mut_Up_Rev and 1424_Nsi_Mut_Down_For were 

designed to create a point mutation maintaining the amino acid sequence but removing 

the NsiI site. The first part of MMP1424 was amplified by PCR using primers 

1424_For_Nsi and 1424_Nsi_Mut_Up_Rev and the second part using 

1424_Nsi_Mut_Down_For and 1424_Rev_Xba incorporating a his-tag and XbaI 

restriction site. Both products were subsequently used as template in a PCR reaction that 

did not contain primers so that the arms could anneal at the site of the complementary 

primers and elongate to create the full-length gene. This product was then used as 

template for a PCR reaction with primers 1424_For_Nsi and 1424_Rev_Xba to further 

amplify the full-length gene which was now devoid of the internal NsiI site. This 

sequence was cloned into NsiI/XbaI digested pHW40. 

 

2.14 Electron Microscopy 

M. maripaludis cells were washed with 50 mM MgSO4 and whole cell preparations were 

negatively stained with 2% phosphotungstic acid (pH 7.0) and transferred to formvar-
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coated gold grids. Grids were viewed on a Hitachi H-700 electron microscope operating 

at 75 kV. 
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Chapter 3 

 

Results 

 

3.1 Determination of Glycan 

It has not been previously shown that Methanococcus maripaludis utilizes the N-linked 

glycosylation system. However, studies conducted in a related species, Methanococcus 

voltae, have shown that a trisaccharide composed of a modified mannuronic acid, 

diacetylated glucuronic acid and N-acetylglucosamine (β-ManpNAcA6Thr-(1-4)-β-Glc-

pNAc3NAcA-(1-3)-β-GlcpNAc) is N-linked to the flagellin and S-layer proteins of this 

organism (Voisin et al., 2005). It is plausible that the flagellin proteins of M. maripaludis 

could also have an N-linked glycan attached. Recent advances in the genetic 

manipulations of M. maripaludis has allowed for the creation of in-frame deletions as 

well as complementation in this organism. It seems practical to utilize these tools and 

characterize cellular processes in M. maripaludis as opposed to M. voltae, in which 

equivalent genetic manipulations are unavailable.  

M. maripaludis has 3 flagellin proteins, FlaB1, FlaB2, and FlaB3, which make up 

the structure of the flagellum. The amino acid sequences of these proteins are shown in 

Figure 3.1. The amino acid sequences alone predict the molecular masses of the flagellins 

to be 21.7 kDa, 22.5 kDa, and 22.2 kDa, respectively. However, these proteins migrate at
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FlaB1 (mw 21.7 kDa) 
MKIKEFKLTKKGASGIGTLIVFIAMVLVAAVAASVLINTSGFLQQKASTTGKESTEQVASGLLLNGITGSV
GTSDVKLLAIYLCPNAGSSAIDLAQTKIMLDYDGKSVVLGYGGNQDMSSGNSSVFSNDTGATATTFQVNIL
QDYDDSAVDNAVINKGDAVALIVDVNASFGGEIPERTAISGKVQPEFGAPGVISFTTPASYTTALVELQ 
 
FlaB2 (mw 22.5 kDa) 
MKITEFMKNKKGASGIGTLIVFIAMVLVAAVAASVLINTSGYLQQKASTTGKDSTEQVASGLQIMGISGYQ
DGSAGANITKLAIYITPNAGSAAIDMNQVVLTLSDGSTKTVTKYDTTAYTNLTAGGDLYNTTTVNWSKLAD
TTEFGIVEIQDADLSFTSSAPVINKGDIVAIIVSGVSFDTRMKFQGSVQPEFGAPGVISFTTPSTFTEKVV
SLQ 
 
FlaB3 (mw 22.2 kDa) 
MVKKFMKNKKGAVGIGTLIIFIAMVLVAAIAASVIINTAGKLQHKASTVGEESTEQVASGIQVLKVIGHAT
DKTTIDKLAVMVTPNVGGEIDLSTTILTLSTGDAKYSLVYDSAQHNAVVKDAGSDSIFDETEWGTDTKYGV
IVLQDSDNSTTDSTHPTINYGDKVYLTVTMDVASTSKVSGEVIPEYGASGIVEFRAPSVFTENVTTLQ 

 
 
Figure 3.1. Amino acid sequences of the three M. maripaludis flagellin proteins. The 
potential N-linked glycosylation sites (N residues within an N-X-S/T consensus sequence) 
are highlighted. 
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molecular masses of approximately 28 kDa by SDS-PAGE, suggesting that a glycan may 

be present. There are a number of occurrences of the Asn-X-Ser/Thr N-linked consensus 

sequence found in the amino acid composition of each of the flagellin proteins. These 

sites, highlighted in Figure 3.1, indicate where N-glycosylation of the flagellin proteins 

could potentially occur. 

 In an effort to confirm the presence and determine the composition of an attached 

glycan, flagella were isolated from wild-type M. maripaludis. Eight litres of cells were 

harvested per extraction. The cells were lysed and the flagella were isolated after banding 

in a KBr gradient. The band was removed and desalted. The extracted flagellin proteins 

were run on SDS-PAGE to assess yield and purity. This process was completed several 

times in order to obtain multiple flagellin preparations for mass spectrometry analysis. 

An example of the SDS-PAGE result from one of the flagellin extractions is shown in 

Figure 3.2.  

All flagellin preparations were analysed by mass spectrometry in collaboration 

with Dr. Susan Logan at National Research Council in Ottawa. Mass spectrometry 

analysis confirmed the presence of an N-linked glycan on these proteins and identified 

the glycan to have a mass of 1036.4 Da (S. M. Logan personal communication), 

significantly larger than the 779 Da sugar found in M. voltae. Secondary fragmentation 

pattern analysis of the intact glycan indicated that in addition to an N-linked N-

acetylglucosamine residue (203 Da) and a di-N-acetylhexosamine (258 Da), there is an 

additional terminal mass of 575 Da. This suggests that the attached glycan may be a 

tetrasaccharide, however, the exact sugar structure remains unknown, partially due to the 

fragile nature of the 575 Da portion (S. M. Logan personal communication). 
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25 kDa 

35 kDa 

 
 
 

Figure 3.2. SDS-PAGE (12.5% gel) of purified flagellin proteins. The proteins were 
isolated by lysing wild-type cells and banding the flagella on a KBr gradient. The gel was 
stained with coomassie blue. 
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3.2 Identification of Potential Genes Involved in N-glycosylation 

In an effort to elucidate the genetics of N-glycosylation in M. maripaludis, seven genes 

potentially involved in the system were targeted. The genes and their annotations are 

listed in Table 3.1. Homology searches were conducted with the glycosyltransferase and 

oligosaccharyltransferase (Stt3p) recently identified to be involved in the assembly of the 

N-linked glycan found on the flagellin and S-layer proteins of M. voltae (Chaban et al., 

2006b). These searches led to the genes MMP1080 and MMP1424 being proposed as a 

potential glycosyltransferase and an oligosaccharyltransferase (Stt3p), respectively. The 

gene MMP1423 was targeted as a glycosyltransferase specifically believed to be 

responsible for adding the first sugar (N-acetylglucosamine) to the dolichol carrier. It was 

identified based on its annotation as a UDP-N-acetylglucosamine-dolichyl-phosphate N-

acetylglucosaminephosphotransferase. MMP1423 is also the only glycosyltransferase in 

