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ABSTRACT 

The archaeal flagellum is a unique motility structure. Although functionally 

similar to the bacterial flagellum, the archaeal flagellum shares more similarities 

to the bacterial type IV pilus. Using the methanogenic archaea Methanococcus 

voltae and Methanococcus maripaludis as model organisms, the structural and 

post-translational requirements for flagellation have been investigated. 

Known to contain glycosylated flagellin proteins, the N-glycosylation 

pathway was studied in M. voltae. A number of possible glycosylation component 

genes, including glycosyl transferases, flippases and an oligosaccharyl 

transferase were inactivated or deleted in M. voltae and their resulting 

phenotypes were characterized. Four glycosyl transferases were identified as 

involved in the assembly of the M. voltae glycan structure, with three of these 

enzymes, AglA, AglC1 and AglC2, experimentally verified. As well, the 

oligosaccharyl transferase, AglB, has also been experimentally confirmed and 

was found to be the homolog of the bacterial and eukaryotic equivalents, PglB 

and Stt3p, respectively. Disruption of glycan synthesis or attachment resulted in 

very poorly or non-flagellated cells, implicating for the first time that the glycan 

structure on archaeal flagellins is necessary for proper flagella assembly and/or 

stability. These findings also represent the first proven N-glycosylation genes 

within the domain Archaea. 

New markerless, in-frame deletion methodology has allowed for advanced 

studies of a demonstrated and putative set of flagella-related genes in M. 

maripaludis. This collection of 11 co-transcribed genes, consisting of three 

flagellin genes (flaB1-flaB3), six genes of unknown function (flaC-flaH) and two 
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genes implicated in flagellin subunit export (flaI and flaJ), make up the fla operon 

in this organism. Each gene from flaB1-flaI was systematically targeted for 

deletion and complementation to determine its necessity for flagellation. The 

analysis showed that both major flagellins, FlaB1 and FlaB2 are required for 

flagellation, while the minor flagellin, FlaB3, was required for the hook-like region 

of the flagella filament. FlaC, FlaF, FlaG and FlaH were shown for the first time to 

be essential for flagellation, while a naturally-occurring, truncated version of FlaD 

was found not to be required. These results continue to develop our 

understanding of the archaeal flagellum and the components necessary for its 

assembly and/or structure. 
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CHAPTER 1 

 

General Introduction 

 

 

 

Flagellation and N-glycosylation in Archaea 

 

 

 

Excerpts taken from:  

Ng, S.Y.M., Chaban, B. and Jarrell, K.F. 2006. Archaeal flagella, bacterial flagella 

and type IV pili: a comparison of genes and posttranslational modifications. J Mol 

Microbiol Biotechnol. 11:167-191. 

and 

Jarrell, K.J., Ng, S.Y.M. and Chaban, B. 2007. Flagellation and chemotaxis. In 

Archaea: Molecular and cellular biology. Ricardo Cavicchioli (Ed.). ASM Press, 

Washington, D.C. pg. 385-410. 
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INTRODUCTION 

 Flagellation is a characteristic that is found widely throughout the Archaea 

(Jarrell et al., 1996). While the gross observations of a rotating structure with a 

hook responsible for swimming motility indicate a similarity of the archaeal 

flagellum to the bacterial flagellum, biochemical, genetic and ultrastructural 

evidence has accumulated over the years that indicate the archaeal flagellum is a 

unique motility structure. It is distinct from the bacterial flagellum but with several 

similarities to another bacterial motility structure, namely the type IV pilus, an 

organelle responsible for a type of surface translocation termed twitching (Bardy 

et al., 2003;Bardy et al., 2004;Thomas et al., 2001;Peabody et al., 2003;Cohen-

Krausz and Trachtenberg, 2002). The presence of flagella on archaea inhabiting 

extremes of temperature, salinity and pH indicate a remarkable stability of the 

structure. Novel post-translational processing of the flagellins (e.g., unusual type 

IV pilin-like signal peptides and novel N-linked glycosylation; (Bayley and Jarrell, 

1999;Correia and Jarrell, 2000;Bardy and Jarrell, 2003;Albers et al., 2003;Voisin 

et al., 2005;Wieland et al., 1985)) is known and insights into the assembly of the 

flagellins are slowly emerging, aided by the continuous improvement in the 

genetic tools for various archaea. Studies of the preflagellin processing have 

aided our understanding of protein export in these organisms (Bardy et al., 

2003;Pohlschröder et al., 2004;Ring and Eichler, 2004). 

  

ULTRASTRUCTURE 

 Phenomenologically, the archaeal flagellum resembles the bacterial 

flagellum in being a rotating structure responsible for swimming motility. 
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However, the absence of detectable homologs in completely sequenced 

genomes from any archaeon of genes involved in bacterial flagella structure, 

function and assembly indicate that the archaeal organelle is likely composed of 

archaeal-specific gene products (Faguy and Jarrell, 1999). 

  

Filament. One consistent feature of the archaeal flagellum is its thin diameter of 

10-13 nm (Thomas et al., 2001), which places it between the diameters usually 

reported for type IV pili (6 nm) (Nudleman and Kaiser, 2004) and bacterial flagella 

(approximately 20 nm) (Jones and Aizawa, 1991). Unlike most bacterial flagella, 

the archaeal flagella filaments are composed of multiple different flagellins (with 

the exception of Sulfolobus species (Albers et al., 2003)) which are usually, 

perhaps universally, post-translationally modified. N-linked glycosylation 

structures attached to flagellins have been determined for Halobacterium 

salinarum (Wieland et al., 1985;Lechner and Wieland, 1989) and Methanococcus 

voltae (Voisin et al., 2005). In addition, there is indirect evidence from specific 

staining (Faguy et al., 1992;Southam et al., 1990;Serganova et al., 

1995;Kalmokoff et al., 1992;Faguy et al., 1996;Polosina et al., 1998) and 

proteomic analyses (Mukhopadhyay et al., 2000;Giometti et al., 2001) of further, 

as yet uncharacterized, modifications on the flagellins from other archaeal 

species. The core structure of the flagella from H. salinarum is similar to that of 

type IV pili (Cohen-Krausz and Trachtenberg, 2002;Trachtenberg et al., 2005) 

and, in sharp contrast to bacterial flagella, the archaeal filament has no 

detectable central cavity (Cohen-Krausz and Trachtenberg, 2002). Both bacterial 

and archaeal flagella appear to consist of protofilaments - longitudinal arrays of 
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flagellin subunits (Yonekura et al., 2003;Fedorov et al., 1994). It has been 

suggested that in archaea, helicity of the flagella is determined by the presence 

of several flagellins with different structures instead of the ability of a single 

flagellin to exist in two conformations as in bacteria (Pyatibratov et al., 2002). 

 

Hook. Compared to the defined hook length in bacteria, archaeal hooks vary 

considerably in length and are observed to be longer, in general (Cruden et al., 

1989;Bardy et al., 2002). In addition, the junction between the filament and hook 

in archaeal flagella is indistinguishable, in contrast to the case in bacteria flagella 

(Bardy et al., 2002). In M. voltae, there is a large enrichment in flagellin FlaB3 in 

flagella stub samples, preparations enriched in cell proximal filament fragments 

(Bardy et al., 2002), suggesting that in archaea the hook region may be 

composed primarily of one of the multiple flagellins. 

 

Anchoring structure. The anchoring structure or basal body equivalent of 

archaeal flagella has proven to be difficult to visualize. This may be complicated 

by the novel cell envelopes of archaea, which lack murein. Indeed, in the best-

studied cases, flagella have been isolated from organisms (Methanococcus, 

Halobacterium) that have an extremely simple envelope structure with a protein 

or glycoprotein S-layer overlying a cytoplasmic membrane, an envelope simpler 

than any observed in bacteria (Claus et al., 2002). This may preclude the typical 

rings observed in bacterial flagellar basal bodies. In archaea, such rings have, on 

occasions, been reported (Methanococcus thermolithotrophicus, 

Methanospirillum hungatei; (Cruden et al., 1989), although more typically 
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archaeal flagellar cell proximal ends have an ill-defined knob (Kalmokoff et al., 

1988;Kupper et al., 1994;Bardy et al., 2002). Whether these observations 

suggest that the anchoring structure lacks rings typical of bacterial basal bodies 

or whether the archaeal equivalents are simply more delicate structures lost upon 

flagella preparation remains unknown. 

 

ARCHAEAL FLAGELLA GENES 

 One genetic locus, containing up to 13 flagella-related genes, is present in 

the genome sequences of the majority of flagellated archaea (Table 1-1). This 

locus normally contains multiple flagellin genes arranged in tandem (flaA’s and/or 

flaB’s), followed by a number of conserved flagella associated genes (flaC-flaJ or 

a subset thereof; Fig. 1-1). A gene for the preflagellin peptidase is often present 

outside of this cluster (Bardy and Jarrell, 2002;Bardy and Jarrell, 2003). Genes 

involved in the assembly and transfer of N-linked glycans to the flagellins have 

recently been identified, separated from the main fla cluster (Abu-Qarn and 

Eichler, 2006a; chapters 2 and 3); although their role is not limited to flagellin 

modification. 

 

Flagellins. Archaeal flagellins are members of COG 1681 (Clusters of 

Orthologous Groups of proteins, http://www.ncbi.nlm.nih.gov/COG/). Among the 

26 sequenced archaea genomes (available at the NCBI website 

http://www.ncbi.nlm.nih.gov/), flagellin genes can be readily detected in 20. 

Archaea as a rule have multiple flagellin genes, anywhere from 2-6, usually 

located in tandem on the chromosome. Sulfolobus species may be the only 

http://www.ncbi.nlm.nih.gov/COG/
http://www.ncbi.nlm.nih.gov/


Table 1-1. Distribution of fla gene clusters in archaea. 
 

  Fla genes 
Organism Flagellin C D E F G H I J K 

Crenarchaeota 

Aeropyrum pernix 14601712 
14601713 - - - - 14601709 

14601708 14601707 
14601706 
14601914 
14600901 

14601705 - 

Pyrobaculum  
  aerophilum - - - - - - - 

18313579 
18312170 
18313110 

18313580 - 

Sulfolobus  
  acidocaldarius 70606948 - - - 70606945 70606946 70606944 

70606943 
70608025 
70607238  

70606942 70605985 

Sulfolobus  
  solfataricus 15899081 - - - 15899078 15897078 15899077 15899076 15899075 15897089 

Sulfolobus tokodaii 15922853 - - - 15922856 15922855 15922857 
15922858 
15920739 
1521686 

15922859 15922589 

 
Euryarchaeota 
Archaeoglobus  
  fulgidus 

11498659 
11498660 - 11498658 11498656 11498657 11498655 11498654 11498653 11498541 

Ferroplasma  
  acidarmanus - - - - - - - - - - 

Haloarcula  
  marismortui 

55376132 
55380089 
55378891 

55378885 55378884 55378883 55378882 55378881 
55378048 

55378880 
55378047 55379184 

- 15790076 - 
Halobacterium  
  salinarum 

15790079 
15790080 
15790081 
15790120 
15790121 
15790252 

15790075 
15790074 16554480 16554479 

15790072 
15789975 
15789521 

15790071 15791095 

Methanocaldococcus  
  jannaschii 

15669081 
15669082 
15669083 

15669084 15669085 15669086 15669087 15669088 15669089 
15669090 
1591924 
1591480 

15669091 
1591923 15669092 

Methanococcoides  
  burtonii 

68185311 
68185312 
68185254 

68186332 
68185854 

 
68186333 

 

 
68186334 

 

68186335 
68185307 

68186336 
68185306 

68186337 
68185305 68184794 
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Methanococcus  
  maripaludis 

45359229 
45359230 
45359231 

45359232 45359233 45359234 45359235 45359236 45359237 45359238 45359239 45358118 

Methanopyrus  
  kandleri - - - - - - - 20094144 19887149 20094140 

Methanosarcina  
  acetivorans 

20091879 
20091880 
20091895 

- 20091878 
20091896 

20091876 
20091898 

20091877 
20091897 

20091875 
20091899 

20091874 
20091900 
20089132 
20091914 
20092769 

20091873 
20091901 20089408 

Methanosarcina  
  barkeri 68080180 - 68080179  68080177 68080178 68080176 68080175 

68081047 68080174 68133328 

Methanosarcina  
  mazei 

21226424 
21226425 
21226520 

- 
21226423 
21226519 

  

21226421 
21226517 

21226422 
21226518 

21226420 
21227041 
21226516 

21226419 
21226515 
21227618 
21227040 
21228400 

21226418 
21227039 
21226514 

21227780 

Methanothermobacter  
  thermoautotrophicus - - - - - - - 2622833 2622834 2621485 

Nanoarchaeum  
  equitans - - - - - - - 41614965 

41615211 - - 

Natronomonas  
  pharaonis 

76801687 
76801688 
76801689 

76801721 76801690 76801721 76801691 76801692 
76801693 76801722 76801723 76801724 76801289 

Picrophilus torridus - - - - - - - - - - 

Pyrococcus abyssi 
14521692 
14521693 
14521694 

14521691 14521690 14521689 14521688 14521687 14521686 
14521589 

14521685 
14521587 14521786 

Pyrococcus furiosus 18976709 
18976710 18976708 18976707 18976706 18976705 18976704 18976703 

18977366 
18976702 
18977364 18976843 

Pyrococcus horikoshii 

14590447 
14590448 
14590449 
14590450 
14590451 

14590452 14590453 33359301 14590455 14590456 14590457 
14590539 

14590458 
14590540 
14590541 

14590360 

Thermococcus  
  kodakarensis 

57639973 
57639974 
57639975 
57639976 
57639977 

57639978 57639979 57639980 57639981 57639982 
57639983 
57639935 
57641788 

57639984 57639988 
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Thermoplasma  
  acidophilum 

16082620 
16081658 16081659 16081660 16081661 16082646 16081662 

16081663 
16081953 
16081950 

16081664 
16081951 - 

Thermoplasma  
  volcanium 

13542257 
13541438 13541439 13541440 13541441 13541442 13541443 

13541444 
13541846 
13541843 

13541445 
13541844 - 

 
1 GI numbers are for proteins from genome sequences at NCBI Genomes 
(http://www.ncbi.nlm.nih.gov/genomes/static/a.html) 
  

http://www.ncbi.nlm.nih.gov/genomes/static/a.html


 
 
 
 
 
 

Figure 1-1. Flagella gene families in selected archaeal species. Similar colours 
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indicate homologs shared among families. Genes are transcribed in the direction

of the arrows. In H. salinarum, the B flagellin genes are adjacent the accessory 

genes while the A flagellin genes are located elsewhere on the chromosome.  
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exception with a single identified flagellin gene. Interestingly however, two 

apparent flagellin bands of 31 and 33 kDa were found by SDS-PAGE analysis of 

flagella preparations of Sulfolobus shibatae (Faguy et al., 1996). Multiple proteins 

with prepilin signal peptides are found in the type IV pilus system as well (Alm 

and Mattick, 1997): usually a major structural pilin and several pseudopilins which 

may be minor structural components of the pilus. On the other hand, most 

bacteria make the flagellum filament from a single type of flagellin subunit, 

although multiple flagellin-containing bacterial species are not uncommon (Wilson 

and Beveridge, 1993). 

Proteins from all flagellin genes are predicted to be made with short signal 

peptides, usually ending with a basic amino acid and a glycine, similar to the 

case in type IV pilins (Thomas et al., 2001). Typical signal peptides of about 12 

amino acids are found in many flagellins, especially from halophiles and 

methanogens while even shorter ones of 4 amino acids are predicted for 

flagellins from Pyrococcus sp. Analysis of the deduced amino acid sequence also 

indicates the presence of N-linked glycosylation sequons (Asn-Xaa-Ser/Thr) in 

the vast majority of archaeal flagellins (Ng et al., 2006). The number of such 

sequons ranges up to 16 for one flagellin of M. thermolithotrophicus. The 

presence of glycosylation is believed to be widespread among archaeal flagellins 

and may account for most of the discrepancies observed between the predicted 

molecular weights and that observed in SDS-PAGE analyses (Bayley et al., 

1993;Jarrell et al., 1996;Sumper, 1987;Thomas et al., 2001). The N-termini of 

archaeal flagellins are very hydrophobic (Kalmokoff and Jarrell, 1991) and there 
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is considerable similarity in sequence to the conserved N-termini of type IV pilins 

in bacteria (Faguy et al., 1994).  

 

Preflagellin peptidase. The enzyme responsible for cleavage of the signal 

peptide from the archaeal flagellins was identified as FlaK, the preflagellin 

peptidase in methanococci (Bardy and Jarrell, 2002;Bardy and Jarrell, 2003) and 

as PibB (peptidase involved in biogenesis of prepilin-like proteins) in Sulfolobus 

(Albers et al., 2003). PibD processes a number of nonflagella-related proteins 

involved in sugar binding and therefore appears to have broader substrate 

specificity than the methanococcal FlaK enzymes (Albers et al., 2003). FlaK is 

usually located at a distance from the flagella gene locus, although in the case of 

Methanococcus jannaschii it follows flaJ and is likely co-transcribed with it. 

FlaK/PibB is a member of the same COG (1989: 

http://www.ncbi.nlm.nih.gov/COG/) that includes the bacterial prepilin peptidases, 

such as PilD of Pseudomonas aeruginosa, even though the amino acid sequence 

similarity of the bacterial and archaeal enzymes is very low. Disruption of the flaK 

gene in M. voltae leads to larger molecular weight flagellins being produced, 

consistent with retention of the signal peptides. Furthermore, the mutant cells are 

not flagellated, indicating that the flagellins need to be N-terminally processed in 

order to be assembled into a flagellar filament (Bardy and Jarrell, 2003). 

 

FlaHIJ. Among the fla associated genes, the most conserved are the flaHIJ 

clusters. They are found in all cases where archaeal flagellins are found and are 

believed to be involved in the export of the flagellins. Similar to flaK, flaI and flaJ 
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have homologs in the bacterial type IV pili system. FlaI contains a Walker box 

involved in NTP-binding (Bayley and Jarrell, 1998), and the similarity of FlaI to 

ATPases involved in type IV pili extension and retraction has been recognized for 

a number of years (PilT/PilB in P. aeruginosa; (Bayley and Jarrell, 1998); TadA in 

Actinobacillus actinomycetemscomitans; (Kachlany et al., 2001). Albers and 

Driessen (2005) demonstrated that FlaI from Sulfolobus solfataricus possesses 

divalent cation-dependent ATPase activity and, recently, it has been shown that 

the FlaI homolog in Archaeoglobus fulgidus (GspE) forms a hexameric ring 

dependent on Mg2+ and ATP to shift from open to closed conformations 

(Yamagata and Tainer, 2007). The GspE structure suggests a unified piston-like, 

push-pull mechanism for ATP hydrolysis-dependent conformational changes, 

suitable to drive diverse microbial secretion and assembly processes by a 

universal mechanism. This makes the archaeal FlaI similar to the bacterial 

homohexamers of PilT (Forest et al., 2004), and likely BfpF (the PilT equivalent in 

the bundle forming pilus system; (Crowther et al., 2004)). FlaJ is an integral 

membrane protein with numerous predicted transmembrane domains and its 

similarity to the conserved membrane PilC/TadB component of type IV pili has 

been reported (Peabody et al., 2003;Kachlany et al., 2001). Since PilC may 

interact with the corresponding ATPase in the type IV pilus system (Alm and 

Mattick, 1997), it may be that in the archaeal flagella system, FlaI and FlaJ 

interact. FlaH also contains a Walker Box A (Thomas and Jarrell, 2001), but it 

does not have strong similarity to any bacterial proteins. 
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FlaCDEFG. In many flagellated archaea, such as methanococci, halophiles and 

pyrococci, there are a number of genes located between the flagellins and the 

conserved flaHIJ genes. It has been shown that the whole region from flaB1 to 

the end of flaJ is co-transcribed in methanococci (Thomas et al., 2002). In H. 

salinarum, the orientation of the neighboring flagella-associated genes is such 

that they are transcribed in the direction opposite to the flagellins. As more 

archaea have had their genomes sequenced, it is now apparent that genes with 

at least weak similarity to some of flaC, D, E, F and flaG are found in the same 

location between flagellins and flaHIJ in many flagellated archaea. Most of the 

genes flaC, D, E, F, and G are found in all flagellated euryarchaeota, especially 

methanococci, halophiles, pyrococci and Thermoplasma, and in a similar order. It 

is more difficult to find strong hits to these proteins in the crenarchaeotes. While 

the flagellins and flaHIJ are easily detected in the flagellated crenarchaeotes, 

only weak hits to flaF and flaG are found and convincing hits to flaC, D and E are 

not found. In some cases, the number of open reading frames found between the 

flagellins and the conserved flaHIJ genes simply do not leave room for all of flaC, 

D, E, F and G.  

There is significant identity (42.5% identity over 127 amino acid overlap) 

over the entire length of FlaE compared to FlaD in M. voltae. Because of the 

similarity of flaD and flaE, some genes in other archaea give significant hits to 

both in homology searches. Furthermore, it has been shown (Thomas and Jarrell, 

2001) that two proteins are made from flaD, one a full length version of 

approximately 52 kDa and a second smaller C-terminal version of about 15 kDa. 

Both versions are detected in immunoblots of Escherichia coli over-expressing 
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the flaD gene and both versions are also detected in immunoblots of M. voltae 

membranes. The smaller protein is apparently derived from an internal 

translational start preceded by a ribosome binding site. The truncated version of 

FlaD is almost identical in size and similar in sequence and pI to FlaE. Similar 

findings concerning FlaD were also observed for all other methanococci 

examined (M. jannaschii, M. thermolithotrophicus and M. maripaludis). A 16 kDa 

C-terminal portion of FlaD was detected in a 2D gel study of M. jannaschii 

indicating that the truncated form of FlaD is also made in the hyperthermophile 

(Mukhopadhyay et al., 2000). 

The archaeal flaCDEFG genes appear to have no significant homology to 

any bacterial genes and may be archaeal-specific genes involved in flagellation in 

this domain. In support of this hypothesis, none of these genes have yet been 

found in any archaea lacking flagellin genes.  

 

GLYCOSYLATION 

 Glycosylation is a fundamental process that is required for the proper 

function of many proteins. In eukaryotes, the crucial and characteristic covalent 

bond which joins the carbohydrate and the polypeptide fall into one of five 

different glycosidic linkage types: N-glycosides, O-glycosides, phosphorous-

linked glycosides, S-glycosides and C-glycosides (Upreti et al., 2003). Of these, 

only N- and O-glycosides have been reported in prokaryotes. To date, a bacterial 

protein may possess either an N- or O-linked glycan, with the predominant type 

being the O-glycosidic linkage, whereas an archaeal protein may have either an 

N- or O-linked glycan, or both, with the predominate type being the N-glycosidic 
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linkage (Upreti et al., 2003). N-linked glycosylation involves the attachment of 

glycans via the amide nitrogen of asparagine residues in the Asn-Xaa-Ser/Thr 

sequon, where Xaa can be any amino acid except proline. Conversely, O-linked 

glycosylation is less clearly defined, with the attachment of glycans via the 

hydroxyl groups of mainly serine or threonine (and rarely tyrosine) residues 

(Upreti et al., 2003).  

Glycosylation is believed to occur to more than half of all eukaryotic 

proteins (Apweiler et al., 1999). Eukaryotic glycosylation has been shown to 

affect protein solubility, folding, stability/turnover, subcellular localization and 

recognition events (Apweiler et al., 1999). As such, eukaryotic glycosylation 

processes have been an active area of research for many years and 

Saccharomyces cerevisiae has become the model organism for ongoing study 

(Robbins, 1999).  

For many years, it was believed that glycosylation was limited to 

eukaryotic cells. However, the paradigm that prokaryotes lacked glycosylation 

processes was eventually proven false when the archaeal S-layer protein from H. 

salinarum was demonstrated to contain both N- and O-linked glycans (Mescher 

et al., 1974). Glycosylation studies of the enteropathic bacteria Campylobacter 

jejuni have elucidated many bacterial glycosylation processes and, as such, have 

established this organism as the model organism in bacteria (Szymanski et al., 

2003). Unfortunately, the corresponding studies of archaeal glycosylation have 

lagged far behind those in the other two domains of life. 
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Eukaryotic N-linked glycosylation. The N-linked protein glycosylation pathway 

in eukaryotes involves the assembly and attachment of a lipid-linked 

tetradecasaccharide at the membrane of the endoplasmic reticulum (ER), 

followed by its transfer to a nascent polypeptide. With yeast serving as a model 

organism (Robbins, 1999), the genetics of this process have been investigated 

and genes participating in the pathway are termed asparagine-linked 

glycosylation (alg) genes (Burda and Aebi, 1999). Research in this area has been 

summarized in several reviews (Burda and Aebi, 1999;Helenius and Aebi, 

2002;Jones et al., 2005;Weerapana and Imperiali, 2006), and the pathway as it is 

characterized to date is diagrammed in Fig. 1-2. The N-glycosylation process at 

the ER can be divided into four stages; the assembly of Man5GlcNAc2 (Man being 

mannose, GlcNAc being N-acetylglucosamine) on a dolichol carrier at the 

cytoplasmic face of the ER, the translocation or flipping of this intermediate to the 

luminal face of the ER membrane, the completion of the oligosaccharide to 

Glc2Man9GlcNAc2 (Glc being glucose) and, finally, the transfer of the assembled 

glycan to a nascent peptide. 

 The process begins with the lipid carrier dolichol, a polyisoprenoid lipid 

with 80-100 carbons or 16-20 isoprene units (Rip et al., 1985;Jones et al., 2005). 

Unlike its bacterial counterpart, undecaprenol, dolichol includes a saturated α-

isoprene subunit that is important for its recognition as a glycosyl donor (Stoll et 

al., 1988). The assembly of the core glycan on dolichol phosphate (Dol-P) begins 

on the cytoplasmic side of the ER with the soluble cytosolic nucleotide-activated 

sugar donor, UDP-GlcNAc being transferred to Dol-P to form N-

acetylglucosamine-pyrophosphoryldolichol (GlcNAc-PP-Dol). This reaction is 
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catalyzed by N-acetylglucosaminyl phosphate transferase (GPT), encoded by the 

alg7 gene (Burda and Aebi, 1999). Subsequently, another GlcNAc is attached by 

a unique glycosyl transferase complex composed of Alg13 and Alg14 (Bickel et 

al., 2005). Alg14 is an ER membrane-bound protein that recruits the otherwise 

cytosolic Alg13 (which processes the predicted catalytic domain) to form a novel 

bipartite UDP-N-acetylglucosamine transferase (Gao et al., 2005). The five 

mannose residues assembled next are sequentially attached by alg1, alg2, 

unknown (possibly alg2), alg11 and unknown (possibly alg11) glycosyl 

transferases (Burda and Aebi, 1999). UDP-GlcNAc and GDP-Man nucleotide-

activated sugars are utilized as substrates resulting in the intermediate 

Man5GlcNAc2-PP-Dol (Fig. 1-2). 

 The next stage is the translocation of the lipid-linked intermediate across 

the ER membrane to the luminal side. Long before the flippase that carries out 

this function, Rft1, was discovered (Helenius et al., 2002), this was presumed to 

be a protein-mediated event. This is because, although polyisoprenols like Dol-P 

were known to disrupt membrane bilayers when they accumulate at high local 

concentrations, the unassisted transmembrane movement of polyisoprenol-linked 

sugars in artificial liposomes is extremely slow (Hanover and Lennarz, 1979). 

Therefore, it came as no surprise when a protein, Rft1, was identified as the 

flippase responsible for this event (Helenius et al., 2002). 

 Once on the luminal side, the oligosaccharide moiety is further extended 

by the sequential addition of four more mannose residues and three glucose 

residues (Fig. 1-2). This is first accomplished sequentially by mannosyl 

transferases coded from alg3, alg9, alg12 and alg9 gene products. Alg9 
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represents a deviation from the excepted rule that a single glycosyl transferase 

catalyses the addition of only one sugar unit to an oligosaccharide by being 

required for the addition of 2 different α-1,2-linked mannose residues to the 

glycan (Frank and Aebi, 2005). The eukaryotic oligosaccharide is then capped 

with glucose residues added by glucosyl transferases encoded from the alg6, 

alg8 and alg10 gene products (Burda and Aebi, 1999). Reactions on the luminal 

side differ from the cytoplasmic side reactions in that the substrates for the 

luminal transferases are 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 for use by other alg glycosyl transferases on the luminal side. At the 

end of this process, the complete 14-mer is assembled on the carrier 

(Glc3Man9GlcNAc2-PP-Dol) and is ready for transfer to its target protein. 

 The enzyme that catalyzes the transfer of the glycan to the nascent 

polypeptide is the oligosaccharyl transferase (OT) (Dempski, Jr. and Imperiali, 

2002). In eukaryotes, the OT is made up of nine membrane-bound subunits 

(Ost1p, Ost2p, Ost3p, Ost4p, Ost5p, Ost6p, Stt3p, Swp1p and Wbp1p), with 

five (in bold) determined to be essential for cell viability. The catalytic reaction 

has been traced back to the conserved motif WWDYG within Stt3p (Zufferey et 

al., 1995;Yan and Lennarz, 2002). Following this transfer, the remaining dolichol 

pyrophosphate (Dol-PP) is recycled to Dol-P and translocated back to the 

cytoplasmic face of the ER (Burda and Aebi, 1999). The N-glycosylated peptide 

can then be further modified in the ER or transported to the Golgi apparatus for 

final trimming and modification (Munro, 2001). 
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Bacterial N-linked glycosylation. Bacterial N-linked glycosylation occurs at the 

cytoplasmic membrane. Of the bacterial glycosylation systems under active 

investigation, C. jejuni has become the model organism for both N- and O-

glycosylation processes in bacteria (Szymanski and Wren, 2005). In this 

organism, an N-linked heptasaccharide has been shown to be assembled and 

attached to at least 22 glycoproteins, predominantly ones annotated as 

periplasmic proteins (Young et al., 2002) via the activity of the protein 

glycosylation (pgl) genes (Fig. 1-3). Of these proteins, the major antigenic protein 

PEB3 (Cj0289c) has been studied in the greatest detail (Young et al., 2002).  

Similar to the eukaryotic process, the C. jejuni N-glycosylation pathway 

can be divided into three stages; the assembly of Glc(GalNAc)5Bac (GalNAc 

being N-acetylgalactosamine, Bac being bacillosamine or 2,4-diacetamindo-

2,4,6-trideoxyglucopyranose) on an undecaprenol carrier at the cytoplasmic face 

of the plasma membrane, the translocation of the glycan to the periplasmic face 

of the membrane and, finally, the transfer of the completed glycan to a nascent 

peptide. The necessity and function of each gene in the pgl gene cluster has 

been extensively studied, first by bioinformatic analysis, then the successful 

functional transfer of the entire pgl locus into E. coli (Wacker et al., 2002), and 

finally by the in vitro assembly of the complete glycan using purified pgl glycosyl 

transferases (Glover et al., 2005).  

 In the case of bacteria, the lipid glycosyl carrier used is undecaprenol 

(Glover et al., 2005). Like dolichol, undecaprenol is a polyisoprenoid lipid. 

However, undecaprenol differentiates itself from its eukaryotic counterpart by 

being a fixed length of 55 carbons or 11 isoprene units, with all of its isoprene 
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Figure 1-3. The Pgl pathway of N-linked protein glycosylation in C. jejuni. 

Adapted from Weerapana and Imperiali, 2006. 
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units remaining unsaturated. Glycan assembly begins when the glycosyl 

transferase PglC attaches UDP-Bac to undecaprenyl phosphate (Und-P) to 

create the first membrane-associated intermediate (Und-PP-Bac) (Glover et al., 

2005). This intermediate is then extended by the sequential addition of a single 

UDP-GalNAc by PglA, then another by PglJ. To this trisaccharide, PglH attaches 

the remaining three GalNAc residues, demonstrating a rare polymerase activity 

for a glycosyl transferase (Glover et al., 2005). Finally, the branching glucose is 

added to the glycan by PglI from UDP-Glc, giving rise to the final lipid-linked 

heptasaccharide structure. 