M. maripaludis annotated as belonging to the family 4 glycosyltransferases. The role of 

adding the N-acetylglucosamine residue to the dolichol phosphate carrier in eukaryotes is 

accomplished by a family 4 glycosyltransferase according to the Carbohydrate Active 

Enzymes (CAZy) glycosyltransferase classification system (http://www.cazy.org). There 

are at least 11 genes annotated as glycosyltransferases in M. maripaludis. The putative 

glycosyltransferase MMP1079 was selected for its proximity to the other suspected 

glycosyltransferase MMP1080 in the hopes of identifying a glycosylation cluster. The 

gene MMP1170 was also targeted as a potential N-linked glycosyltransferases as it was 

annotated as a glycosyltransferase involved in cell wall biosynthesis, a structure absent in 

M. maripaludis. The gene MMP354, annotated as an oligosaccharide translocase, was
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 Table 3.1. Putative M. maripaludis genes involved in N-glycosylation 
 

Gene Annotation 
 
MMP1080 

 
lipopolysaccharide N-acetylglucosaminyltransferase 

MMP1424 oligosaccharyl transferase STT3 subunit 
MMP1079 glycosyltransferase 
MMP0354 oligosaccharide translocase (flippase) 
MMP1423 UDP-N-acetylglucosamine-dolichyl-phosphate N-

acetylglucosaminephosphotransferase 
MMP1170 glycosyltransferase involved in cell wall biogenesis  
MMP1089 
 

heteropolysaccharide repeat unit export protein (flippase) 
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targeted for its role as a possible flippase enzyme involved in the translocation of the 

glycan across the cytoplasmic membrane prior to its attachment to the Asn residue. 

MMP354 was the gene in M. maripaludis that had the highest sequence similarity to the 

ABC-transporter involved in translocating the glycan across the cytoplasmic membrane 

in Campylobacter jejuni N-linked glycosylation. The gene MMP1089, annotated as a 

heteropolysaccharide repeat unit export protein, was also targeted as a potential flippase 

based on its location near a potential glycosylation cluster surrounding the proposed 

glycosyltransferase genes MMP1080 and MMP1079. 

 

3.3 Generation of In-frame Deletions 

In-frame deletion plasmids for all seven genes targeted were constructed. As an example, 

agarose gels of the steps carried out in the construction of the MMP1079 deletion plasmid 

are shown in Figure 3.3. Approximately 1 kb sequences of DNA located directly 

upstream and downstream of the target gene were amplified by PCR incorporating 

appropriate restriction sites (Figure 3.3A). The upstream and downstream arms were 

ligated together maintaining the reading frame and creating an in-frame deletion of the 

gene. This 2 kb product was subsequently amplified by PCR (Figure 3.3B). The fragment 

was then ligated into pCRPrtNeo and transformed into Escherichia coli DH5α. Colonies 

harboring the vector with the correct insert were screened by isolating the vector and 

subjecting it to restriction enzyme digestion (Figure 3.3C). Proper in-frame deletion of 

the gene was confirmed by amplifying and sequencing a 300 - 400 bp fragment across the 

deletion (Figure 3.3D). 
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Figure 3.3. Construction of in-frame deletion plasmid for MMP1079. (A) PCR 
amplification of approximately 1 kb fragments of DNA located directly upstream and 
downstream of MMP1079. (B) The 2 kb sequence amplified by PCR when the upstream 
and downstream arms were ligated together and used as template. (C) Restriction digest 
of pCRPrtNeo containing the 2 kb fragment. (D) PCR amplification of the 363 bp 
sequence generated across the in-frame deletion using the deletion vector as template. 
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In-frame deletions of all seven targeted genes were attempted. The vector, 

pCRPrtNeo, carrying a 2 kb fragment containing an in-frame deletion of each gene was 

transformed into M. maripaludis strain MM900 Δhpt. Colonies were eventually picked 

from plates containing 8-azahypoxanthine and screened by PCR, using whole cells 

washed in 2% NaCl as a template, to identify strains harboring the desired deletion. 

Mutants were identified as ones yielding a PCR product of 300 - 400 bp as opposed to 

wild-type cells which generated a larger fragment containing the intact gene in addition 

to the 300 - 400 bp. Deletion was confirmed by sequencing these 300 – 400 bp fragments 

and by Southern blot analysis. 

A deletion was successfully made in the potential flippase MMP0354. It is 

believed that deletion of the gene involved in translocating the glycan across the 

cytoplasmic membrane would result in unmodified flagellins of decreased molecular 

mass. However, subsequent analysis on ΔMMP354 flagellin proteins concluded that the 

deletion did not affect flagellin molecular mass as determined by immunoblotting with 

anti-flagellin anti-sera (data not shown). Thus, it was accepted that this gene was likely 

not involved in flagellin N-glycosylation and it was not characterized further. The genes 

MMP1423, MMP1170, and MMP1089 were unable to be deleted. Deletion vectors were 

created, however, after several transformations and numerous screens, only wild-type 

cells were observed. It is not known why these genes were unable to be deleted. It is 

possible that some of these genes are essential for cell viability or that mutant cells could 

not be isolated because of uneven recombination frequencies of the upstream and 

downstream arms used in the deletion vectors. 
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The genes MMP1080, MMP1424, and MMP1079 were successfully deleted and 

subsequently shown to affect flagellin glycosylation. The PCR screen across the target 

gene region for each of these 3 mutations is shown in Figure 3.4A. Wild-type and mutant 

cells amplified bands that matched the predicted sizes of 1384 bp and 337 bp for 

ΔMMP1080 screens, 2882 bp and 362 bp for ΔMMP1424, and 1104 bp and 363 bp for 

ΔMMP1079. Deletion of each of the 3 genes was further confirmed by Southern blot 

analysis. As shown in Figure 3.4B, wild-type and mutant DNA hybridized with probes, 

which were specific to the target gene surrounding region, yielded bands that matched the 

predicted sizes of 5098 bp and 4051 bp for ΔMMP1080 analysis, 4130 bp and 1610 bp 

for ΔMMP1424, and 1421 bp and 680 bp for ΔMMP1079. 

 

3.4 In-frame Deletions Decrease Flagellin Molecular Mass 

To determine if the loss of MMP1080, MMP1079, or MMP1424 had an effect on flagellin 

protein molecular mass, whole cell lysates were subjected to immunoblotting using M. 

voltae anti-flagellin anti-sera (Figure 3.5). Due to the high conservation of N-terminal 

amino acids, this anti-sera has been shown to crossreact with M. maripaludis flagellin 

proteins as well (B. Chaban, S.Y.M. Ng, M. Kanbe, I. Saltzman, G. Nimmo, S.-I. Aizawa, 

and K.F. Jarrell in press). Compared to wild-type flagellins, there was a significant 

decrease in the flagellin molecular mass of all three deletion mutants. This suggested that 

the mutants contained flagellins with a lesser degree of glycosylation. The largest 

decrease was noted with ΔMMP1424 cells, which are devoid of the 

oligosaccharytransferase (Stt3p homolog). These cells had flagellins that migrated as 

though approximately 20 kDa. Deletion of MMP1079 resulted in the flagellin proteins
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Figure 3.4. Confirmation of in-frame deletions shown to affect flagellin glycosylation. (A) 
PCR screens of M. maripaludis wild-type (wt) and in-frame deletion mutants (Δ). Wild-
type and mutant cells amplified bands that matched the predicted sizes of 1384 bp and 
337 bp for ΔMMP1080 screens, 2882 bp and 362 bp for ΔMMP1424, and 1104 bp and 
363 bp for ΔMMP1079. (B) Southern blot analysis on wild-type and mutant genomic 
DNA. DNA was digested with an appropriate restriction enzyme and hybridized with a 
probe specific for the target gene surrounding region. Wild-type and mutant DNA yielded 
bands that matched the predicted sizes of 5098 bp and 4051 bp for ΔMMP1080 analysis, 
4130 bp and 1610 bp for ΔMMP1424, and 1421 bp and 680 bp for ΔMMP1079. 
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Figure 3.5. Immunoblot of flagellin proteins from M. maripaludis in-frame deletion 
mutants. Whole cell lysates were electrophoresed through a 12.5% acrylamide gel and the 
blot was developed with M. voltae anti-FlaB2. 
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migrating as though slightly larger than those of ΔMMP1424. The smallest decrease from 

wild-type flagellin molecular mass was noted with the MMP1080 deletion, where 

proteins migrated as though they were approximately 23-24 kDa. 