 The next step in the process is the flipping of the glycan to the periplasmic 

side of the plasma membrane. This is accomplished by the ATP-binding cassette 

(ABC) transporter, WlaB (Szymanski et al., 2003). Once flipped, the C. jejuni 

glycan is attached to its target protein without further modification. This is 

achieved by the single protein oligosaccharyl transferase, PglB (Szymanski et al., 

2003). PglB is the bacterial homolog of STT3 and contains the same putative 

catalytic motif WWDYG (Szymanski and Wren, 2005). The STT3 oligosaccharyl 

transferase component appears to have a universal ability to form the N-

glycosidic bond, as both the glycan structure and lipid carrier differ between 

eukaryotes and bacteria. 

 

Archaeal N-linked glycosylation. Prior to my thesis work, what has been 

experimentally proven in regards to the archaeal N-glycosylation pathway had 

been limited to biosynthetic processes and biochemical analyses of possible 

components. In Pyrococcus furiosus, the UDP-α-D-glucose pyrophosphatase 
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(UDPG-PPase) has been cloned and studied (Mizanur et al., 2004). This 

enzyme, part of the sugar nucleotidyltransferase family, is capable of adding 

uridine (UTP) and deoxythymidine (dTTP) to a range of 6-carbon sugars. These 

nucleotide-activated sugars can then serve as substrates for glycosyl 

transferases facing the cytoplasmic side of membranes. Within archaea, three 

glycosyl transferases capable of transferring nucleotide-activated sugars to lipid 

carriers have been biochemically characterized. These include an N-

acetylglucosamine transferase from H. salinarum (Mescher et al., 1976), a 

glucose transferase from Haloferax volcanii (Zhu et al., 1995) and a mannose 

transferase from Thermoplasma acidophilum (Zhu and Laine, 1996). Further 

studies in halobacteria revealed that the lipid carriers for both the H. salinarum 

and Hfx. volcanii enzymes were dolichol phosphates with 55-60 carbons (11-12 

isoprene units) (Lechner et al., 1985a;Kuntz et al., 1997). In addition, the T. 

acidophilum mannose transferase enzyme was reported to use dolichol as the 

lipid carrier and had characteristics homologous to the eukaryotic dolichyl-

phosphomannose synthase (Zhu and Laine, 1996). Additional evidence for the 

archaeal use of dolichol as the lipid carrier was found in the purification and 

characterization of a Sulfolobus acidocaldarius pyrophosphatase (Meyer and 

Schäfer, 1992). This enzyme was found to be a membrane-anchored 

ectoenzyme that converted Dol-PP to Dol-P, a required step in the recycling of 

dolichol as a glycan carrier.  

 

Archaeal glycoproteins. Since the S-layer protein from H. salinarum was first 

recognized as glycosylated (Mescher et al., 1974), surface exposed proteins 
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remain by far the most commonly detected/studied archaeal glycoproteins. These 

include S-layer proteins, flagellins and extracellular/membrane-bound proteins 

(Eichler and Adams, 2005). Of note from this collection is that although there is 

an ever-growing list of archaeal proteins that are recognized as glycosylated, 

detailed information regarding the glycan structure and linkage of these glycans 

is still rare. This lack of specific archaeal glycan information has been one barrier 

to research into the underlying glycosylation pathways in Archaea. 

 One of the completely characterized archaeal glycan structures is found 

on the S-layer and flagellin proteins from M. voltae (Voisin et al., 2005). M. voltae 

flagella were isolated and a combination of tandem mass spectrometry (MS/MS) 

and NMR was used to determine the glycan structure on the flagellin proteins. 

The glycan was characterized to be a novel trisaccharide (β-ManpNAcA6Thr-(1-

4)-β-GlcpNAc3NAcA-(1-3)-β-GlcpNAc) N-linked to asparagine residues (Fig. 1-4) 

(Voisin et al., 2005). In addition, the same trisaccharide was detected on M. 

voltae S-layer proteins. This glycan contains an interesting combination of 

eukaryotic and bacterial properties. The linking sugar, N-acetylglucosamine, is 

characteristic of eukaryotic glycans, where all N-glycans are linked to their protein 

backbone via this sugar (Burda and Aebi, 1999). Conversely, bacteria are known 

to synthesis and incorporate novel sugars into their glycan structures (Szymanski 

and Wren, 2005) and an acetylated glucuronic acid (second sugar) and an 

acetylated mannuronic acid with the amino acid threonine covalently attached 

(terminal sugar) contribute to this unique glycan structure. Given that this 

trisaccharide was the only glycan structure detected on the flagellins from M. 

voltae, (i.e. not complicated by different N-linked structures or O-linked glycans  
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Figure 1-4. N-linked glycan from Methanococcus voltae.  Sugar a is N-

acetylglucosamine (GlcNAc), b is an acetylated glucuronic acid (GlcA) and c is an 

acetylated mannuronic acid (ManA) with threonine (Thr) attached at position 6. 

From Voisin et al. 2005.  
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as in Halobacterium (Sumper and Wieland, 1995)), this affords a rare opportunity 

to study the assembly and attachment of an archaeal glycan by following 

changes in the apparent molecular weight of the flagellin proteins as a result of 

specific mutations.  

 

Subcellular localization of glycosylation in Archaea. Several lines of evidence 

suggest that the transfer of a glycan to a nascent protein in Archaea occurs at the 

outer cell surface, the topological equivalent of the periplasmic space in bacteria 

and the luminal-facing side of the ER membrane in eukaryotes. The first 

indicators come from the effects of bacitracin and EDTA. Both of these agents 

are non-cell-permeable and have been demonstrated to specifically inhibit H. 

salinarum glycosylation processes (Mescher and Strominger, 1978;Sumper, 

1987). Along with this, Lechner and colleagues (1985b) demonstrated that H. 

salinarum could transfer a sulfated oligosaccharide to an exogenously added 

soluble cell-impermeable hexapeptide that contained the traditional N-

glycosylation motif (Tyr-Asn-Leu-Thr-Ser-Val). Finally, both the ecto-enzymatic 

nature of the S. acidocaldarius pyrophosphates (mentioned above; Meyer and 

Schäfer, 1992) and the studies supporting the co-translational mode of 

membrane protein insertion in Archaea (Ring and Eichler, 2004) support the 

assignment of archaeal protein N-glycosylation to the cell’s outer surface. 

 

N-Glycosylation sequon. The traditional understanding of N-glycosylation is that 

the Asn-Xaa-Ser/Thr consensus sequence (sequon) in a protein is required, but 

is itself not sufficient for glycan attachment (i.e., Asn-Xaa-Ser/Thr sequons are 
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found that are not glycosylated but when a glycan is found on protein, it is always 

within this sequon). This requirement has been demonstrated by point mutations 

that alter the sequon sequence and result in the loss of glycan attachment at the 

site (Nita-Lazar et al., 2005). Recent analysis of the amino acid sequences 

surrounding glycoprotein sequons from all three domains of life have begun to 

shed new light on the protein characteristics needed for N-glycosylation. From 

the eukaryotic perspective, a series of rules designed to predict whether a given 

sequon is modified have been proposed (Ben-Dor et al., 2004). It was found that 

N-glycosylation often transpires at sites where secondary structures change and 

that there is an increased presence of an aromatic residue (Phe, Tyr and Trp) at 

the +2 position following the Ser/Thr residue. Conversely, study of N-

glycosylation sequons in C. jejuni lead to the extension of the sequon motif to 

include a negatively charged amino acid at the  -2 position, giving Glu/Asp-Yaa-

Asn-Xaa-Ser/Thr, where Yaa and Xaa can be any amino acid except proline 

(Kowarik et al., 2006). It is currently unknown whether all bacteria require this 

extended motif or if this finding is C. jejuni-specific. The archaeal glycosylation 

sequon was found to be more similar to its eukaryal counterpart, both rarely 

containing negative amino acids upstream of the sequon (Abu-Qarn and Eichler, 

2006b). In addition, a hexapeptide alone (Tyr-Asn-Leu-Thr-Ser-Val), which 

contained no -2 position at all, was sufficient for glycosylation with H. salinarum 

cells (Lechner et al., 1985b). Computational analysis showed that archaeal 

sequons appeared to prefer smaller amino acids directly downstream of the 

Ser/Thr (the presence of Tyr at +1 prevents glycosylation) and the Asn-Xaa-Ser 

motif strongly preferred a Ser or Thr residue as the Xaa (50% of verified 
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glycosylated sequons) verses the Asn-Xaa-Thr motif, where Ser or Thr was only 

the Xaa 15% of the time (Abu-Qarn and Eichler, 2006b). Finally, comparisons of 

the locations of known modified and unmodified sequons in archaeal proteins led 

to the proposition that glycosylation occurs after signal peptide removal, 

otherwise Asn residues would lie too close to the plasma membrane to be 

accessible by the archaeal STT3 active site (Abu-Qarn and Eichler, 2006b).    

The absolute requirement of the Asn-Xaa-Ser/Thr motif has also been 

challenged in archaea. A study by Zeitler and colleagues (Zeitler et al., 1998) 

demonstrated that the Ser-4 in the first sequon of the S-layer protein of H. 

salinarum (Asn-Ala-Ser; site for attachment of a large repeating-unit glycan) 

could be replaced with Val, Leu or Asn without disrupting the attachment of the 

glycan. However, replacement of Ser-481 for Val in the sequon for one of the 10-

12 sulfated oligosaccharide glycans (Asn-Ser-Ser) prevented glycan attachment 

(Zeitler et al., 1998). This may indicate that, in Archaea, the Asn-Xaa-Ser/Thr 

sequon can tolerate some variability or that Halobacterium may contain two 

oligosaccharyl transferases with different specificities. Interestingly, 

Archaeoglobus fulgidus is known to contain two STT3 homologs (Burda and 

Aebi, 1999) and different catalytic activities have been reported for the two STT3 

homologs detected in vertebrates (Kelleher et al., 2003).  

 

AIMS OF THIS WORK 

With a wealth of knowledge still to be uncovered regarding archaeal 

flagellation, the scope of this study was two-fold. The first area of interest was the 

process of N-glycosylation in archaea and its impact on flagellation. The recent 
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identification and characterization of the complete N-linked glycan structure found 

attached to S-layer and flagellin proteins in M. voltae has afforded a new 

foundation from which to study glycosylation in archaea. Using the characterized 

eukaryotic and bacterial N-glycosylation pathways as guides, the M. voltae 

genome was searched for corresponding components of the archaeal N-

glycosylation assembly and attachment pathway. These genes were proposed to 

include glycosyl transferases responsible for assembling the novel M. voltae 

trisaccharide glycan, a flippase required for translocating the glycan to the cell 

surface and an oligosaccharyl transferase necessary for the attachment of the 

glycan to the S-layer and flagellin proteins. Chapters 2 and 3 summarize this 

study, with all three proposed glycosyl transferases identified and/or verified, as 

well as the oligosaccharyl transferase. The study demonstrated the importance of 

glycosylation to flagella assembly and function and represents some of the first 

experimental evidence pertaining to this post-translational modification in 

Archaea. 

The second area of interest involved the component genes of the archaeal 

fla operon. Composed of the flagellin genes at the beginning of the operon and 

bacterial homologs of type IV pilus system genes at the end, previous study of 

the fla genes has been hindered by the co-transcriptional nature of the operon 

and the lack of genetic tools needed to study each gene in isolation. Although the 

entire operon is presumed to be involved in the archaeal flagellation system, 

many of the genes located in this operon are hypothetical proteins of unknown 

function; their role in flagellation inferred solely from their genetic location. Recent 

advances in genetic tools and methodologies available for methanogens have 
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allowed, for the first time, the ability to make markerless, in-frame deletions within 

these organisms. Given these tools, the requirement and role of each gene within 

the Methanococcus maripaludis fla operon (flaB1-flaI) was examined. Chapter 4 

summarizes the results of this study and demonstrated that all of the fla gene 

products examined are required for proper flagella assembly and function in 

some way. This confirms an archaeal-specific component to the archaeal flagella 

and has set a foundation for further study of the archaeal flagella. 
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ABSTRACT 

 N-linked glycosylation is recognized as an important post-translational 

modification across all three domains of life. However, the understanding of the 

genetic pathways for the assembly and attachment of N-linked glycans in 

eukaryotic and bacterial systems far outweighs the knowledge of comparable 

processes in Archaea. The recent characterization of a novel trisaccharide (β-

ManpNAcA6Thr-(1-4)-β-GlcpNAc3NAcA-(1-3)-β-GlcpNAc) N-linked to asparagine 

residues in Methanococcus voltae flagellin and S-layer proteins affords new 

opportunities to investigate N-linked glycosylation pathways in Archaea. In this 

contribution, the insertional inactivation of several candidate genes within the M. 

voltae genome and their resulting effects on flagellin and S-layer glycosylation 

are reported. Two of the candidate genes were shown to have effects on flagellin 

and S-layer protein molecular mass and N-linked glycan structure. Further 

examination revealed inactivation of either of these two genes also had effects on 

flagella assembly. These genes, designated agl (archaeal glycosylation) genes, 

include a glycosyl transferase (aglA) involved in the attachment of the terminal 

sugar to the glycan and an STT3 oligosaccharyl transferase homolog (aglB) 

involved in the transfer of the complete glycan to the flagellin and S-layer 

proteins. These findings document the first experimental evidence for genes 

involved in any glycosylation process within the domain Archaea. 
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INTRODUCTION 

 It is well known that the addition of carbohydrate to protein is an important 

post-translational modification required for the proper folding and function of 

many eukaryotic proteins (Gemmill and Trimble, 1999;Robbins, 1999). The old 

paradigm that glycosylation was limited to eukaryotes has been recognized as 

false and, in recent years, studies of organisms like Campylobacter jejuni have 

greatly improved our knowledge of how bacteria carry out both N-linked and O-

linked glycosylation (Schmidt et al., 2003;Szymanski et al., 2003;Szymanski and 

Wren, 2005). Indeed, studies in C. jejuni have established an excellent model for 

an N-linked glycosylation pathway in bacteria, with the activities of the 

characterized pgl (protein glycosylation) gene cluster assembling and transferring 

a known heptasaccharide from a membrane-anchored 

undecaprenylpyrophosphate-linked donor to an asparagine residue in proteins at 

the classic Asn-X-Ser/Thr motif (Szymanski et al., 2003;Glover et al., 2005a). 

However, this same breadth of knowledge is not available for archaeal 

glycosylation systems. Evidence for protein glycosylation in Archaea ranges from 

detailed structural characterization of specific glycans and their linkage sites to 

indirect characterization of glycosylation using lectin binding, glycan staining and 

aberrant migration of proteins in SDS-PAGE (reviewed by (Eichler and Adams, 

2005). 

Since the surface (S)-layer protein (or cell surface glycoprotein, CSG) of 

Halobacterium salinarum was recognized and characterized as the first 

prokaryotic glycoprotein (Mescher et al., 1974;Mescher and Strominger, 1976), 

this organism remains one of the best characterized in terms of archaeal 
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glycosylation. Each H. salinarum S-layer protein was found to be modified by one 

N-linked sulfated repeating unit saccharide, 10 N-linked sulfated oligosaccharides 

and 20 O-linked neutral oligosaccharides (Mescher and Strominger, 

1976;Lechner and Sumper, 1987;Sumper, 1987). The flagellin proteins were also 

modified with the same N-linked sulfated oligosaccharides. Biochemical analysis 

demonstrated that sulfated precursors of these saccharides were linked to 

dolichyl monophosphate (Lechner et al., 1985). This is similar to the dolichol used 

by the eucaryal protein N-glycosylation system, but distinct from the 

undecaprenol used by bacterial systems (Lechner et al., 1985;Eichler and 

Adams, 2005). However, despite the impressive collection of biochemical data, 

nothing has yet been reported in H. salinarum, or any other Archaea, regarding 

the genes that comprise the pathways leading to the biosynthesis, assembly or 

attachment of archaeal glycans. 