Due to its annotation as the Stt3p oligosaccharyltransferase it is believed that 

MMP1424 is responsible for attaching the glycan to the Asn residue of the protein and 

deletion results in completely unmodified flagellins. As MMP1079 and MMP1080 are 

both annotated as glycosyltransferases, this data suggests that MMP1079 is responsible 

for a sugar addition early in the glycan assembly pathway while MMP1080 is responsible 

for the addition of one of the more terminal sugars. 

 

3.5 In-frame Deletions Affect Flagellar Filament Assembly 

To observe the effects that the in-frame deletions had on motility, wild-type M. 

maripaludis and all mutant cells were examined for motility by phase contrast 

microscopy. In contrast to M. voltae which displays vigorous motility at both 37 °C and 

30 °C, M. maripaludis displays better motility at 30 °C, although it is still relatively weak. 

Thus, all cells were incubated at 30 °C for motility assessment. Deletion of MMP1080, 

the glycosyltransferase believed to be responsible for adding one of the more terminal 

sugars, did not seem to have a noticeable impact on motility as cells were 

indistinguishable from wild-type. However, deletion of the glycosyltransferase believed 

to be responsible for the addition of one of the earlier sugars in the glycan (MMP1079) as 

well as the oligosaccharyltransferase (MMP1424) resulted in cells that appeared 

completely nonmotile. 
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To observe the effects that the deletions had on flagellar filament structure, wild-

type M. maripaludis and all mutant cells were examined by electron microscopy (Figure 

3.6). It was observed that wild-type cells possessed numerous flagella on the cell surface 

(Figure 3.6A). ΔMMP1080 cells also had a significant number of assembled flagellar 

filaments (Figure 3.6B). The deletion of MMP1079 (Figure 3.6C) and MMP1424 (Figure 

3.6D), however, resulted in cells that did not have any flagellar filaments. Since 

ΔMMP1079 and ΔMMP1424 cells are believed to have flagellin proteins lacking most or 

all of the glycan, this is suggestive that a minimal amount of glycan is required for the 

assembly/stability of the flagellar structures. However, ΔMMP1080 cells are able to 

assemble flagella and are motile while possessing only a partial glycan, suggesting that 

the entire flagellin glycan is not necessary for flagellar assembly. 

 

3.6 Trans Gene Complementation Fully or Partially Restores Flagellin 

Molecular Mass 

To confirm the role of the deleted genes in flagellin glycosylation, mutant cells were 

complemented back with a plasmid expressing the missing gene to try to restore function. 

C-terminal histidine-tagged versions of MMP1080, MMP1079, or MMP1424 were cloned 

into pHW40, a plasmid that allows expression of the cloned genes under control of the 

inducible nif promoter. To clone the gene MMP1424 into pHW40, a point mutation, that 

conserved the amino acid sequence, was created to rid the gene of an internal NsiI 

restriction site. The absence of the internal NsiI site was necessary because the beginning 

of the gene must be ligated into pHW40 at a NsiI restriction site to achieve expression. 

Once the complementation plasmids were transformed into the corresponding mutant
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Figure 3.6. Electron micrographs of (A) M. maripaludis strain MM900, (B) ΔMMP1080, 
(C) ΔMMP1079, and (D) ΔMMP1424. The cells were negatively stained with 2% 
phosphotungstic acid. The scale bars represent 0.5 µm. 
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cells they were maintained by selection with puromycin. The cells were then transferred 

to nitrogen-free media and supplemented with either L-alanine as a nitrogen source to 

induce expression from the nif promoter or NH4Cl as a nitrogen source to prevent 

expression.  

In nitrogen-free medium supplemented with L-alanine, it was found that 

complemented ΔMMP1080 cells had flagellins of increased molecular mass, but not 

exactly to wild-type size (Figure 3.7A). Flagellins of increased size were also found in 

cells that were grown in nitrogen-free medium supplemented with NH4Cl, but only in 

very minor amounts. This showed that some slight expression of the cloned gene still 

occurred even when the promoter is believed to be uninduced. This is consistent with 

previous studies that have also noted a low level of expression with the nif promoter 

when NH4Cl is available as a nitrogen source (Lie et al., 2005). 

 When MMP1079 was induced in mutant cells, flagellin molecular mass was fully 

restored to wild-type size. Interestingly, when NH4Cl was used as a nitrogen source, the 

flagellin proteins occurred in a ladder, likely representing the different partial 

glycosylation states (Figure 3.7B). Again, this is believed to be a result of minor amounts 

of MMP1079 being expressed even when the nif promoter is expected to be uninduced. 

 Complementation of ΔMMP1424 was attempted as the complementation vector 

was created and successfully transformed. However, further examination indicated that, 

over the course of the complementation experiment, ΔMMP1424 cells stopped making 

sufficient amounts of flagellin proteins to be detectable by immunoblotting. Thus, the 

ability of the complemented MMP1424 gene to restore the flagellins to wild-type 

molecular mass could not be assessed. A similar cessation of flagellin production was
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Figure 3.7. Immunoblots of flagellins from (A) MMP1080 and (B) MMP1079 M. 
maripaludis deletion mutants complemented with a his-tagged version of the respective 
gene under the control of a nitrogen-inducible promoter. Cells were grown in nitrogen-
free media supplemented with L-alanine (nif promoter on) or NH4Cl (nif promoter off). 
The blot was developed with M. voltae anti-FlaB2 antibodies. 
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also noted in ΔMMP1079 cells after a series of subcultures, but as these cells were able to 

maintain flagellin production over the course of the complementation experiment, it did 

not seem to be as drastic as in the MMP1424 mutant. 

 

3.7 Complementation Restores ΔMMP1079 Flagellar Filament Assembly 

To observe the effects that complementation had on flagellar filament structure, 

complemented ΔMMP1080 and ΔMMP1079 cells, grown in nitrogen-free media 

supplemented with L-alanine or NH4Cl, were examined by electron microscopy. It was 

found previously that MMP1080 mutant cells still had the ability to assemble flagellar 

filaments. Complemented ΔMMP1080 cells grown in NH4Cl (Figure 3.8A) or L-alanine 

(Figure 3.8B) were also both observed to have flagella. There was no notable difference 

in the number, appearance, or location of flagella between ΔMMP1080 cells and 

complemented cells supplemented with either L-alanine or NH4Cl. In the case of 

MMP1079 complementation, cells grown in NH4Cl did not have any flagellar filaments 

(Figure 3.8C), which is comparable to uncomplemented ΔMMP1079 cells. However, 

when complemented cells were induced by growing in L-alanine as a sole nitrogen source, 

flagellar filaments were observed on the cell surface (Figure 3.8D). 

 

3.8 Absence of Flagellins in ΔMMP1079 and ΔMMP1424 Corresponds to 

Cessation of FlaE Production 

Flagellin proteins from the nonflagellated in-frame deletion mutants ΔMMP1079 and 

ΔMMP1424 could initially be detected by immunoblotting with anti-flagellin antibodies. 

After several subcultures, however, it was found that MMP1079 and MMP1424 mutant
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Figure 3.8. Electron micrographs of M. maripaludis mutants harboring complementation 
plasmids. (A) ΔMMP1080 grown in nitrogen-free media supplemented with NH4Cl or (B) 
L-alanine. (C) ΔMMP1079 cells grown in NH4Cl or (D) L-alanine. The cells were 
negatively stained with 2% phosphotungstic acid. The scale bar represents 0.5 µm. 
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cells no longer produced sufficient amounts of flagellin proteins to be detectable by 

immunoblot (Figure 3.9A). This trait was observed to be more profound in the MMP1424 

mutant as flagellin protein levels immediately following the complementation experiment 

were already insufficient to allow an assessment of the degree of complementation by 

immunoblotting. This decrease in flagellin protein levels following a series of subcultures 

was not observed in the mutant that was still able to assemble flagellar filaments 

(ΔMMP1080). 

 The flagellin genes lie in an cotranscribed operon with other genes required for 

flagellar assembly (Thomas et al., 2002). In an effort to resolve whether the absence of 

flagellin proteins in the MMP1079 and MMP1424 mutants after multiple subcultures was 

associated with the loss of other gene products encoded within the same operon, whole 

cell lysates of wild-type, ΔMMP1080, ΔMMP1079, and ΔMMP1424 cells that had been 

subcultured multiple times since construction were subjected to immunoblotting using 

anti-FlaE anti-sera. FlaE is a protein of unknown function encoded within the flagllar 

operon downstream from the flagellin proteins. As shown in Figure 3.9B, wild-type and 

ΔMMP1080 cells, which did not show a decrease in flagellin levels after a series of 

subcultures, had detectable levels of FlaE. ΔMMP1079 and ΔMMP1424 cells, however, 

did not have detectable levels of FlaE corresponding to a loss of flagellins in these cells. 

This data suggests that subsequently to the constructions of the in-frame deletions of 

these genes, the mutants likely stop transcription of the entire flagellar operon. 
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Figure 3.9. Assessment of flagellin and FlaE production by M. maripaludis in-frame 
deletion mutants after continuous subculturing. (A) Immunoblot of flagellin proteins in 
wild-type, ΔMMP1080, ΔMMP1079, and ΔMMP1424 cells after multiple subcultures. 
The blot was developed with M. maripaludis anti-FlaB2 antibodies. (B) Immunoblot of 
FlaE production in the same strains after multiple subcultures. The blot was developed 
with M. maripaludis anti-FlaE antibodies. 
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Chapter 4 

 

Discussion 

 

In this study, a novel glycan N-linked to the flagellin proteins of Methanococcus 

maripaludis was identified. Three genes involved in the assembly and attachment of this 

glycan were found. The in-frame deletions of these genes were shown to result in no 

glycan attachment or the attachment of only partial glycan structures to the flagellins, as 

exemplified by modified apparent masses in immunoblots. Subsequently, the presence of 

the glycan on flagellin proteins was shown to be necessary for proper flagella assembly 

and function. However, it was also shown that flagellins with the largest partial glycan 

could be assembled into flagellar filaments, indicating a minimum glycan size may be 

crucial for recognition by the flagellar assembly system. 

The flagellin proteins of M. maripaludis have not been previously shown to be 

glycosylated. Indeed, previous analysis on flagellins from a variety of methanogens 

indicated that those of M. maripaludis did not react with the thymol-sulfuric acid stain 

commonly used to stain glycoproteins (Kalmokoff et al., 1992). Flagellin proteins from 

the related species, Methanococcus voltae, have a N-linked glycan attached at multiple 

sites that is necessary for proper flagellar assembly (Chaban et al., 2006b). The structure 

of the M. voltae N-glycan has been elucidated (Voisin et al., 2005). Having a mass of 779 
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Da, it is a trisaccharide composed of a modified mannuronic acid, di-acetylated 

glucuronic acid, and N-acetylglucosamine (β-ManpNAcA6Thr-(1-4)-β-Glc-

pNAc3NAcA-(1-3)-β-GlcpNAc). The glycan found on the flagellin proteins of 

Halobacterium salinarum has also been characterized (Sumper, 1987; Wieland, 1988). It 

was also shown to be a linear N-linked oligosaccharide composed of glucose and sulfated 

glucuronic and iduronic acids. The three flagellin proteins of M. maripaludis, FlaB1, 

FlaB2, and FlaB3, have predicted molecular masses of 21.7 kDa, 22.5 kDa, and 22.2 kDa, 

respectively. Wild-type flagellins, however, migrate by SDS-PAGE at molecular masses 

of approximately 28 kDa, suggesting that a glycan may be present on these proteins. 

Indeed, the potential for N-glycosylation is apparent as all 3 flagellin proteins have 

numerous occurrences of the N-linked consensus sequence (Figure 3.1). 

 To confirm the presence, and determine the composition of an attached glycan, 

flagellin proteins were isolated from wild-type M. maripaludis and analysed by mass 

spectrometry (in collaboration with Susan Logan, National Research Council, Ottawa). 

Mass spectrometry analysis confirmed the presence of an N-linked glycan. In addition, 

the glycan was found to be novel, having a mass of 1036.4 Da, significantly larger than 

the 779 Da glycan found in M. voltae. Analysis of the glycan has identified a protein-

linked N-acetylglucosamine residue (203 Da) followed by a di-N-acetylhexosamine (258 

Da) and an additional terminal mass of 575 Da. This suggests that the glycan likely 

consists of 4 sugars. Although numerous flagellin isolations were prepared for mass 

spectrometry analysis, the exact sugar structure still remains to be determined. The 575 

Da portion seems to be particularly fragile (S. M. Logan, personal communication) and 

repeated attempts to characterize the structure have been unsuccessful. Although the 
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exact glycan structure remains unknown, its likelihood as a tetrasaccharide allows for 

effective characterization of the roles of the genes found to affect flagellin N-

glycosylation. 

 In sharp contrast to bacterial flagellin glycoproteins, which so far have all been 

identified as O-linked (Logan, 2006), the M. maripaludis flagellin glycan is N-linked, as 

also found in M. voltae and H. salinarum. This may be interpreted as a consequence of 

the unique modes of assembly of the two flagellar structures. As archaeal flagellin 

proteins are synthesized with a signal peptide, they are targeted to, and subsequently 

translocated across the cell membrane (Ng et al., 2006). Once exposed to the outer cell 

surface, the proteins are available for glycan attachment by the N-glycosylation 

oligosaccharyltransferase. Although it has not been reported, presumably, O-linked 

glycosylation of archaeal flagellin proteins could be a possibility as well, as archaeal S-

layer proteins contain both types of linkages. In contrast, bacterial flagella are assembled 

by passing flagellins through a channel in the center of the flagellum (Macnab, 2003). 