Another archaeal species that is known to possess glycosylated flagellin 

and S-layer proteins is Methanococcus voltae. Flagella of M. voltae are 

composed of two major flagellins (FlaB1 and FlaB2) and two minor flagellins 

(FlaA and FlaB3) (Bardy et al., 2002). Recent analysis of M. voltae flagellins 

determined that the proteins were modified with a novel trisaccharide, β-

ManpNAcA6Thr-(1-4)-β-GlcpNAc3NAcA-(1-3)-β-GlcpNAc, N-linked to Asn 

(Voisin et al., 2005). All of the peptides containing N-linked sequons from the 4 

flagellin proteins were characterized by nano-liquid chromatography-electrospray 

tandem mass spectrometry (nanoLC-MS/MS) (5 on FlaB1, 6 on FlaB2 and 2 on 

FlaB3, 1 of 2 on FlaA; the second sequon-containing peptide was not included in 

the 60% coverage of this minor flagellin) and were shown to carry the 779 Da 
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trisaccharide in N-linkage (Voisin et al., 2005). In addition, a peptide containing 

an N-linked sequence motif or sequon (Asn-X-Ser/Thr) from the S-layer protein 

was also detected by MS/MS and was found to be modified in an identical 

fashion. This indicates that like H. salinarum, M. voltae S-layer and flagellin 

proteins share a common glycan and, presumably, a common N-linked 

glycosylation pathway. 

The N-linked glycosylation pathway in bacteria has recently been reviewed 

(Szymanski and Wren, 2005) and shown to be similar in general mechanism to 

that described for eukaryotes. In both cases, glycosyl transferases link 

nucleotide-activated sugars to the appropriate lipid carrier in the membrane. This 

occurs on the cytoplasmic side of the cell membrane in bacteria or the 

cytoplasmic face of the endoplasmic reticulum in eukaryotes. Once assembled, 

the glycan-lipid is translocated (or flipped) across the membrane by a flippase. 

Eukaryotic glycans are further modified at this stage, while in the bacterial 

system, no evidence has been presented for additional modification of the 

glycans. Finally, an oligosaccharide transferase (the OTase complex in 

eukaryotes; STT3 protein in bacteria) transfers the glycan en bloc to the target 

protein at the Asn residue in the Asn-X-Ser/Thr sequon (Szymanski and Wren, 

2005). At the present time, the same sequence of events described for bacteria 

are theorized to occur in Archaea (Sumper, 1987;Eichler and Adams, 2005). 

In this study, the first demonstration of specific genes involved in the 

assembly and attachment of an archaeal glycan are reported. Using M. voltae as 

a model organism, several genes with characteristics of glycan biosynthetic or 

protein glycosylation genes from bacteria were inactivated. Two of these genes 
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were shown to play a critical role in the biosynthesis of glycosylated flagellins and 

S-layer proteins.  

 

MATERIALS AND METHODS 

Microbial strains and growth conditions. M. voltae strain PS was grown in 

Balch medium III at 37°C, under an atmosphere of CO2/H2 (20:80) and 

supplemented with 7.5 µg/ml puromycin (MP Biomedicals Inc., Solon, OH) when 

necessary. Escherichia coli DH5α was used for all in vitro cloning and was grown 

in Luria-Bertani medium at 37°C and supplemented with 100 µg/ml ampicillin 

when necessary.  

 

Construction of knock-out plasmids. All sequence data referred to in this 

manuscript can be found in GenBank/DDBJ/EMBL databases under the 

accession numbers DQ372941-DQ372943. With the exception of the plasmid for 

Mv152, knock-out plasmids were constructed as insertional activation plasmids 

as described by (Thomas et al., 2001). Briefly, an internal portion of the target 

gene was amplified via PCR, using primers that incorporated terminal EcoRI 

restriction sites. These fragments were then cloned into the corresponding EcoRI 

site within the pac/pUC vector (Thomas et al., 2001), transformed into E. coli, and 

screened. Fidelity of the cloned fragment was confirmed by sequencing. For 

Mv152, the vector pPAC60 (Thomas et al., 2002) was used as the backbone 

plasmid for knock-out creation via linear gene replacement utilizing a puromycin 

resistance (purR) cassette. Briefly, 1 kb of sequence upstream and downstream 

of Mv152 (800 bp outside the coding region, 200 bp inside the coding region) was 
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amplified via PCR, with the addition of restriction enzyme sites, and ligated into 

pPAC60. The upstream 1 kb fragment was ligated into the multiple cloning site 

(mcs), at HindIII and HaeII, before the purR cassette, while the downstream 1 kb 

fragment was ligated into the mcs at KpnI and SalI, after the purR cassette. This 

created a construct with 2 kb of M. voltae sequence, with the internal portion of 

Mv152 being replaced by the purR cassette. Fragment orientation and sequence 

was confirmed after transformation into E. coli and screening. This construct was 

linearized by restriction digest (at HindIII) before transformation.  

 

Generation of M. voltae mutants. A liposome delivery method first described for 

Methanosarcina acetivorans (Metcalf et al., 1997) was used with minor 

modifications (Thomas et al., 2001) for all transformations of M. voltae. Single 

colonies were picked anaerobically and transferred into Balch medium III 

containing puromycin for subsequent analyses. 

 

Southern hybridization analyses. Chromosomal DNA was isolated from wild-

type and transformant cultures of M. voltae as previously described by Gernhardt 

et al. (1990), digested with restriction enzymes, electrophoresed and transferred 

to nylon membranes (Roche Molecular Biochemicals) by the capillary transfer 

method. Digoxigenin (DIG)-labeled probes were generated by PCR amplification 

of internal gene regions (identical to gene fragments used for cloning) using DIG-

dUTP (Roche Molecular Biochemicals) as recommended by the manufacturer. 

Southern hybridizations were carried out at 55°C and stringency washes and 

developing were done as described by Thomas et al. (2001). 
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SDS-PAGE and immunoblotting. Whole cell preparations of M. voltae were 

subjected to SDS-PAGE as described by Laemmli (1970). Gels were either 

stained with Coomassie Brilliant Blue G250 (Faguy et al., 1996) or transferred to 

Immobilon-P transfer membranes (Millipore, Bedford, MA) as described by 

Towbin et al. (1979). Immunoblots were developed using chicken polyclonal anti-

FlaB2 antibodies (shown to react with the major flagellins FlaB1 and FlaB2; 

Bayley and Jarrell, 1999) as the primary antibody and a horseradish-peroxidase-

conjugated rabbit anti-chicken IgY (Jackson Immunoresearch Laboratories, West 

Grove, PA) as the secondary antibody. Blots were developed with a 

chemiluminescence kit (Roche Molecular Biochemicals) according to the 

manufacturer’s instructions. 

 

Preflagellin peptidase assay. A preflagellin peptidase assay previously 

described (Bayley and Jarrell, 1999;Correia and Jarrell, 2000) was used to 

generate two versions of unglycosylated M. voltae FlaB2 flagellin. E. coli 

membranes containing overexpressed preflagellin FlaB2 were used as substrate 

with M. voltae membranes as the source of the preflagellin peptidase, FlaK. The 

unprocessed and processed forms of FlaB2 (with or without the signal peptide) 

could be distinguished by immunoblot. 

 

Flagella extraction. Flagella were sheared from intact M. voltae cells as 

described by Kalmokoff et al. (1988). 
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nanoLC-MS/MS analysis. Flagella samples were analyzed by nano-LC-MS/MS 

as described by Voisin et al. (2005). Briefly, flagella extracts were trypsin 

digested and analyzed using a Q-TOF 2 hybrid quadrupole time-of-flight mass 

spectrometer coupled to a CapLC capillary HPLC system (Waters, Milford, MA). 

The mass spectrometer was set to automatically acquire MS/MS spectra on 

doubly, triply and quadruply charged ions. All MS/MS spectra were examined 

manually for the presence of unusual modifications. 

 

Electron microscopy. Intact M. voltae cells were fixed with 4% glutaraldehyde 

prior to absorption onto formvar-coated gold grids. Negative staining was done 

with 2% phosphotungstic acid (pH 7.0). Grids were viewed on a Hitachi H-700 

electron microscope operating at 75 kV. 

 

RESULTS 

Generation of M. voltae mutants. Three distinct genetic loci, originally identified 

by BLAST analysis to contain genes with homology to known bacterial genes 

involved in either protein glycosylation or glycan biosynthesis, were targeted. The 

three loci are presented in Fig. 2-1 and the genes which were inactivated are 

listed in Table 2-1. Of the 10 genes targeted, 9 knock-outs were successfully 

made (Mv1751 being the exception) and confirmed via Southern blot analysis 

(Mv151 and Mv1749 shown in Fig. 2-2; remainder not shown). For both Mv151 

and Mv1749, Southern blot data revealed tandem insertion of the inactivation 

plasmid into the target gene region (Fig. 2-2B). This result has been previously  
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Figure 2-1.  Schematic of M. voltae gene regions of interest.  Inactivation of black 

colored genes had noticeable effects on flagellin and S-layer molecular weights; 

grey genes had no effect and the striped gene is still being targeted. 
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Table 2-1. Genes from M. voltae targeted for inactivation. 

Gene 
designation Putative name* Hypothesized function in 

glycosylation # TMD†
Demonstrated 

effect on 
glycosylation 

Mv151 glycosyl transferase (aglA) glycosyl transferase 1 Yes 
Mv152 asparagine synthetase [glutamine-hydrolyzing] none†† 0 No 
Mv155 glycosyl transferase glycosyl transferase 0 No 
Mv156 UDP-glucose 4-epimerase biosynthesis 1 No 
Mv251 hypothetical protein biosynthesis 3 No 
Mv1108 polysaccharide biosynthesis protein flippase 13 No 
Mv1748 hypothetical protein none†† 0 No 
Mv1749 oligosaccharyl transferase STT3 subunit (aglB) oligosaccharyl transferase 13 Yes 
Mv1751 N-acetylglucosamine phosphate transferase glycosyl transferase 7 Unknown 
Mv1809 methyl transferase biosynthesis 0 No 

 

*Putative name was assigned by BLAST comparison to completed archaeal genomes. 
†Number of predicted transmembrane domains, based on TMpred (Hofmann and Stoffel 1993). 
††Not hypothesized to have any role in glycosylation.  These genes were targeted because they were directly downstream 

of a gene with a detectable glycosylation effect. 
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Figure 2-2.  Confirmation of gene knock-outs for M. voltae mutants Mv151 (aglA) 

and Mv1749 (aglB).  A - Southern blot analysis.  λ-HindIII marker represents 23, 

9, 6.5, 4.3, 2.3 and 2 kb.  B – theoretically expected Southern blot band sizes.  

Markers with diamond tops indicate position of restriction site used, black boxes 

represent internal fragments of the gene used as DIG-labeled probes and dotted 

lines represent the pac/pUC vector.  Note that for both mutants, tandem insertion 

of the inactivation plasmid was seen. 
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documented to occur with this methodology in M. voltae (Berghöfer and Klein, 

1995;Thomas et al., 2001). 

As seen in Fig. 2-1, most of the genes targeted in this study are 

transcribed in the same direction as genes lying immediately adjacent. Intergenic 

regions are often short, ranging from 11 bp to 325 bp, creating the potential for 

multi-gene transcripts. Since the insertional inactivation methods used in this 

study are predicted to have polar effects downstream of target genes (Jarrell et 

al., 1996), when a novel phenotype was obtained, additional knock-outs were 

constructed in genes located immediately downstream to confirm that the 

observed phenotype was due to the gene inactivated and not a result of polar 

effects on downstream genes (Table 2-1). 

 

Effects of flagellin glycosylation. To determine if insertional inactivation 

resulted in an altered flagellin phenotype, whole cell lysates of each M. voltae 

mutant were examined by immunoblot utilizing M. voltae anti-FlaB2 antibody. Of 

the nine mutants tested, two (Mv151 and Mv1749) had detectable shifts in 

flagellin molecular weight (Fig. 2-3). To determine more precisely the nature of 

the change in flagellin molecular weight, two forms of M. voltae flagellins were 

used as controls. M. voltae flagellins, like all archaeal flagellins, are first 

synthesized as preproteins. These preflagellins are processed into mature 

proteins via the cleavage of a 12-amino-acid leader sequence by a dedicated 

preflagellin peptidase (Correia and Jarrell, 2000). For a fully glycosylated size 

marker, wild type M. voltae flagellins were used. Wild type M. voltae FlaB1/B2 

flagellins are detected by immunoblot at 31-33 kDa (given the high sequence 
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Figure 2-3.  Western blot of M. voltae flagellins FlaB1/2.  Markers denote 35 and 

25 kDa.  Lanes 1 and 7, wild type M. voltae; lanes 2 and 3, Mv151 (aglA) as 

mutant and mixed mutant/wild type reversion cultures, respectively; lane 4, M. 

voltae FlaB2 expressed in E. coli, with and without signal peptide (see text for 

details); lanes 5 and 6, Mv1749 (aglB) as mutant/wild type reversion mixed 

culture and completed reverted culture, respectively. 
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similarity between FlaB1 and FlaB2, polyclonal antibodies raised against FlaB2 

cross-react with FlaB1, (Bayley and Jarrell, 1999). This size represents fully 

modified flagellin (possessing 5 (FlaB1) and 6 (FlaB2) glycans/protein) with the 

12-amino acid signal peptide sequence removed (Fig. 2-3, lanes 1 and 7). For a 

non-glycosylated size marker, M. voltae FlaB2 flagellin overexpressed in E. coli 

was used (Bayley and Jarrell, 1999). Utilizing an established preflagellin 

peptidase assay (Correia and Jarrell, 2000), M. voltae FlaB2 flagellins can be 

generated with (26.5 kDa) and without (25 kDa) their signal peptide sequence. 

Both the preflagellin and mature flagellin forms are seen in Fig. 2-3, lane 4. Since 

E. coli cannot glycosylate the archaeal flagellins, these forms of FlaB2 represent 

unglycosylated flagellins with and without the signal peptide. 

 For Mv1749, an apparent molecular weight shift of FlaB1/B2 was seen 

(Fig. 2-3). Unfortunately, this mutant was extremely unstable and upon transfer of 

the original culture (seen in Southern blot Fig. 2-2A), subsequent growth 

contained a mixed population of mutant and wild type cells (lane 5, Fig. 2-3) and 

a complete reversal to wild type flagellin molecular weight was seen within only a 

few subcultures (lane 6). Despite this, initial immunoblots of Mv1749 reveal a 

FlaB1/B2 band that is consistent with an unglycosylated, but N-terminally 

processed flagellin protein (lower band, lane 5). 

 In the case of Mv151, the FlaB1/B2 proteins migrated with an apparent 

molecular weight that was intermediate between mature glycosylated and 

unglycosylated flagellin (lane 2, Fig. 2-3). This mutant was also unstable and a 

mixed population of mutant/wild type cells was apparent after limited subculturing 
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of the initial mutant culture (lane 3) and several additional subcultures resulted in 

flagellin and chromosomal phenotypes that had completely reverted to wild type.  

 For each of these two mutants, the revertants were still puromycin 

resistant although Southern blotting results indicated that the genes of interest in 

each case no longer contained the inserted plasmid.  

 For the remaining seven mutants generated, no obvious effects on flagellin 

apparent molecular weights were seen (data not shown). While these findings do 

not completely rule out a role for these genes in the N-linked glycosylation 

process, it appears that their inactivation does not have a gross effect on glycan 

assembly. Correspondingly, these mutants were stable to repeated subculturing, 

in contrast to the instability of Mv151 and Mv1749. The lone exception was 

Mv1108. Mv1108 was identified in BLAST searches as a homolog of 

polysaccharide biosynthesis proteins and heteropolysaccharide repeat unit export 

proteins (flippases) responsible for transfer of a lipid-linked glycan across the cell 

membrane to the periplasm (Table 2-1). The pure mutant culture of Mv1108 

showed no effect on flagellin apparent molecular weight. However, as with Mv151 

and 1749, the mutant in Mv1108 was unstable and rapidly reverted back to a wild 

type chromosomal genotype upon subculture, which may indicate that such 

mutants are compromised in an important cell function. 