Flagellins are not exposed to the outer surface of the cell membrane and, therefore, they 

are unavailable for N-linked glycosylation, unless the entire N-linked glycosylation 

system were to be located in the patch of membrane within the MS ring, also containing 

the type III secretion system. This appears not to be the case. Thus, in the incidences 

where bacteria have been found to glycosylate their flagellin proteins, only O-linked 

glycans have been found, not including the sheath proteins associated with the 

periplasmic flagella of spirochetes (Logan, 2006). 

The N-linked glycosylation systems seem to be very similar between bacteria and 

eukaryotes. Both involve the sequential assembly of sugars onto a lipid carrier embedded 
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in the cyotoplasmic or ER membrane using a number of specific glycosyltransferases. 

Each glycan is then flipped across the membrane and eventually transferred to an 

asparagine residue located within an Asn-X-Ser/Thr consensus sequence. Because of the 

similarity between these two systems, it is believed that N-linked glycosylation in archaea 

also resembles its bacterial and eukaryotic counterparts. If this is the case then similar 

enzymes involved in N-glycosylation in archaea, including glycosyltransferases, a 

flippase, and an oligosaccharyltransferase, should be able to be identified. 

The gene MMP1424 was targeted for its role as a possible oligosaccharide 

transferase as it was annotated as an oligosaccharyltransferase Stt3p subunit and had 

significant homology to the M. voltae oligosaccharyltransferase AglB (Chaban et al., 

2006b). A deletion in this gene was successfully created. Deletion of MMP1424 resulted 

in a large decrease in flagellin molecular mass as evidenced by immunoblotting with anti-

flagellin anti-sera (Figure 3.5). Due to its sequence similarity to the Stt3p 

oligosaccharyltransferase, it is believed that MMP1424 is responsible for transferring the 

completed glycan to the protein and the flagellin proteins from the MMP1424 mutant 

represent unmodified flagellins with no glycan attached. This observation of unmodified 

flagellins is similar to that found by disruption of the Stt3p homolog in M. voltae (Chaban 

et al., 2006b).  

Due to its homology to the M. voltae glycosyltransferase AglA (Chaban et al., 

2006b), the gene MMP1080 was targeted for its role as a potential glycosyltransferase 

involved in M. maripaludis flagellin glycosylation. When this gene is deleted, flagellin 

proteins from mutant cells have a decreased molecular mass as evidenced by 

immunoblotting (Figure 3.5). The shift is a much smaller decrease in molecular mass 
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compared to the putative unmodified flagellins observed with the Stt3p 

oligosaccharyltransferase mutant ΔMMP1424. This suggests that MMP1080 codes for a 

glycosyltransferase involved in the attachment of one of the latter sugars to the 

tetrasaccharide. Interestingly, when the MMP1080 mutant was complemented back with 

a histidine-tagged version of the gene under the control of a nitrogen-inducible promoter, 

expression of the gene increased flagellin molecular mass, but not exactly to wild-type 

size (Figure 3.7A). This data suggests that MMP1080 is responsible for adding the third 

sugar in the chain and for some reason the terminal sugar is not able to be attached in the 

complementation experiment. Thus, ΔMMP1080 cells are proposed to possess only two 

of the sugars from the tetrasaccharide. The reason why the terminal sugar is not attached 

once the function of the third glycosyltransferase is restored is unknown. It could be 

possible that the his-tag is interfering with sub-cellular localization or necessary protein 

interactions with other components to allow addition of the terminal sugar. It is also 

possible that because MMP1080 is being restored on a plasmid, transcription/translation 

of the gene is not occurring at the same time or in the same proximity as the other 

enzymes involved, prohibiting necessary protein interactions that allow addition of the 

final sugar. It was also observed in the complementation of ΔMMP1080 cells that some 

minor expression of the gene occurred even in the “off” state (cells grown using NH4Cl 

as a nitrogen source) resulting in minor amounts of flagellins of increased molecular 

mass (Figure 3.7A). This is consistent with other studies that have also noted low levels 

of expression with the nif promoter when NH4Cl is available as a nitrogen source (Lie et 

al., 2005). 
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The gene MMP1079 was targeted for its role as a potential glycosyltransferase 

involved in flagellin glycosylation since it was annotated as a glycosyltransferase and 

was located adjacent to MMP1080, which was found to be involved in glycan assembly. 

When a deletion in this gene was constructed, the flagellin proteins from these cells were 

found to be decreased in molecular mass as evidenced by immunoblotting (Figure 3.5). 

The flagellin proteins migrated as though slightly larger than those seen for the Stt3p 

oligosaccharyltransferase MMP1424 mutant, indicating that one of the earlier 

glycosyltransferases in the pathway may be affected. Complementation of the MMP1079 

mutant fully restored flagellins back to wild-type molecular mass when expression was 

induced. When NH4Cl was used as the nitrogen source in the complementation 

experiment, minor levels of expression again occurred. Interestingly, this resulted in a 

ladder, likely representing the different partial glycosylation states of the flagellins. 

MMP1079 mutant flagellins are slightly larger than the flagellins from the Stt3p deletion, 

therefore, it is believed that these mutants have the first sugar in the chain attached. It is 

believed that MMP1079 is responsible for the addition of the second sugar. It can be 

presumed that the 4 bands observed in the complementation experiment, where minor 

expression occurred (Figure 3.7B), represent the MMP1079 mutant flagellins (with 1 

sugar attached) and flagellins containing 2, 3, and finally 4 sugars (wild-type). A model 

for the N-linked glycosylation pathway of M. maripaludis flagellin proteins, 

incorporating the proposed roles of MMP1424, MMP1080, and MMP1079, is shown in 

Figure 4.1. 

The gene MMP354 was targeted for its possible role as the flippase enzyme in the 

M. maripaludis N-linked pathway, as it was annotated as an oligosaccharide translocase.
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Figure 4.1. Proposed model for flagellin N-linked glycosylation in Methanococcus 
maripaludis. The tetrasaccharide is assembled onto the lipid carrier using four 
glycosyltransferases. The transfer of the first sugar to the lipid carrier is likely 
accomplished by the glycosyltransferase encoded by MMP1423.The glycosyltransferases 
encoded by MMP1079 and MMP1080 add the second and third sugars, respectively. The 
completed glycan is flipped across the cytoplasmic membrane and transferred to an 
asparagine residue on the flagellin protein by the oligosaccharyltransferase encoded by 
MMP1424.  
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The Rft1p flippase involved in eukaryotic N-glycosylation is a membrane spanning 

enzyme that is ATP-independent as it does not have any domains necessary for ATP 

binding. There are no homologs of this protein in M. maripaludis. There are many genes 

in M. maripaludis, annotated as potential sugar transporters based on homology to ATP-

dependent sugar transporters in bacteria. MMP354 was the gene in M. maripaludis that 

had the highest sequence similarity to the ABC transporter (PglK) responsible for 

translocating the glycan across the cytoplasmic membrane in Campylobacter jejuni N-

glycosylation. The deletion of MMP354 was created, however, the flagellin proteins from 

the MMP354 mutant were the same molecular mass as wild-type flagellins as evidenced 

by immunoblotting. Therefore, it is believed that MMP354 is not the flippase enzyme 

involved in N-glycosylation of M. maripaludis flagellin proteins. It is expected that 

deletion of the enzyme responsible for flipping the completed glycan across the 

cytoplasmic membrane would result in unmodified flagellins of decreased molecular 

mass. A deletion in the C. jejuni N-glycosylation flippase (PglK), however, resulted in a 

decrease, but not a total absence of N-glycosylation (Alaimo et al., 2006). It was 

observed that Wzx flippases involved in LPS synthesis had the ability to compensate for 

the PglK deletion. As M. maripaludis does not have an outer membrane, it is not 

expected that deletion of the flippase involved in flagellin N-glycosylation will be 

counteracted by flippases involved in LPS synthesis. However, the possibility does exist 

that additional flippases could be involved and therefore, the effect observed when one is 

deleted may be minimal if others are compensating.  