 

Effect on flagella structure. To evaluate the overall effect of each respective 

mutation on flagella function, cells were visually examined under phase contrast 

microscopy for motility. Wild type M. voltae cells were motile, while Mv151 cells 
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appeared weakly motile and Mv1749 cells appeared non-motile. All other M. 

voltae mutants generated in this study appeared as motile as wild type cells. 

 Mv151 and Mv1749 cells were further examined by transmission electron 

microscopy for flagella structure and number (Fig. 2-4). While wild type cells 

possessed many flagella (Fig. 2-4A), Mv151 cells had only a few flagella, many of 

which appeared short/broken (Fig. 2-4B), and Mv1749 cells appeared non-

flagellated (Fig. 2-4C). Mv152 and Mv1748 (mutants in genes located 

immediately downstream of Mv151 and Mv1749) were also examined and had 

flagella indistinguishable from wild type (data not shown). This again confirmed 

that the effects on glycosylation observed in mutants Mv151 and Mv1749 were 

due to disruption of those genes and not do to polar effects on downstream 

genes. In addition, since it has been previously shown that only N-terminally 

processed flagellins can be assembled into flagella filaments (Bardy and Jarrell, 

2003), the molecular weight shift observed in Mv151 FlaB2 (Fig. 2-3) is not due to 

an unprocessed signal peptide.  

 

Characterization of Mv151 glycans. Following the observation by electron 

microscopy that Mv151 cells produced limited amounts of flagella, the filaments 

were sheared off, purified and examined by mass spectrometry. The 

glycosylation profiles from Mv151 tryptic peptides were compared to those 

obtained for flagellin peptides from the parent strain. As expected, nanoLC-

MS/MS of tryptic peptides containing N-linked sequons from wild type flagellin 

produced spectra containing oxonium ions typical for the trisaccharide which had 

been previously characterized (Voisin et al., 2005). In contrast, the MS/MS  
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Figure 2-4.  Electron micrographs of M. voltae wild type and mutant cells. A, wild 

type M. voltae; B, Mv151 mutant (aglA); and C, Mv1749 mutant (aglB).  Scale bar 

equals 1 µm. 
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spectra of tryptic peptides containing N-linked sequons from Mv151 mutant 

flagellin displayed a unique series of fragment ions indicating the loss of the 

terminal modified mannuronic acid (m/z 319). The spectra for the tryptic peptide 

100YNESSYK106 from wild type and Mv151 flagellin are shown in Fig. 2-5 and 

clearly demonstrates that the glycan made by Mv151 cells lacks the oxonium ion 

corresponding to the terminal monosaccharide (m/z 319). It should be noted that 

detailed analysis of the Mv151 flagellin tryptic peptides revealed minor amounts 

(approx. 8% of all glycopeptide spectra examined) of peptides which carried a full 

length glycan. The fully modified glycopeptides from the Mv151 strain were 

presumably a consequence of cells within the population reverting back to wild 

type and producing limited amounts of flagellin glycosylated with a complete 

glycan structure. A careful reexamination of the wild type strain data revealed that 

more than 95% of examined glycopeptides were fully modified: generally, there 

was only one glycopeptide lacking the complete trisaccharide per wild type 

nanoLC-MS/MS analysis. 

 

Effect on S-layer protein. Because it had been previously determined that the 

S-layer protein in M. voltae contained the same trisaccharide modification as the 

flagellins (Voisin et al., 2005), we examined the apparent molecular weight of the 

S-layer proteins from all M. voltae mutants by SDS-PAGE. As was the case with 

the flagellins, only Mv151 and Mv1749 had any detectable change in their S-layer 

molecular weights (Fig. 2-6), and shifts back to wild type protein molecular weight 

(76 kDa; Koval and Jarrell, 1987) corresponded with mutant reversion. 
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Figure 2-5.  nanoLC-MS/MS spectra of glycosylated tryptic peptide 
100YNESSYK106 from the flagellin FlaB2: A - wild type M. voltae or B – Mv151 

mutant.  In A (wild type M. voltae), the spectrum is dominated in the high m/z 

range by the sequential loss of the carbohydrate moieties (indicated in the 

spectrum by the open arrows) and in the low m/z range by the carbohydrate 

oxonium ions (m/z 319.1 and 259.1 plus their dehydration products).  The glycan 

composition of the major fragment ions is depicted schematically within the 

brackets above each ion.  The straight line represents the tryptic peptide and 

each additional symbol represents the monosaccharide constituents of the glycan 

(■, m/z 204 (203 Da); ●m/z 259 (258 Da); ▲, m/z 319 (318 Da)).  In B (Mv151 

mutant), in the high m/z range, only ions corresponding to either the unmodified 

tryptic peptide or typtic peptide glycosylated with a single 203 Da 

monosaccharide is apparent.  In the low m/z range, the absence of the m/z 319 

carbohydrate oxonium ion is readily apparent while the m/z 259 oxonium ion and 

its dehydration product are still present. 
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Figure 2-6. Coomassie blue stain of SDS-PAGE separated S-layer proteins.  

Lanes 1, 4 and 7, wild type M. voltae (76 kDa); lanes 2 and 3, Mv151 (aglA) as 

mutant and mixed mutant/wild type reversion cultures, respectively; lanes 5 and 

6, Mv1749 (aglB) as mutant and mutant/wild type reversion cultures, respectively.  

Proteins were separated on a 12.5% acrylamide gel. 
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DISCUSSION 

 In this study, genes involved in the assembly and attachment of a novel 

archaeal trisaccharide N-linked to M. voltae flagellins and S-layer proteins have 

been identified. Several genes in the M. voltae genome were targeted for 

inactivation and examined for a role in N-linked glycosylation of flagellin and S-

layer protein. For this inaugural study, the techniques utilized focused on gross 

alterations to flagellin and S-layer protein apparent molecular weight. This does 

not rule out the possibility that the remaining genes that were targeted 

contributed to minor changes that were undetectable by the methods employed. 

On the basis of a change in flagellin and S-layer protein molecular weight 

detectable by SDS-PAGE, structural analysis of flagellin protein by MS/MS and 

examination of cells by electron microscopy, two genes have been identified 

which are clearly involved in the glycosylation process. 

The first gene demonstrated to have an effect in the N-linked glycan of M. 

voltae was Mv151, renamed aglA. The protein encoded by this gene was shown 

to be involved either in the biosynthetic pathway or in the attachment of the 

terminal sugar to the flagellin and S-layer glycan. As the AglA protein has a 

glycosyl transferase group 1 domain (pfam00534) and is predicted to have one 

transmembrane domain close to the C-terminus (TMpred; Hofmann and Stoffel, 

1993), the likely function of the protein is in assembly of the glycan on a lipid-

linked carrier at the cytoplasmic face of the membrane through the addition of the 

terminal monosaccharide. Because of the unusual nature of the M. voltae 

terminal sugar (a modified mannuronic acid with the amino acid threonine 

covalently attached at position 6), it is currently unclear whether AglA recognizes 
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mannuronic acid or the mannuronic acid with the attached threonine. This will 

depend, in part, on whether the threonine is added during the biosynthesis of the 

terminal residue or whether it is added to the complete glycan independently. 

Although the aglA- mutant affected only the terminal monosaccharide of 

the glycan, the resulting effect on flagella assembly was pronounced. The 

amount of FlaB2 protein detectable in aglA- strains was significantly less 

compared to wild type (data not shown), corresponding with the severely reduced 

flagella number seen by electron microscopy. This implies that the glycans on 

flagellin proteins are involved in the flagella assembly process. The nature of this 

involvement, whether it is in recognition, structure, or some other role remains to 

be investigated.  

 The second gene demonstrated to have an effect was Mv1749, renamed 

aglB. AglB is a homolog of the eukaryotic (Stt3p) and bacterial (PglB) 

oligosaccharyl transferases. The Stt3p protein has been demonstrated to be an 

essential component in the 9 subunit eukaryotic OTase complex that transfers 

preassembled glycans to target proteins via N-linkages (Zufferey et al., 1995). 

The most conserved region of this protein, WWDYG, has been characterized as 

the active site of the OTase (Yan and Lennarz, 2002). The STT3 homolog in 

bacteria, PglB, has also been shown to transfer a glycan to Asn in the common 

N-linked sequon. In C. jejuni, PglB was the only protein necessary to accomplish 

this (Szymanski et al., 2003) and the same catalytic WWDYG motif was found. 

Our archaeal STT3 homolog, AglB, appears to function in the same way as its 

bacterial counterpart, with this predicted membrane-bound protein containing a 

homologous putative catalytic region of WWDNG located on the exterior side of 
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the cytoplasmic membrane (TMpred; Hofmann and Stoffel, 1993). Some 

variability in the fourth amino acid of the STT3 catalytic domain has been 

observed before (Szymanski and Wren, 2005), as in the sequence WWDWG 

from the bacterial genus Desulfovibrio. The otherwise highly conserved nature of 

the Stt3p/PglB/AglB protein across all 3 domains of life underlies its importance in 

N-linked glycosylation. 

 Another property of the STT3 subunit is that it transfers glycans en bloc to 

target proteins. AglB has demonstrated the ability to attach incomplete glycans as 

seen by the disaccharides present on flagellins and S-layer proteins in M. voltae 

aglA mutants. This type of relaxed specificity has been observed in 

Saccharomyces cerevisiae alg (asparagine-linked glycosylation) mutants 

deficient in assembly steps of the lipid-linked oligosaccharide, where incomplete 

oligosaccharides were still transferred to Asn residues of secretory proteins by 

the OTase complex, albeit with reduced efficiency (Turco et al., 1977;Munoz et 

al., 1994). More recently, relaxed substrate specificity was also demonstrated for 

PglB from Campylobacter, where undecaprenyl pyrophosphate-linked 

saccharides of various lengths were transferred to a peptide substrate (Glover et 

al., 2005b). 

While none of the other seven genes which were inactivated in this study 

produced an obvious change to flagellin and S-layer glycosylation profiles, the 

high reversion rate observed for Mv1108 mutants and the inability to obtain 

mutants in the Mv1751 gene suggest that these genes could be involved in 

process(es) which affect cell fitness or are essential to cell viability, respectively. 

The protein encoded by Mv1751 appears to be a glycosyl transferase which has 

 61



homology to the eukaryotic enzyme N-acetylglucosamine-1-phosphate 

transferase (Alg7/GPT). Alg7/GPT catalyzes the linkage of UDP-activated N-

acetylglucosamine to dolichol phosphate, which is the first step of N-linked glycan 

synthesis in eukaryotes (Eckert et al., 1998). Since the linking sugar of the M. 

voltae glycan is also N-acetylglucosamine (Voisin et al., 2005), and archaea 

appear to use dolichyl monophosphate as their anchoring lipid carrier (Lechner et 

al., 1985), the possibility of Mv1751 carrying out a homologous reaction to 

Alg7/GPT is plausible. However, the knock-out of this gene has been 

unsuccessful to date and experimental confirmation of this role is still in progress. 

As for a possible role of Mv1108, BLAST analysis of this gene indicates that it is 

similar to heteropolysaccharide export proteins. Mv1108 may therefore be 

involved in some export process that is important to the cell, leading to its rapid 

reversion to maintain cell fitness.  

Focusing on the assembly and attachment pathway, our proposed model 

for M. voltae N-linked glycosylation is consistent with current theories (Eichler 

and Adams, 2005) and is presented in Fig 2-7. In this current study, we clearly 

demonstrate that Mv151 (aglA) and Mv1749 (aglB) are involved in the 

glycosylation process. This study represents a significant initial step in 

understanding post-translational modifications in archaeal proteins, as it is the 

first time any gene has been experimentally shown to be involved in glycosylation 

within the domain Archaea. 

 Findings in this study also illuminate many challenges that will have to be 

faced in the continued study of M. voltae N-glycosylation. Analysis of the 

genomes of M. voltae and its close relatives Methanococcus maripaludis  
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Figure 2-7.  Proposed model for flagellin and S-layer M. voltae N-linked glycan 

assembly and attachment.  Steps 1 to 3 diagram the assembly of the 

trisaccharide via glycosyl transferases (AglA for step 3) onto a lipid carrier at the 

cytoplasmic face of the cytoplasmic membrane.  Step 4 represents the 

translocation of the glycan to the exterior of the membrane via a flippase enzyme.  

Finally, step 5 shows the attachment of the complete glycan to the target protein 

via an STT3 oligosaccharyl transferase (AglB). 
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(Hendrickson et al., 2004) and Methanocaldococcus jannaschii (Bult et al., 1996) 

reveals a plethora of genes annotated as involved in various aspects of 

sugar/glycan synthesis and assembly. Many appear to have similarity to bacterial 

genes involved in lipopolysaccharide, capsule and cell wall synthesis. However, 

methanococci do not make these various structures, leaving this rather long list of 

genes open to a possible revised role in archaeal N-linked glycosylation. In 

addition, mutations that disrupt the formation of the N-linked glycan not only 

affect proper flagella assembly, but also have an effect on the S-layer protein. 

Without the benefit of additional cell wall structures, like peptidoglycan, most 

archaeal cells (including M. voltae) have only the S-layer proteins external to the 

cytoplasmic membrane to maintain the cell’s structural integrity. S-layer proteins 

interact to create a crystalline-like lattice surrounding the cell. Mutations that 

ultimately alter the structure of the S-layer protein could affect this protein 

interaction and disrupt the structural integrity of the cell. As a result, such mutants 

could suffer serious cell stability problems. It is this effect on the S-layer that likely 

explains why the agl mutants are so unstable. This would be unlike effects on S-

layers in bacteria where the cells have structural integrity provided by the 

peptidoglycan layer and S-layers are unnecessary and indeed are often “lost” by 

cells grown under laboratory conditions. Despite future challenges, the results 

from this study establish a solid foundation upon which to build an understanding 

of N-linked glycosylation pathways in Archaea.  
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ABSTRACT 

Recent advances in the field of prokaryotic N-glycosylation have established a 

foundation for the pathways and proteins involved in this important post-

translational protein modification process. To continue the study of the 

Methanococcus voltae N-glycosylation pathway, characteristics of known 

eukaryotic, bacterial and archaeal proteins involved in the N-glycosylation 

process were examined and used to select candidate M. voltae genes for 

investigation as glycosyl transferase and flippase components. Targeted genes 

were knocked-out via linear gene replacement and the resulting effects on N-

glycan assembly were identified through flagellin and surface (S)-layer protein 

glycosylation defects. This study reports the finding that deletion of two M. voltae 

glycosyl transferases, designated aglC1 (archaeal glycosylation) and aglC2, 

interfered with proper N-glycosylation, abolishing assembly and attachment of the 

known trisaccharide to flagellin and S-layer proteins. This resulted in flagellin and 

S-layer proteins with significantly reduced apparent molecular weights and a loss 

of flagella assembly. Given previous knowledge of both the N-glycosylation 

pathway in M. voltae and general characteristics of N-glycosylation components, 

both AglC1 and AglC2 are proposed to be involved in the second glycosyl 

transferase step in the assembly pathway. Structural characterization of the 

altered glycoproteins is necessary to definitively ascribe a function to each 

enzyme and is currently ongoing. In addition, the knock-out of a possible flippase 

candidate gene had no effect on N-glycosylation but did result in generating giant 

cells with diameters three to four times that of wild type cells.  
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INTRODUCTION 

 It has become widely accepted that glycosylation is an important protein 

post-translational modification within all three domains of life. Long-recognized 

and studied in eukaryotes, glycosylation pathways in prokaryotes have received 

more attention in recent years. Recent reviews summarizing the current state of 

knowledge of protein glycosylation in Archaea (Eichler and Adams, 2005) and 

flagellar glycosylation in Bacteria and Archaea (Logan, 2006) attest to the 

progress that has been made in understanding this important process from a 

prokaryotic perspective. Specifically, the process of N-linked glycosylation, which 

is the attachment of polysaccharide structures to specific Asn residues within a 

conserved Asn-Xaa-Ser/Thr motif, has seen impressive advances. Of note is the 

N-glycosylation system in Campylobacter jejuni, where the gene products from 

the pgl locus assemble a branched heptasaccharide on a membrane-bound lipid 

carrier, then translocate the glycan across the cytoplasmic membrane to facilitate 

transfer to the appropriate Asn residue of the target protein (Szymanski et al., 

2003;Linton et al., 2005). This general sequence of events (assembly of the 

glycan on a lipid carrier inside the cell, flipping of the glycan to face the 

extracellular milieu and transfer of the complete structure to its target protein) is 

the current model of N-glycosylation for both Bacteria and Archaea and is very 

reminiscent of the eukaryotic process. 

 Two recent studies, focusing on two different organisms, have begun to 

shed light on the N-glycosylation pathways in Archaea. The first used the obligate 

anaerobic methanogen, Methanococcus voltae (Chaban et al., 2006) while the 

second focused on the moderate halophile, Haloferax volcanii (Abu-Qarn and 
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Eichler, 2006).  Both systems have key features that make N-glycosylation 

studies appealing. The first is that at least one complete N-linked glycan structure 

has been determined in each species. For M. voltae, the novel trisaccharide, β-

ManpNAcA6Thr-(1-4)-β-GlcpNAc3NAcA-(1-3)-β-GlcpNAc, has been 

characterized from both the surface (S)-layer protein and the flagellins (Voisin et 

al., 2005). In Hfx. volcanii, the N-linked glycan Glc-[β1-4Glc]8-β1-4Glc has been 

characterized as at least one of the N-linked structures on the S-layer protein 

(with another possible N-linked glycan proposed to contain glucose, galactose 

and idose) (Mengele and Sumper, 1992). Secondly, there is genomic sequence 

information available for both organisms. Although the M. voltae genome 

sequence is still a draft sequence (Whitman, unpublished data) and the Hfx. 

volcanii genome is only partially completed (available at http://www.tigr.org), this 

still allows for bioinformatic analysis to identify possible components of the N-

glycosylation pathway in these organisms. Thirdly, enough genetic manipulation 

tools are available in M. voltae (Thomas et al., 2002) and Hfx. volcanii (Allers et 

al., 2004) to allow for targeted gene knock-outs. The combination of these three 

factors has allowed for the screening of M. voltae and Hfx. volcanii genomes for 

genes that could play a role in the assembly and attachment of N-linked glycans, 

targeted knock-out of these genes and the characterization of the resulting 

phenotypes via alterations to the flagellin and/or S-layer protein glycans.  

In both M. voltae and Hfx. volcanii, the oligosaccharyl transferase 

(responsible for the final transfer of the completed glycan to the target protein) 

was identified (Chaban et al., 2006;Abu-Qarn and Eichler, 2006). Named AglB 

(archaeal glycosylation) in M. voltae, both of the identified proteins are homologs 
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of the eukaryotic Stt3p and the bacterial PglB proteins. A key feature of these 

proteins is the highly conserved active site, WWDYG, responsible for its 

transferase activity (Yan and Lennarz, 2002). The apparent universality of 

Stt3p/PglB/AglB to catalyze the N-glycosyl bond within all three domains of life, 

despite the presence of different linking sugars in different organisms, illustrates 

the conserved nature of this step in the N-glycosylation process. 

In addition to the oligosaccharyl transferase, the studies in M. voltae and 

Hfx. volcanii each identified a necessary glycosyl transferase for the assembly of 

each organism’s N-linked glycan. In Hfx. volcanii, deletion of an Alg5 homolog, 

responsible in eukaryotes for the transfer of a nucleotide-activated glucose to a 

dolichol phosphate lipid anchor at the cytoplasmic face of the endoplasmic 

reticulum (Heesen et al., 1994), was found to alter the apparent molecular weight 

of the S-layer protein (Abu-Qarn and Eichler, 2006). This finding is logical given 

the 10-glucose structure of the Hfx. volcanii S-layer glycan. The glycosyl 

transferase identified in M. voltae, AglA, was shown to attach the terminal sugar, 

an acetylated mannuronic acid with the amino acid threonine attached at position 

6, to both the flagellin and S-layer protein glycan (Chaban et al., 2006). In 

addition, a reasonable candidate for the first glycosyl transferase necessary in 

the M. voltae N-glycosylation pathway, one to attach an N-acetylglucosamine to a 

dolichol phosphate carrier, was recognized by bioinformatic analysis. The M. 

voltae gene Mv1751 is a homolog of the eukaryotic alg7 gene, known to carry out 

the first step in the eukaryotic N-glycosylation pathway that requires the 

attachment of a nucleotide-activated N-acetylglucosamine to a dolichol 

phosphate carrier (Eckert et al., 1998). Unfortunately, attempts to knock-out 
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Mv1751 were unsuccessful, implying this gene is essential for cell survival 

(Chaban et al., 2006). However, given the apparent functional conservation 

observed between the eukaryotic and archaeal Alg5 glycosyl transferase in Hfx. 

volcanii, the M. voltae Mv1751/alg7 gene remains the best candidate for the first 

step in the glycan assembly pathway for M. voltae, summarized in Fig. 3-1. 

Finally, an interesting finding from both the M. voltae and Hfx. volcanii 

studies pertained to the flippase step of the N-glycosylation pathway. No 

homologs of either the eukaryotic flippase (Rft1; a unique transporter (Helenius et 

al., 2002)) or the bacterial flippase (WlaB; an ABC transporter (Szymanski et al., 

2003)) were detected (Abu-Qarn and Eichler, 2006;Chaban et al., 2006). 

Furthermore, knock-out of the most likely flippase candidate in M. voltae, based 

on very weak BLAST scores with Rft1 and WlaB, had no detectable effect on the 

flagellin or S-layer glycan (Chaban et al., 2006). This appears to indicate that the 

protein responsible for glycan translocation is unique in each domain of life and 

that the archaeal flippase may prove to be an archaeal-specific protein. This is in 

stark contrast to the remainder of the N-glycosylation pathway, where the 

glycosyl transferases share at least recognizable similarities and the 

oligosaccharyl transferase is universally conserved. 

 

MATERIALS AND METHODS 

Microbial strains and growth conditions. M. voltae strain PS was grown in 

Balch medium III at 37°C, under an atmosphere of CO2/H2 (20:80) and 

supplemented with 7.5 µg/ml puromycin (MP Biomedicals Inc., Solon, OH) when 

necessary. Escherichia coli DH5α was used for all in vitro cloning and was grown  
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Figure 3-1. Current model of N-glycosylation of flagellin and S-layer proteins in 

Methanococcus voltae. Steps 1-3 diagram the assembly of the trisaccharide via 

glycosyl transferases onto a lipid carrier at the cytoplasmic face of the 

cytoplasmic membrane.  Step 4 represents the translocation of the glycan to the 

exterior of the membrane via a flippase enzyme.  Finally, step 5 shows the 

attachment of the complete glycan to the target protein via an STT3 

oligosaccharyl transferase.  AglA (Mv151) and AlgB (Mv1749) have been 

previously demonstrated to carry out steps 3 and 5, respectively.  Mv1751 is the 

archaeal homolog of Alg7, the eukaryotic glycosyl transferase that carries out the 

homologous reaction in eukaryotic N-glycosylation.  This study reports the finding 

that Mv990 and Mv991 carry out step 2 in glycan assembly. 
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in Luria-Bertani medium at 37°C and supplemented with 100 µg/ml ampicillin 

when necessary.  

 

Construction of knock-out plasmids. The vector pPAC60 (Thomas et al., 

2002) was used as the backbone plasmid for knock-out creation via linear gene 

replacement utilizing a puromycin resistance (purR) cassette. Briefly, 1 kb of 

sequence upstream and downstream of each gene was amplified via PCR (Table 

3-1), with the addition of restriction enzyme sites, and ligated into pPAC60. One 

fragment was ligated into the multiple cloning site (mcs), at HindIII and SpeI or 

SpeI and NruI sites before the purR cassette, while the other fragment was ligated 

into the mcs at NheI and BglII, after the purR cassette. This created a construct 

with 2 kb of M. voltae sequence, with the targeted gene sequence being replaced 

by the purR cassette. Fragment orientation and sequence was confirmed after 

transformation into E. coli and screening (Table 3-1). Each construct was cut by 

restriction digest with the outermost restriction enzymes to separate the 2 kb+ 

purR cassette fragment from the rest of the plasmid before transformation.  

 

Generation of M. voltae mutants. A liposome delivery method first described for 

Methanosarcina acetivorans (Metcalf et al., 1997) was used with minor 

modifications (Thomas et al., 2001b) for all transformations of M. voltae. Single 

colonies were picked anaerobically and transferred into Balch medium III 

containing puromycin for subsequent analyses. 
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Table 3-1. PCR primers used in this study. 

Primer Sequence 
For linear gene replacement 
Mv990_Up_Bgl GAAGATCTTTTACATATTTGCAATTACGC 
Mv990_Up_Nhe CTAGCTAGCGATTAAACCAATTTTCGAGAC 
Mv990_Down_Spe GACTAGTTCGAGAACCTTTATACATAGC 
Mv990_Down_Hind CCCAAGCTTGAAACCTAATTCCGATTACG 
Mv991_Up_Hind CCCAAGCTTTTTAAGTTCTGGAGAGAAGC 
Mv991_Up_Spe GACTAGTCCATAATCTAACCAATCTAACC 
Mv991_Down_Nhe CTAGCTAGCGGGCAAAGTTTTGGATTAAA 
Mv991_Down_Bgl GAAGATCTTCCTTTAAAGAATCCATAGG 
Mv891_Up_Spe ATGACTGAAACTAGTGTTAACC 
Mv891_Up_Nru GTTCGCGATAATTTTGAGTAGAGATTTGAC 
Mv891_Down_Nhe CTAGCTAGCTCAATTATCACATTTATTATAGC
Mv891_Down_Bgl GAAGATCTTGTAAAGCCGAATCCCTTAG 
  
Sequencing primers on pPAC60 
pSL1180_Up ATTAAGTTGGGTAACGCCAG 
pPAC60_P-sl ATTTAAAATTACTACCATAATAC 
pPAC60_PhmvA GGTACCGAGCTCGAGTCCAA 
pSL1180_Down TGGGACGTCGACCTGAGGTA 
  
For RT-PCR 
Int_991_For TAATCGTTGACGATGGTAGC 
Int_991_Rev CTGTCTGTAACATAATATCCAC 
Connect_991_990_For AGCTTAATATCGGAGAGGTG 
Connect_991_990_Rev TACGTCTAATGTTTTATCAGTAC 
Int_990_For GAAAAGCGTAAGCAGGTCTA 
Int_990_Rev CGAACGTGTATAATAAGAGCTAAC 

 

Restriction sites used for cloning are underlined. 
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Southern hybridization analyses. Chromosomal DNA was isolated from wild-

type and transformant cultures of M. voltae as previously described (Gernhardt et 

al., 1990), digested with restriction enzymes, electrophoresed and transferred to 

nylon membranes (Roche Molecular Biochemicals) by the capillary transfer 

method. Digoxigenin (DIG)-labeled probes were generated by PCR amplification 

of downstream regions (identical to the 1kb downstream fragment used for 

cloning) using DIG-dUTP (Roche Molecular Biochemicals) as recommended by 

the manufacturer. Southern hybridizations were carried out at 55°C and 

stringency washes and developing were done as described by Thomas et al. 

(2001b). 

 

SDS-PAGE and immunoblotting. Whole cell preparations of M. voltae were 

subjected to SDS-PAGE as described by Laemmli (1970). Gels were either 

stained with Coomassie Brilliant Blue G250 (Faguy et al., 1996) or transferred to 

Immobilon-P transfer membranes (Millipore, Bedford, MA) as described by 

Towbin et al. (1979). Immunoblots were developed using chicken polyclonal anti-

FlaB2 antibodies (shown to react with the major flagellins FlaB1 and FlaB2; 

Bayley and Jarrell, 1999) as the primary antibody and a horseradish-peroxidase-

conjugated rabbit anti-chicken IgY (Jackson Immunoresearch Laboratories, West 

Grove, PA) as the secondary antibody. Blots were developed with a 

chemiluminescence kit (Roche Molecular Biochemicals) according to the 

manufacturer’s instructions. 
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Preflagellin peptidase assay. A preflagellin peptidase assay previously 

described (Correia and Jarrell, 2000;Bayley and Jarrell, 1999) was used to 

generate two versions of non-glycosylated M. voltae FlaB2 flagellin. E. coli 

membranes containing overexpressed preflagellin FlaB2 were used as substrate 

with M. voltae membranes as the source of the preflagellin peptidase, FlaK. The 

unprocessed and processed forms of FlaB2 (with or without the signal peptide) 

could be distinguished by their small difference in size by immunoblot. 

 

Electron microscopy. Intact M. voltae cells were washed in 50 mM MgSO4 prior 

to adsorption onto formvar-coated gold grids. Negative staining was done with 

2% phosphotungstic acid (pH 7.0). Grids were viewed on a Hitachi H-700 

electron microscope operating at 75 kV. 

 

RT-PCR. To determine whether Mv991 and Mv990 were co-transcribed, total 

RNA was isolated from wild type, Mv991- and Mv990- cells. Cells were prepared 

for RNA isolation by subculture and growth for 24 hrs at 37°C. Cultures were then 

overpressurized with 80:20 H2:CO2 gas, followed by an additional incubation at 

37°C for one hour. Total RNA was isolated using the RNeasy Mini Kit (Qiagen) 

and RT-PCR was carried out using the One-Step RT-PCR kit (Qiagen). 

 

S-layer protein extraction. Protoplasting M. voltae cells obtained extracts 

enriched for S-layer proteins. Briefly, 80 ml of overnight culture was collected and 

resuspended in 2 ml of protoplast solution (0.1 M Tris-HCl (pH 7.3); 0.05 M NaCl; 

0.4 M sucrose) according to Patel et al. (1993). After 10 min incubation at room 
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temperature, the protoplasts were removed from the solution by centrifugation 

and the supernatant containing the S-layer was dialyzed against dH2O overnight.  

 

nanoLC-MS/MS analysis. S-layer protein samples are currently being analyzed 

by nano-LC-MS/MS as described by Voisin et al. (2005). Briefly, S-layer protein 

extracts were trypsin digested and analyzed using a Q-TOF 2 hybrid quadrupole 

time-of-flight mass spectrometer coupled to a CapLC capillary HPLC system 

(Waters, Milford, MA). The mass spectrometer was set to automatically acquire 

MS/MS spectra on doubly, triply and quadruply charged ions. All MS/MS spectra 

were examined manually for the presence of unusual modifications. 

 

Accession numbers. All sequence data referred to in this chapter will be 

deposited in GenBank/DDBJ/EMBL databases shortly. 

 

RESULTS 

Selection of M. voltae genes to target for study. Previous analysis of the M. 

voltae genome used known bacterial and eukaryotic glycosylation genes as 

BLAST queries to identify possible homologs in M. voltae (Chaban et al., 2006). 

In an attempt to move beyond direct homology searches and understand the 

underlying properties necessary of enzymes involved in N-glycosylation, known 

N-glycosylation proteins from Saccharomyces cerevisiae, C. jejuni, and M. voltae 

were examined for two properties; namely, number of transmembrane domains 

(TMDs) and conserved domains (CDs). TMDs, as predicted by TMpred (Hofmann 

and Stoffel, 1993), were deemed an important characteristic to consider because 
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the N-glycosylation process is invariably localized to a membrane, implying that 

some type of anchoring feature would be required. CDs, as recognized by NCBI’s 

Conserved Domain Database (available at 

http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi; (Marchler-Bauer et al., 

2005) were also considered, since functional similarity does not always translate 

into sequence (and therefore BLAST) similarity.  