 The gene MMP1089 was also targeted for its role as a possible flippase as it was 

annotated as a heteropolysaccharide repeat unit export protein and was located near the 
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genes MMP1080 and MMP1079 shown to be involved in flagellin glycosylation. The 

deletion vector was created, however, after several transformations and numerous screens 

only wild-type cells were observed. The reason that this gene was unable to be deleted is 

unknown. One possibility is that MMP1089 is essential. If the function of this gene was 

actually to encode the flippase for the N-glycosylation of flagellin proteins, it is believed 

that deletion of the gene should have been possible. A deletion of the flippase in C. jejuni 

(PglK) was able to be made (Alaimo et al., 2006; Kelly et al., 2006), although it was 

complemented partially by flippases involved in LPS synthesis. Although the Rft1p 

flippase is essential in eukaryotes (Helenius et al., 2002), other components such as the 

Stt3p oligosaccharyltransferase are also essential as N-glycosylation is a necessary 

process for eukaryotic cell survival (Zufferey et al., 1995). In contrast, the Stt3p 

homologs in C. jejuni (PglB), M. voltae (AglB), and Haloferax volcanii are not essential 

(Kelly et al., 2006; Abu-Qarn and Eichler, 2006a; Chaban et al., 2006b). Thus, it seems 

that if N-glycosylation is the only role that the archaeal flippase is serving, then deletion 

of the gene encoding the flippase should be possible. However, if the archaeal N-

glycosylation flippase serves an additional role that is necessary for cell viability than it is 

possible that a deletion in the flippase gene will not be able to be created. A second 

possibility for the unsuccessful deletion of MMP1089 could be because of differences in 

the recombination frequencies of the gene’s flanking regions. The method of in-frame 

deletion requires recombination of the deletion vector into the chromosome due to 

sequence similarity with either the upstream or the downstream arm. A deletion in the 

target gene is created only if recombination of the vector out of the chromosome occurs 

via the arm that was not used to recombine the vector into the chromosome originally. If 
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either the upstream or downstream region naturally had a higher recombination frequency 

(i.e. contained a recombination hot spot), then the probability of the deletion vector 

inserting and recombining out of the chromosome using the same arm would be much 

higher and wild-type cells would result far more often than mutant cells. Unequal 

recombination frequencies associated with this method of in-frame deletion was 

previously observed by Moore and Leigh (2005). In one instance they reported only 1 

mutant out of 40 cells screened instead of the theoretical 1 out of 2. Another possible 

explanation for why a MMP1089 mutant was not detected could be that if mutation of 

this gene conferred a slow-growth phenotype, wild-type cells would outgrow mutant cells. 

The plating and subsequent picking of isolated colonies could result in a vast majority of 

wild-type colonies and unsuccessful isolation of a mutant cell. This phenomenon was 

also previously observed (Moore and Leigh, 2005). It is not expected, however, that a M. 

maripaludis flippase mutant deficient in N-glycosylation would have its growth severely 

impeded as this was not an issue when isolating the MMP1424 oligosaccharyltransferase 

mutant. 

The gene MMP1170 was targeted for the possible role of a glycosyltransferase. 

Although the in-frame deletion protocol was attempted multiple times, this gene was also 

unable to be deleted resulting in only wild-type cells. It seems unlikely that one of the 

intermediate glycosyltransferases would be essential as two of the other 

glycosyltransferases were successfully deleted. Again, the reason why the gene was 

unable to be deleted is uncertain, however it could be due to uneven recombination 

frequencies or perhaps it is involved in some other essential process besides flagellin 

glycosylation. It is believed that glycosyltransferases are involved in such likely essential 
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processes as glycolipid synthesis as well as co-enzyme B biosynthesis, a factor critical for 

methanogenesis (D. E. Graham personal communication). 

The gene MMP1423 was identified for its role as a possible glycosyltransferase as 

it was annotated as an UDP-N-acetylglucosamine-dolichyl-phosphate N-

acetylglucosaminephosphotransferase. Specifically, this gene was believed to be the 

glycosyltransferase responsible for adding the first sugar to the lipid carrier. MMP1423 

has sequence similarity to the N-acetylglucosamine-phosphate transferase (Alg7) 

responsible for adding the first sugar, N-acetylglucosamine, to the dolichol-P carrier in 

eukaryotic N-linked glycosylation. This Alg7 glycosyltransferase belongs to the family 4 

glycosyltransferases according to the CAZy glycosyltransferase classification system 

(http://www.cazy.org) and MMP1423 is only glycosyltransferase in M. maripaludis that 

is annotated as belonging to family 4. As the first sugar attached to the dolichol carrier in 

M. maripaludis is also believed to be N-acetylglucosamine, MMP1423 was an excellent 

candidate for the glycosyltransferase responsible for adding this sugar. Unfortunately, 

this gene was unable to be deleted. Like many of the other steps in the eukaryotic N-

linked pathway, deletion of the glycosyltransferase gene (alg7) responsible for adding the 

first sugar, a dedicated step in the pathway, is lethal (Kukuruzinska and Robbins, 1987). 

The gene responsible for adding the first sugar (bacillosamine) to the undecaprenol 

carrier in C. jejuni has also been unable to be deleted as of yet for unknown reasons 

(Kelly et al., 2006). In addition, the M. voltae homolog of alg7 was unable to be 

disrupted by insertional inactivation (Chaban et al., 2006b). The inability to delete 

MMP1423 in M. maripaludis or disrupt its homolog in M. voltae by insertional 

inactivation is strong evidence that this gene is indeed essential, serving a role necessary 
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for cell viability. One possibility is that this glycosyltransferase is also involved in 

glycolipid synthesis creating components that are necessary for cell survival. Previous 

studies in M. voltae have shown that these cells contain glycolipids consisting of a 

saccharide polar head group linked to the lipid backbone archaeol via a phosphodiester 

residue (Ferrante et al., 1986). Indeed, one of the saccharides discovered to be linked 

directly to archaeol was N-acetylglucosamine. It is possible that the MMP1423 

glycosyltransferase could be responsible for coupling N-acetylglucosamine to dolichol in 

N-linked glycosylation as well as to archaeol creating glycolipids essential for cell 

viability. In a previous study, a conditional lethal strain of Saccharomyces cerevisiae was 

created by replacing the endogenous promoter of the alg7 with one that could be 

stringently regulated (Eckert et al., 1998). The human alg7 homolog was subsequently 

shown to complement the conditional lethal defect of the S. cerevisiae strain. Recently, 

the alg7 homolog in M. voltae was also shown to complement the conditional lethal 

defect in this strain (B. Chaban, R.T. Schwarz, and K.F. Jarrell unpublished data). This 

provides firm evidence that the alg7 homolog in M. voltae, and likely the M. maripaludis 

equivalent (MMP1423) are responsible for adding the first sugar, N-acetylglucosamine, to 

the dolichol carrier in archaea. 