The summary of this analysis (Table 3-2) reveals a number of useful 

observations. Firstly, with the sole exception of PglA (which contained a 

hydrophobic region that fell just below the cutoff value in TMpred for the 

existence of a TMD), every protein involved in N-glycosylation has at least one 

TMD. Closer examination of the glycosyl transferases that have their activity on 

the cytoplasmic face of their respective membranes (the glycosyl transferases 

listed above the flippase enzyme in each system in Table 3-2) further reveals that 

these enzymes contain few TMDs (generally 1-4) and possess a recognizable 

glycosyl transferase type 1 or 2 domain. The exceptions to this trend appear to 

be limited to the glycosyl transferase responsible for the attachment of the first 

nucleotide-activated sugar to the lipid carrier (Alg7/Mv1751 and PglC) and the 

unique Alg13/Alg14 complex (both proteins must associate to form an active 

transferase; Bickel et al., 2005). Conversely, glycosyl transferases that face the 

luminal side of the membrane (in eukaryotes only), appear to be embedded 

within the membrane (having 10-14 TMDs) and have distinct classes of CDs from 

their cytoplasmic-facing counterparts. Finally, information from the known 

flippases, limited by the availability of only two proteins for comparison,  
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Table 3-2. Properties of the components of N-linked glycosylation systems. 

GI no. Protein Function TMD CD 
Saccharomyces cerevisiae (Eukaryote) 
1370470 Alg5 gt 2 Glycos_transf_2 
6325441 Dpm1 gt 1 Glycos_transf_2 
536653 Alg7 gt 11 Glycos_transf_4 

6321391/ 
6319544 

Alg13/ 
Alg14 

gt 2/ 
2 

Glyco_tran_28_C/ 
none 

536377 Alg1 gt 3 Glycos_transf_1 
1322572 Alg2 gt 4 Glycos_transf_1 
1301907 Alg11 gt 3 Glycos_transf_1 
536015 Rft1 flippase 12 Rft protein 
586444 Alg3 gt 10 ALG3 protein 

1302235 Alg9 gt 10 Glyco_transf_22 
47678269 Alg12 gt 13 Glyco_transf_22 
1420090 Alg6 gt 13 Alg6_Alg8 
1420215 Alg8 gt 14 Alg6_Alg8 
1706435 Alg10 gt 11 DIE2/ALG10 
6321416 Stt3p ot 14 STT3 

Campylobacter jejuni (Bacteria)  
5771412 PglC gt 1 Bac_transf 
5771411 PglA gt 0 Glycos_transf_1 

57166812 PglJ gt 2 Glycos_transf_1 
57166814 PglH gt 2 Glycos_transf_1 
57166813 PglI gt 1 Glycos_transf_2 
3413446 WlaB flippase 6 ABC_ATPase 
5771410 PglB ot 11 STT3 

Methanococcus voltae (Archaea) 
87045855 Mv1751 gt 7 Glycos_transf_4 

- ? gt ? ? 
87045840 AglA gt 1 Glycos_transf_1 

- ? flippase ? ? 
87045854 AglB ot 13 STT3 
Methanococcus voltae genes targeted 

 Mv990 gt 2 Glycos_transf_2 
 Mv991 gt 1 Glycos_transf_2 
 Mv891 flippase 11 Polysacc_synt 

 
TMD, transmembrane domains (predicted by TMpred); CD, conserved domains 
(from NCBI Conserved Domain Database); gt, glycosyl transferase; ot, 
oligosaccharyl transferase; ?, gene for this step unknown at this time. 
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tentatively indicates that these are membrane-bound proteins (contain several 

TMDs). 

Using this information, several M. voltae gene candidates that were 

identified as glycosyl transferases or possible transporters were similarly 

characterized. The genes with the appropriate characteristics, Mv990, Mv991 and 

Mv891, were chosen for study and are listed in Table 3-2 and their genomic 

context is diagramed in Fig 3-2. The genomic context was considered important 

in its potential to offer clues as to a gene’s function and also in the fact that 

intergenic regions in M. voltae tend to be quite short, creating the potential for 

multigene transcripts. 

 

Generation of M. voltae mutants. The genes Mv990, Mv991 and Mv891 were 

individually targeted for knock-out by removing the genomic copy of the gene and 

replacing it with a selectable antibiotic marker (puromycin cassette). The 

puromycin cassette used in this study was designed with an additional promoter 

after the antibiotic resistance terminator sequence to allow for the restarting of a 

multigene transcript. For Mv891 and Mv991, the puromycin cassette was inserted 

so that the additional promoter was facing downstream genes. For Mv990, which 

was the last gene in a directional series of genes (Fig. 3-2), the puromycin 

cassette was inserted in the opposite orientation to prevent further transcription. 

Confirmation of gene replacement was achieved by Southern blot analysis (Fig. 

3-3), where the expected wild type and knock-out patterns were obtained.  
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993 – hypothetical protein
994 – molybdenum transport system permease protein modB
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Figure 3-2. Schematic of the M. voltae genomic regions of interest 
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F
left are the Southern blot results of each deletion (gene indicated under each bl

with the restriction enzyme used). M, λ-HindIII marker representing 23, 9, 6.5, 4.3, 

2.3, 2 and 0.5 kb; wt, genomic DNA from wild type M. voltae; ∆, genomic DNA 

from indicated M. voltae deletion strain. To the right is a schematic of the genom

region probed with expected DNA fragment sizes. The targeted gene is dark 

grey, the puromycin resistance cassette is represented by black (promoters), 

grey (puromycin gene) and white (terminator), the DIG-labeled probe is cross-

hatched; HindIII sites are marked by vertical arrows while XhoI sites are marke

by vertical round-topped markers where relevant.  
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Effects on flagellin glycosylation. The first indicator proteins examined to 

determine if any knock-outs had an effect on N-glycosylation were the flagellin 

proteins. M. voltae contains four flagellin proteins (two major flagellins, FlaB1 and 

FlaB2, and two minor flagellins, FlaA and FlaB3), all of which are modified by the 

same N-linked trisaccharide. Immunoblotting of whole cell lysates was used to 

detect any shifts in apparent molecular weight of the major flagellins (given the 

high sequence similarity between FlaB1 and FlaB2, polyclonal antibodies raised 

to FlaB2 cross-react with both; Bayley and Jarrell, 1999). Both Mv990- and 

Mv991- cells had significant reductions in the apparent molecular weights of their 

flagellins (Fig. 3-4), indicating an alteration in glycosylation status. To help clarify 

the extent of the alteration, two forms of M. voltae flagellin were used as controls. 

M. voltae flagellins, like all archaeal flagellins, are first synthesized as preproteins 

with a 12-amino acid leader sequence (Thomas et al., 2001a). This signal peptide 

is cleaved by a dedicated preflagellin peptidase (Correia and Jarrell, 2000) to 

generate mature flagellins. To indicate the apparent molecular weight of mature, 

fully-glycosylated flagellin (31-33 kDa), wild-type whole cell lysates were used 

(Fig. 3-4, lanes 1 and 6). As well, to indicate the apparent molecular weight of 

unglycosylated flagellin, M. voltae FlaB2 flagellin was overexpressed in E. coli  

(which alone cannot process or glycosylate archaeal flagellins; Bardy and Jarrell, 

2003). Subsequently, FlaB2-containing E. coli membranes were used in an 

established preflagellin peptidase assay (Correia and Jarrell, 2000) to generate 

unglycosylated FlaB2 flagellins both with and without their signal peptide 

sequences (Fig. 3-4, lane 4). 
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Figure 3-4. Immunoblot of M. voltae flagellins FlaB1/2. Markers denote 34, 26 

and 17 kDa.  Lanes 1 and 6, wild-type M. voltae; lane 2, Mv990 mutant (aglC1); 

lane 3, Mv991 mutant (aglC2); lane 4; M. voltae FlaB2 expressed in E. coli, with 

and without (arrow) signal peptide; lane 5, Mv891 mutant.  Resolved on a 15% 

acrylamide gel. 
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 For both Mv990- and Mv991- cells, the FlaB1/B2 flagellins migrate to an 

apparent molecular weight approximately consistent with completely 

unglycosylated, but N-terminally processed flagellin protein (Fig. 3-4, compare 

lanes 2 and 3 with lower band in lane 4). Conversely, Mv891- flagellin appear 

equivalent in molecular weight to wild-type flagellin, indicating no change to the 

glycosylation status of this knock-out. 

 

Effect on gross cellular appearance and flagella structure. To evaluate the 

effect of each knock-out on overall cell appearance and flagella function, cells 

were examined by both phase contrast microscopy and transmission electron 

microscopy (TEM). Wild-type M. voltae cells were visibly motile under phase 

contrast microscopy and contained many flagella when examined under TEM 

(Fig. 3-5A). In contrast, both Mv990- and Mv991- cells appeared non-motile when 

viewed under phase contrast microscopy and, correspondingly, possessed no 

flagella under TEM examination (Fig. 3-5B and 3-5C). Mv891- cells appeared as 

motile as wild-type cells under phase contrast microscopy. However, quite 

unexpected, approximately half the Mv891- cell culture was composed of cells 

that were three to four times the diameter of wild-type cells (which are usually 1-2 

µm). This was confirmed by TEM examination, where both giant cells and 

normal-sized cells were clearly observed in the Mv891- culture and both cell sizes 

possessed visible flagella (Fig. 3-5D). 

 

Co-transcription of Mv990 and Mv991. Because of the gene orientation of 

Mv990 and Mv991 (Fig. 3-2A) and the short intergenic region between the two  

 88



 

A

C D

BA

C D

B

 

 

 

Figure 3-5. Electron micrographs of M. voltae wild type and glycosylation 

mutants. A, Wild type M. voltae; B, Mv990 mutant (algC1); C, Mv991 mutant 

(algC2); D, Mv891 mutant. Scale bar equals 1 μm. 
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genes (42 bp), it was thought likely that these genes were co-transcribed. RT-

PCR was used to determine the transcription status of Mv990 and Mv991 in wild 

type and knock-out cells. Fig. 3-6 clearly shows that in wild type cells, a single 

RNA transcript exists for both Mv991 and Mv990. As well, in Mv991- cells, the 

disruption of Mv991 results in the expected loss of RNA transcript for Mv991 and 

RT-PCR did not detect the region between Mv991 and Mv990 (since the binding 

site for the forward primer would have been deleted). The additional promoter 

added at the end of the Mv991 deletion (on the puromycin cassette) restarted 

transcription and the transcript for Mv990 was detectable (Fig. 3-6). Analysis of 

the RNA content from Mv990- cells revealed the expected loss of RNA for Mv990 

and also did not detect the intergenic region (in this case, the binding site for the 

reverse primer would have been deleted). Transcription of Mv991 was not 

affected in the Mv990- mutant. Collectively, these results indicate that the deletion 

of Mv991 did not disrupt the transcription of Mv990 and vise versa, suggesting 

that the phenotypes obtained from each mutant are the result of that gene 

deletion alone. 

 

Effects on S-layer protein glycosylation. Without flagella filaments on Mv990- 

and Mv991- cells available to isolate, characterization of the exact alteration to 

the N-glycan in these cells required another indicator protein. Since it has been 

previously established that the same trisaccharide is present on both the 

flagellins and the S-layer proteins in M. voltae (Voisin et al., 2005) and that 

apparent molecular weight shifts of flagellin proteins result in corresponding shifts 

in S-layer proteins (Chaban et al., 2006), SDS-PAGE separated whole cell  
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Figure 3-6. Co-transcriptional analysis of Mv990 and Mv991. Top schematic 

represents the genome region examined. *991 primer set used Mv990 RNA, 

Connect primer set used wt RNA, 990 primer set used Mv990 RNA; RNA added 

to master mix and set on ice for 30 min, followed by 95°C denaturing of reverse 

transcriptase. 
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lysates were examined (Fig. 3-7). The S-layer protein is the most abundant 

protein in M. voltae cells and migrates at approximately 76 kDa (Koval and 

Jarrell, 1987). As expected, Mv990- and Mv991- cells had a significant reduction 

in S-layer protein apparent molecular weight compared to wild-type while Mv891- 

cells appeared indistinguishable from wild-type. There was no other detectable 

different in whole protein profiles between samples.  

 

Mass spectrometry analysis of S-layer proteins. To experimentally confirm the 

observation that Mv990 and Mv991 gene knock-outs resulted in complete or near 

complete abolishment of N-glycosylation on the flagellin and S-layer proteins, S-

layer proteins were purified from wild type, Mv990- and Mv991- cells and have 

been sent for mass spectrometry analysis. Unfortunately, the results of this 

analysis are not yet available. 

 

DISCUSSION  

This report details the continued examination of the M. voltae genome for 

N-glycosylation pathway genes and the identification of two novel glycosyl 

transferases. The assembly and attachment portion of the N-glycosylation 

pathway in M. voltae is currently believed to contain five steps; three glycosyl 

transferases to assemble the novel trisaccharide, a flippase to transport the 

completed glycan across the cytoplasmic membrane and an oligosaccharyl 

transferase to attach the glycan to flagellin and S-layer proteins (Fig. 3-1). 

Previous study (Chaban et al., 2006) has confirmed the identity of the third 

glycosyl transferase (AglA) and the oligosaccharyl transferase (AglB), as well as  
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Figure 3-7. Coomassie blue stain of SDS-PAGE separated whole cell proteins. 

Lane 1, marker indicating 170, 130, 95, 72, 55, 43, 34 and 26 (bottom) kDa; 

Lanes 2 and 6, wild-type M. voltae; lane 3, Mv990 mutant (aglC1); lane 4, Mv991 

mutant (aglC2); lane 5, Mv891 mutant.  The S-layer protein is the most abundant 

protein in the cell and is indicated by the arrow.  Proteins were separated on a 

10% acrylamide gel. 

 93



proposed a reasonable candidate for the first glycosyl transferase (Mv1751). This 

left the second glycosyl transferase (responsible for attaching an acetylated 

glucuronic acid to the structure) and the flippase enzyme unaccounted for. 

The two genes targeted in this study as candidates for the second glycosyl 

transferase were Mv990 and Mv991. These genes are located adjacent to each 

other and at the end of a set of similarly oriented genes on the chromosome (Fig. 

3-2A). Deletions of Mv990 and Mv991 were made and both resulted in N-

glycosylation defects to the flagellin and S-layer proteins (Fig. 3-4 and 3-7, 

respectively). Originally, this result was interpreted to mean that the attempt to 

restart transcription after the Mv991 deletion had failed and the Mv991- actually 

represented a Mv991/Mv990 double deletion. However, co-transcriptional 

analysis of these genes in Mv991- (Fig. 3-6) indicated that RNA for Mv990 was 

still present. Conversely, Mv990- cells showed no impairment in Mv991 

transcription (Fig. 3-6). These results imply that the phenotypes generated by 

each deletion are the sole result of that single gene loss. As a caveat, it is worth 

stating that without specific antibodies to Mv990 and Mv991, translation of each 

gene product could not be verified. 

The Mv990/Mv991 results as determined to date make for a difficult 

interpretation. The N-glycosylation pathway in M. voltae is expected to require 

three glycosyl transferases, one for each monosaccharide in the glycan. Genes 

for the first and third step of this process have already been identified or verified 

(Chaban et al., 2006), leaving only one missing glycosyl transferase to identify. 

The data from this study has apparently identified two glycosyl transferases, 

Mv990 and Mv991, for one step. These genes cannot be redundant, since the 
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loss of one is not compensated by the presence of the other. There is a case 

proven in S. cerevisiae were two gene products are required to dimerize to form a 

single functional glycosyl transferase (Bickel et al., 2005). The second step in the 

N-glycosylation pathway in eukaryotes was shown to require both Alg13 and 

Alg14 for the addition of a nucleotide-activated N-acetylglucosamine. It was found 

that Alg14 is a membrane-bound protein with no detectable glycosyl transferase 

activity while Alg13 has glycosyl transferase activity but remained cytosolic 

without Alg14. Study showed that Alg14 localizes Alg13 to the membrane for 

function (Bickel et al., 2005). Analysis of Mv990 and Mv991 finds that both 

proteins have a complete glycosyl transferase 2 domain and two or one 

transmembrane domains, respectively. There is no apparent reason why each 

protein could not act as a functional glycosyl transferase independently. 

It is hoped that structural data of the S-layer protein samples from Mv990- 

and Mv991- will help clarify the role of each enzyme. It is anticipated, based on 

the apparent molecular weights of the flagellin proteins seen in Fig. 3-4, that the 

mass spectrometry results will find that the peptide backbone is mainly 

unmodified, with only a few N-acetylglucosamine residues at N-glycan sites, 

consistent with the loss of the second glycosyl transferase in the pathway. 