 The attachment of partial glycans to the flagellin proteins in the MMP1080 and 

MMP1079 glycosyltransferase mutants indicates the ability of the flippase enzyme and 

oligosaccharyltransferase to recognize and process partial glycan structures. Indeed the 

flipping of partial sugars across the ER membrane and subsequent transfer to protein 

takes place in eukaryotes (Huffaker and Robbins, 1983; Cipollo et al., 2001). The 

flipping of incomplete glycans across the cytoplasmic membrane and subsequent transfer 
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to the target protein has also been previously noted in C. jejuni (Kelly et al., 2006) as 

well as M. voltae (Chaban et al., 2006b). Interestingly, this indicates a relaxed specificity 

for both the flippase as well as the Stt3p oligosaccharyltransferase. The fact that 

MMP1080 mutant flagellins likely have one sugar attached provides evidence that even 

the presence of only one sugar on the dolichol carrier is sufficient for the subsequent 

processing of the glycan. 

 The requirement of the flagellin N-linked glycan for proper flagellar assembly and 

function was investigated by assessing all three mutants for motility by light microscopy 

and for the presence of flagellar filaments by electron microscopy. Deletion of the Stt3p 

oligosaccharyltransferase MMP1424 resulted in cells that were nonmotile and did not 

have flagella (Figure 3.6D). This shows that the glycan is serving some sort of structural 

role necessary for flagellin subunit assembly. Similarly, deletion of the Stt3p homolog in 

M. voltae also resulted in no flagellar filament assembly (Chaban et al., 2006b). In 

addition, deletion of the MMP1079 glycosyltransferase believed to be responsible for the 

addition of the second sugar resulted in cells without flagellar filaments (Figure 3.6C) 

indicating that the first sugar alone is not sufficient for flagellar assembly. Interestingly, 

cells with a deletion of the glycosyltransferase believed to be responsible for the addition 

of the third sugar in the tetrasaccharide, MMP1080, had flagellar filaments (Figure 3.6B). 

This indicates that only the first two sugars are required to assemble flagella. There was 

no notable difference in the number, location, or size of ΔMMP1080 flagella compared to 

wild-type cells. ΔMMP1080 cells were also found to be motile as examined under the 

light microscope. If only the first two sugars are required to assemble flagella, the role 

that that the additional two sugars are serving remains in question. It is possible that, 
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although the two terminal sugars do not seem to be important for flagellin assembly, they 

may be more important for the function of S-layer or other N-glycosylated proteins. 

Although, ΔMMP1080 cells were found to be motile when observed by light microscopy, 

it is possible that these mutants could have a defect in motility that could not be detected 

by light microscopy alone. They could potentially be poorer swimmers than wild-type 

cells and assessing the motility of these mutants by using swarm plates may resolve how 

effective the swimming is in such states of flagellin underglycosylation. These results on 

the requirement of the glycan are interesting when compared to bacterial flagellar 

systems. There are bacterial systems that assemble functional flagella using flagellin 

proteins that do not possess glycans. On the other hand, there are quite a number of 

bacterial species that glycosylate their flagellins. The glycan linkage found in these 

bacterial systems thus far is limited to O-linked (Logan, 2006). The requirement for these 

glycans in bacterial flagellar assembly, however, is variable. Mutants in glycan 

biosynthetic genes in several strains of Campylobacter are non-motile and accumulate 

intracellular flagellins of reduced molecular mass (Goon et al., 2003). Helicobacter 

pylori becomes nonmotile and unable to synthesize a flagellar filament when the 

glycosylation process is prevented (Schirm et al., 2003). Work conducted in Caulobacter 

crescentus found strains containing mutations in putative glycosylation genes also failed 

to assemble a flagellar filament and in some cases produced flagellins intracellularly of 

reduced molecular mass (Logan, 2006). In contrast, lack of glycosylation through 

mutation of a rhamnose-specific glycosyltransferase gene had no effect on flagellar 

assembly or subsequent motility in Pseudomonas aeruginosa PAK (Schirm et al., 2004). 
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Similarly, flagellin glycosylation was not required for flagellar assembly in Pseudomonas 

syringae (Takeuchi et al., 2003). 

 Additional evidence for MMP1079 encoding a glycosyltransferase involved in 

flagellin glycosylation that is important for flagellar assembly is provided by the 

assessment of complemented ΔMMP1079 cells. It was found that complementation of the 

MMP1079 mutant restored the flagellin proteins to wild-type molecular mass when 

expression was induced (Figure 3.7B). This correlated with a restoration in the assembly 

of flagellar filaments (Figure 3.8D) and motility that was not observed when the gene 

was not induced (Figure 3.8C). MMP1080 mutants still had the ability to assemble 

flagellar filaments even though they are proposed to be missing the last two sugars. 

Complementation likely resulted in the addition of a third sugar when this gene was 

induced (Figure 3.7A). The flagella and motility observed upon complementation was not 

notably different than that of uninduced cells (Figure 3.8AB), again bringing into 

question the involvement of the third and fourth sugars in flagellin functionality.  

It was found that continued subculturing of some of the constructed mutants 

eventually resulted in a cessation of flagellin protein production. In the cases of 

ΔMMP1079 and ΔMMP1424, the two mutants that did not assemble flagellar filaments, 

flagellin proteins could be detected by immunoblot when the mutants were initially 

constructed, however, after a series of subcultures, the flagellin proteins could no longer 

be detected (Figure 3.9A). This was not the case for the MMP1080 mutant that still was 

able to assemble flagellar filaments. The flagellin proteins from this mutant could be 

detected in cells subcultured indefinitely (Figure 3.9A). Indeed, it was this problem that 

did not allow for the successful complementation of the MMP1424 mutant as flagellin 

 76



proteins disappeared after the few subcultures required in the complementation 

experiment. The fact that flagellins were eventually undetected in MMP1079 and 

MMP1424 mutants could have resulted because of several reasons. It is possible that the 

proteins were no longer being made or they were rapidly targeted for degradation due to 

the lack of incorporation into a flagellar structure. The flagellin genes lie in a 

cotranscribed operon with other genes required for flagellar assembly (Thomas et al., 

2002). To investigate whether other proteins encoded by the operon were detectable in 

these mutants, whole cell extracts from wild-type and all mutant cells were subjected to 

immunoblotting with anti-FlaE anti-sera. FlaE is a protein of unknown function encoded 

downstream from the flagellin proteins within the same cotranscribed operon. It was 

found that the MMP1080 mutant that still had flagellin proteins after multiple subcultures 

also produced substantial levels of FlaE (Figure 3.9B). The level of FlaE in mutants that 

lost flagellins after a series of subcultures, ΔMMP1079, and ΔMMP1424, was not 

sufficient enough to be detected by immunoblot (Figure 3.9B). Thus, in mutants where 

flagellin protein levels diminish after multiple subcultures it seems as though the whole 

flagellar operon gets shutdown, as opposed to the flagellin proteins simply being 

degraded. The reason for the cessation of flagellin production is unknown. However, it 

does seem reasonable that in mutants deficient in glycan production where flagellar 

assemble cannot occur it is more efficient to have flagellin production ceased than to 

make high levels of useless flagellin proteins which are unable to be utilized. Clearly, the 

shutdown in the operon is a secondary effect as initially the mutant flagellin proteins are 

readily detected. Flagellar operon shutdown could result by a spontaneous secondary 

mutation in the flagellar operon or in the mechanisms that regulate operon expression. 
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Flagellar operon genes are known to be regulated in methanogens (Mukhopadhyay et al., 

2000). If a secondary mutation ceases flagellin protein expression, it is possible that these 

cells will outgrow other cells that waste resources making flagellin proteins that are not 

assembled. Thus, mutants where flagellin production has stopped will be selected for 

over the course of multiple subcultures. 

This process of flagellin N-linked glycosylation is believed to be occurring in 

concert with the assembly of the flagellum. A model for flagellin glycosylation in relation 

to flagellar assembly is shown in Figure 4.2. It is believed that the glycan is sequentially 

assembled onto the dolichol carrier embedded into the cytoplasmic membrane. Once the 

tetrasaccharide is assembled, it is flipped across the cytoplasmic membrane. The flagellin 

proteins are targeted to the cytoplasmic membrane by their signal peptide, which is 

cleaved off by the signal peptidase FlaK in association with the transport of the flagellins 

across the membrane. Once the flagellins are exposed to the outer cell surface, the 

tetrasaccharide is transferred to the asparagine residues of the flagellin proteins. Upon 

glycan attachment, the flagellins can then be incorporated at the base of the growing 

flagellum. 

Although this work has elucidated data on many of the steps involved in flagellin 

glycosylation in M. maripaludis, there are still a number of pieces of information that 

could be the focus of future studies. Firstly, further isolation of flagellin proteins and 

analysis by mass spectrometry and nuclear magnetic resonance (NMR) is required to 

determine the exact structure of the completed glycan. This information is essential in 

order to resolve the precise functions that the glycosyltransferases discovered are 

performing. With the glycan structure determined, flagellins from glycosyltransferase
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Figure 4.2. Proposed model for flagellum assembly in Methanococcus maripaludis. The 
tetrasaccharide gets sequentially assembled onto a lipid carrier with a series of 
glycosyltransferases. Once completed it is flipped across the cytoplasmic membrane. 
Flagellin proteins are targeted to cytoplasmic membrane by their signal peptide. These 
are removed by the signal peptidase FlaK upon translocation across the cytoplasmic 
membrane. It is at this location that the tetrasaccharide gets attached to the flagellin 
proteins by the oligosaccharyltransferase. Once attached, the flagellins are then 
incorporated at the base of the growing structure. 
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mutants can be analysed by mass spectrometry to determine the exact sugars that are 

missing from the flagellin proteins. Secondly, there are multiple components involved in 

the N-linked glycosylation pathway that still need to be identified. These include the 

glycosyltransferases responsible for adding the first and terminal sugars as well as the 

flippase required to translocate the glycan across the cytoplasmic membrane. Although 

MMP1423 could not be deleted, its role as the glycosyltransferase responsible for adding 

the first sugar to the lipid carrier could be confirmed by expressing this gene and trying to 

restore function to the yeast strain containing a conditional lethal knockout of the 

homologous gene (Eckert et al., 1998), similar to that done for M. voltae (B. Chaban, R.T. 

Schwarz, and K.F. Jarrell unpublished data). Finally, structural analysis of the flagellin 

proteins would be beneficial to determine exactly how the glycans on each protein are 

interacting, clarifying their role in flagellar assembly. 
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Chapter 5 

 

Conclusion 

 

This study has presented data on the identification of an N-linked glycan attached to 

Methanococcus maripaludis flagellins, several genes required for its assembly, and its 

requirement in flagellation. The data has shown that a novel glycan is attached to the 

flagellin proteins of this organism. Two glycosyltransferases involved in the assembly of 

the glycan were identified as well as an oligosaccharyltransferase responsible for the 

attachment of the glycan to the protein. It was found that only the first two sugars of the 

tetrasaccharide are required for flagellar filament assembly. Collectively, this information 

helps elucidate the process of N-linked glycosylation in archaea as well as shed light on 

the requirement of glycans for the proper function and assembly of glycoproteins. 
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Appendix 

 

Balch III medium was prepared by boiling under an atmosphere of CO2/H2 (20:80) and 

reducing with cysteine-sulfide. The medium contained resazurin (final concentration of 1 

mg/L) as an oxygen indicator. To prepare solid plates, 15 g of agar was added to the 

medium. Balch III medium contains, per litre dissolved in water: 

 0.335 g KCl 

 2.75 g MgCl2·6H2O 

 3.45 g MgSO4·7H2O 

 0.25 g NH4Cl 

 0.07 g CaCl2·2H2O 

 0.18 g K2HPO4 

 18 g NaCl 

 10 ml Mineral elixir 

 10 ml Vitamin mixture 

 1 g NaAcetate·3H2O 

 2 g yeast extract 

 2 g pepticase 

 6 ml FeSO4 solution 

 0.1 ml NiCl solution 

 4.8 ml 8% NaCO3 
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Mineral Elixer (per litre of water): 

 1.5 g Nitrilotriacetate 

 3 g MgSO4·7H2O 

 0.5 g MnSO4·2H2O 

 1 g NaCl 

 0.1 g CoCl2·6H2O 

 0.1 g CaCl2·2H2O 

 0.1 g ZnSO4·7H2O 

 0.01 g CuSO4·5H2O 

 0.01 g AlK(SO4)2·12 H2O 

 0.01 g H3BO3 

 0.01 g Na2MoO4·2H2O 

 

Vitamin mixture (per litre of water): 

 2 mg biotin 

 2 mg folic acid 

 10 mg pyridoxine HCl 

 5 mg thiamine HCl 

 5 mg riboflavin 

 5 mg nicotinic acid 

 0.5 mg vitamin B12 

 5 mg p-aminobenzoic acid 

 5 mg lipoic acid 

 

FeSO4 solution: 

 4 mg FeSO4/L H2O 
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McCas medium was prepared using the same method as Balch III media. It also 

contained resazurin (1 mg/L) as an oxygen indicator. To prepare solid plates, 20 g of 

noble agar (Difco) was added. McCas medium contains, per litre: 

 500 ml H2O 

 500 ml General Salts solution 

 5 g NaHCO3 (liquid) or 2 g (agar 

plates) 

 22 g NaCl 

 10 ml K2HPO4 solution 

 5 ml FeSO4 solution 

 10 ml Trace Mineral solution 

 10 ml Vitamin mixture 

 1.4 g NaAcetate·3H2O 

 2 g Casamino acids 

 

 

General Salts solution (per litre of water): 

 0.67 g KCl 

 5.5 g MgCl2·6H2O 

 6.9 g MgSO4·7H2O 

 0.28 g CaCl2·2H2O 

 1 g NH4Cl (omit from nitrogen-

free stock) 

 

K2HPO4 solution: 

 14 g K2HPO4 per litre of H2O 
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Trace Mineral solution (per litre of water): 

 2.1 g Na3Citrate·2H2O 

 Adjust pH to 6.5 

 0.5 g MnSO4·2H2O 

 0.1 g CoCl2·6H2O 

 0.1 g ZnSO4·7H2O 

 0.01 g CuSO4·5H2O 

 0.01 g AlK(SO4)2 

 0.01 g H3BO4 

 0.1 g Na2MoO4·2H2O 

 0.025 g NiCl2·6H2O 

 0.2 g Na2SeO3 

 

The nitrogen-free media used in the complementation studies was prepared the same as 

McCas media, however, NH4Cl and Casamino acids were omitted from the recipe. Also, 

the media was reduced by the addition of dithiothreitol (DTT) (0.5 g) as opposed to 

cysteine-sulfide.
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