Without the second glycosyl transferase, assembly of the trisaccharide would be 

blocked at the attachment of the second sugar to the lipid carrier. This would 

leave only the first sugar, N-acetylglucosamine, lipid-linked and available for 

translocation and attachment to flagellin and S-layer proteins. It has been 

reported in eukaryotic systems that incomplete glycans can be attached to their 

target protein, but concede that these structures are transferred with reduced 
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efficiency (Turco and Robbins, 1979;Munoz et al., 1994). The Stt3p/PglB/AglB 

protein is known to transfer glycans en bloc to their target sites and a lower limit 

of glycan size recognition, either at the flippase step or the final transferase step, 

is very possible. In addition, this reduced efficiency of transfer would explain 

slight size variations in target protein sizes observed between cultures (see Fig. 

3-4; Mv990- flagellin (lane 2) appears just slightly larger than Mv991- flagellin 

(lane 3)). Repeated cultures and immunoblots would reveal very slight size 

variations in flagellin apparent molecular weights (data not shown), explainable 

by a variable transfer rate of such an incomplete glycan. Whether additional 

information will be found from S-layer samples to differentiate Mv990- and Mv991- 

remains to be seen. However, evidence to date indicates that both Mv990 and 

Mv991 play a role as the second glycosyl transferase in the N-glycosylation 

pathway in M. voltae, responsible in some way for the attachment of the 

acetylated glucuronic acid to the structure and as such, Mv990 is renamed aglC1 

and Mv991 is renamed algC2. 

The function of Mv891, annotated simply as a transporter and investigated 

as a flippase candidate, is even less definable. Clearly, Mv891 had no effect on 

the apparent molecular weights of the flagellin or S-layer proteins, nor on flagella 

assembly and function, indicating this gene does not code for the M. voltae 

flippase. However, the deletion of Mv891 had a drastic effect on cell size; 

approximately half the cell population transformed into giant cells with diameters 

three to four times that of wild-type cells (Fig. 3-5D). This translates into an 

exponential increase in cell volume. The only precedent for M. voltae cells with a 

similar size phenotype comes in the form of a report where a protein involved in 
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the structural maintenance of chromosomes (smc) was inactivated (Long and 

Faguy, 2004). The result was a mutant population where ~20% of cells contained 

little or no DNA and a subset of cells (~2%) had diameters three to four times 

larger than normal. The authors postulate that these titan cells indicate cell 

division arrest at a cell cycle checkpoint (Long and Faguy, 2004). Examination of 

the current annotations of the genes from Mv891 to Mv898 (Fig. 3-2B), reveals 

no genes annotated as related to cell division or cell cycle control. As such, the 

reason for this unexpected effect remains unknown. 

The overall findings in this study continue to reinforce both the similarities 

and differences between the N-glycosylation pathways in Eukarya, Bacteria and 

Archaea. A clearer picture is emerging of what characteristics glycosyl 

transferases must possess to assemble glycan structures on the cytoplasmic 

face of a membrane. This offers promise in the future study of N-glycosylation in 

prokaryotes, where the entire assembly of the glycan appears to occur on the 

cytoplasmic face of the cytoplasmic membrane. The ability to identify reasonable 

components for glycan assembly is especially helpful in Archaea, where pathway 

components appear to be randomly distributed around the chromosome (Chaban 

et al., 2006), instead of all together as a gene locus in Bacteria (Szymanski et al., 

2003). In addition, the highly conserved nature of the oligosaccharyl transferase, 

Stt3p/PglB/AglB across all domains of life reinforces the universality of N-

glycosylation in living systems. What has come as a surprise is the apparent 

divergence of the flippase enzyme in this pathway. The eukaryotic flippase, Rft1, 

is a unique ATP-independent transporter (Helenius et al., 2002), while the 

bacterial flippase, WlaB, falls into the well-defined ATP-binding cassette 
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transporter family (Szymanski et al., 2003). Added to this is the fact that the M. 

voltae proteins similar to Rft1 or WlaB appear to have different functions, leaving 

the archaeal flippase a mystery. Whether the differences in exporting different 

types of glycan structures through different types of membranes would explain 

this divergence remains to be investigated. What has been established is that 

examination of the N-glycosylation pathway at the molecular level in Archaea can 

add to our knowledge of this important protein modification process, not only in 

this domain, but to N-glycosylation processes in general. 
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ABSTRACT 

The archaeal flagellum is a unique motility apparatus. Most of the currently 

recognized archaeal flagella-related genes fall into a single fla operon that usually 

contains the genes for the flagellin proteins (two or more genes designated as 

flaA or flaB), some variation of a set of conserved proteins of unknown function 

(flaC, flaD, flaE, flaF, flaG and flaH), an ATPase (flaI) and a membrane protein 

(flaJ). In addition, the flaD gene has been demonstrated to encode two proteins; 

a full-length gene product and a truncated product derived from an alternate, 

internal start site. A systematic deletion approach was taken using the 

methanogen Methanococcus maripaludis to investigate the requirement and a 

possible role of these proposed flagella-related genes. Markerless in-frame 

deletion strains were created for most of the genes in the M. maripaludis fla 

operon. In addition, a strain unable to produce the internally derived FlaD protein 

(IntDelD) was also created. DNA sequencing and Southern blot analysis 

confirmed each mutant strain and the integrity of the remaining operon was 

confirmed by immunoblot. With the exception of the ΔFlaB3 and IntDelD strains, 

all mutants appeared non-motile by light microscopy and non-flagellated by 

electron microscopy. A detailed examination of the ΔFlaB3 mutant flagella 

revealed that these structures had no hook region while the IntDelD strain 

appeared identical to wild type. Each deletion strain was complemented and 

motility and flagellation was restored. Collectively, these results demonstrate for 

first time that these fla operon genes are directly involved and critically required 

for proper archaeal flagella assembly and function. 
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INTRODUCTION 

Motility is a common prokaryotic feature and the mechanisms utilized to 

carry out this function are as varied as the organisms that possess them (Bardy 

et al., 2003). The bacterial flagella (Macnab, 2004) and type IV pili (Hansen and 

Forest, 2006) systems have been well studied, with many of the genes required 

for the assembly and function of these structures identified and characterized. 

Unfortunately, our understanding of the archaeal flagella system is not nearly as 

complete. Although similar in function to the bacterial flagellum, the archaeal 

flagellum is recognized as a unique motility structure with several similarities to 

the type IV pilus (Ng et al., 2006;Trachtenberg and Cohen-Krausz, 2006). One 

genetic locus, containing up to 13 flagella-related genes, has been identified in 

the genome sequences of the majority of flagellated archaea (Jarrell et al., 2007). 

This operon usually contains several flagellin genes (annotated as flaA’s and/or 

flaB’s) followed by a conserved set or subset of flagella-related proteins (flaC-

flaJ). In addition, outside this cluster, a preflagellin peptidase (flaK or pibD) 

(Bardy and Jarrell, 2003;Albers et al., 2003) and several genes involved in N-

glycosylation of the flagellins (Chaban et al., 2006) are also known. 

The archaeal flagella operon has been studied in an attempt to gain a 

better understanding of the archaeal flagellum. It has been shown in 

Methanococcus voltae that genes in the cluster are co-transcribed (Kalmokoff 

and Jarrell, 1991) and that inactivation of the entire locus results in non-

flagellated cells (Jarrell et al., 1996a). Within the locus, the most well 

characterized genes are the flagellins. Structurally unique from bacterial 

flagellins, multiple archaeal flagellin genes are usually located at the start of the 
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locus. The different flagellins appear to have distinct functions, with mutation 

studies in M. voltae and Halobacterium salinarum both demonstrating that 

inactivation of different flagellins results in different flagella defects (Jarrell et al., 

1996a;Tarasov et al., 2000). There also appears to be a spatial distribution of the 

flagellins in the final flagella, with the major M. voltae flagellins FlaB1 and FlaB2 

found to make up the bulk of the filament (Kalmokoff et al., 1988) while the minor 

flagellin FlaB3 was greatly enriched in cell-proximal filament samples, implicating 

it as a hook protein candidate (Bardy et al., 2002). 

Of the other fla genes in the operon, the most conserved are flaHIJ. These 

genes are present in the genome sequences of all flagellated archaea and are 

believed to be involved in the export of the flagellins. FlaI and FlaJ are two of the 

few proteins that have bacterial homologs. FlaI contains a Walker Box A motif 

and has long been recognized as similar to the ATPases involved in type IV pilus 

extension and retraction (PilT/PilB in Pseudomonas aeruginosa; (Bayley and 

Jarrell, 1998); TadA in Actinobacillus actinomycetemcomitans (Kachlany et al., 

2000)). In support of this, Albers and Driessen (2005) have demonstrated that 

FlaI from Sulfolobus solfataricus possesses divalent cation-dependent ATPase 

activity. Recently, Yamagata and Tainer (2007) reported the crystal structure of 

the Archaeoglobus fulgidus FlaI homolog (GspE) to be a hexametric ring with 

open and closed confirmations. The structural data suggests a unified piston-like, 

push-pull mechanism for ATP hydrolysis-dependent conformational changes 

which would be suitable to drive secretion and assembly processes. FlaJ, 

predicted to have numerous transmembrane domains, is an integral membrane 

protein similar to the conserved membrane PilC/TadB components of the type IV 
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pili system (Peabody et al., 2003;Kachlany et al., 2000). Since PilC is believed to 

interact with the corresponding ATPase in the type IV pilus system (Alm and 

Mattick, 1997), it has been proposed that FlaI and FlaJ may interact in a similar 

fashion in the archaeal flagella system (Jarrell et al., 2007). The role of FlaH is 

less clear, with no strong similarity to any bacterial protein. However, the 

universal association of FlaH with FlaI and FlaJ, and the recognition of FlaH as a 

potential ATPase (with a Walker Box A motif), suggests that it too is likely a 

required component for the export/assembly system of the flagella.  

Interestingly, some archaea contain two or more copies of some or all of 

the flaHIJ gene set (Jarrell et al., 2007). Mutational studies of the flaH, flaI and 

flaJ genes in M. voltae (Thomas et al., 2001;Thomas et al., 2002) and of the flaI 

gene in H. salinarum (Patenge et al., 2001) where the targeted gene was part of 

the flagella locus demonstrated that each gene was necessary for flagellation. 

However, H. salinarum contains two additional copies of flaI located elsewhere in 

the genome (Jarrell et al., 2007). These additional copies were unable to 

compensate for the deletion of flaI in the flagella locus, suggesting that the flaHIJ 

set located in the immediate vicinity of the flagellin genes may be solely 

dedicated to flagellin export. 

The roles of the flaC-flaG genes in archaeal flagellation are very poorly 

understood. These genes have been assumed to be involved in flagellation 

based on their co-transcriptional status and location between the flagellins and 

flaHIJ, although no supporting data has been presented to confirm this 

functionality. While all the flaC-flaG genes can be identified in most flagellated 

Euryarchaeota, only flaF and flaG have ever been identified in Crenarchaeota 
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(Jarrell et al., 2007). Indeed, the number of putative open reading frames located 

between the flagellins and flaHIJ simply do not leave room for all of flaC-flaG in 

these organisms (Ng et al., 2006). Furthermore, none of these genes have been 

reported in non-flagellated archaea and no bacterial homologs have been 

recognized (Ng et al., 2006). 

Despite this lack of functional information regarding flaC-flaG, a few 

interesting observations have been made. The first is that the flaD gene has been 

shown to encode two proteins; a full-length gene product and a smaller, 15-16 

kDa protein that initiates at an in-frame methionine next to a strong ribosomal 

binding site within the C-terminal portion of the gene. Both versions of FlaD have 

been detected in Methanococcus species; in M. voltae by in vitro expression of 

the FlaD gene in E. coli and immunoblot of M. voltae membrane preparations 

(Thomas and Jarrell, 2001) and in Methanococcus jannaschii by 2-D gel 

proteomic analysis (Mukhopadhyay et al., 2000). The truncated FlaD protein is 

very similar to the full-length FlaE protein, having 42.7% identity over their 

lengths (Thomas and Jarrell, 2001). The role, if any, of this truncated FlaD in 

flagellation is unknown. A second interesting observation is that several archaea 

possess one large gene with similarity to flaC, flaD and flaE. Notable in H. 

salinarum and Methanococcoides burtonii, the predicted protein is 504 aa and 

aligns with M. voltae FlaC (188 aa) over its N-terminal region and FlaD (362 aa) 

over the remainder of its length. Because of the strong sequence similarity 

between FlaD and FlaE, this also means the M. voltae FlaE (127 aa) aligns to the 

C-terminal portion of the large protein (Jarrell et al., 2007). If this single, large 

protein is fulfilling the roles of FlaC, FlaD and FlaE in these archaea, it could 
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indicate that where these proteins are found individually, they interact with each 

other. Furthermore, FlaC, FlaD and FlaE have all been shown to be membrane-

associated (Thomas and Jarrell, 2001). 

To examine the roles and requirements of the fla genes in the archaeal 

flagella operon, this study set out to create in-frame deletions and 

complementations of each gene in the mesophilic methanogen Methanococcus 

maripaludis flagella locus. M. maripaludis was chosen as the model organism 

because it contains a complete set of fla genes, with three flagellin genes (flaB1, 

flaB2 and flaB3), and the remaining flaC-J (Fig. 4-1). With recent advances in 

genetic tools available for M. maripaludis (Moore and Leigh, 2005), based on 

pioneering techniques in Methanosarcina acetivorans (Pritchett et al., 2004), it is 

now possible to create markerless, in-frame deletions of genes within co-

transcribed operons without affecting neighbouring genes and then complement 

these deletions in trans. Each M. maripaludis fla gene was targeted for deletion 

with the exception of flaJ. The flaJ gene has been previously inactivated and 

shown to be necessary for flagellation in the closely related methanogen M. 

voltae (Thomas et al., 2002). Given the location of flaJ at the end of the operon 

and its homology to known integral membrane proteins in the type IV pili system, 

the creation of a ∆FlaJ strain was not foreseen to offer any new insights. In 

addition to targeting fla genes for deletion, the internal start site for the 15 kDa 

FlaD protein was also mutated and the effect of the loss of this protein on 

flagellation was characterized.  
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Figure 4-1.  M. maripaludis flagella operon.  The co-transcribed gene cluster is 

representative of the flagella operon in Euryarchaeota, containing three flagellin 

genes (flaB1-flaB3), six genes of unknown function (flaC-H), flaI (an ATPase) and 

flaJ (an integral membrane protein).  
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MATERIALS AND METHODS 

Strains, cultures and growth conditions. M. maripaludis strain S2 and Mm900 

(a derivative of S2 with Δhpt (hypoxanthine phosphoribosyltransferase) (Moore 

and Leigh, 2005)) were grown under strict anaerobic conditions in Balch III 

medium (Balch et al., 1979), McCas medium or McCas nitrogen-free medium 

supplemented with L-alanine (10 mM) or ammonium chloride (10 mM) (Moore 

and Leigh, 2005) at 30°C under an atmosphere of CO2/H2 (20:80). In our hands, 

M. maripaludis is more flagellated and motile at 30°C compared to 37°C, so cells 

were routinely cultured at 30°C. Neomycin sulfate (final concentrations of 1.0 

mg/ml of broth and 0.5 mg/ml of agar), 8-azahypoxanthine (0.25 mg/ml) or 

puromycin (2.5 μg/ml; MP Biomedicals Inc., Solon, OH) was added when 

necessary. Escherichia coli DH5α was used for all in vitro cloning and was grown 

in Luria-Bertani medium at 37°C and supplemented with 100 µg/ml ampicillin 

when necessary. E. coli strain BL21(DE3), also harbouring the pSJS1240 

plasmid which codes for rare tRNA’s utilized by Methanococcus species, was 

used as an expression host for FlaD (Thomas and Jarrell, 2001).  

 

In-frame deletion plasmid construction. All in-frame deletion plasmids were 

constructed using pCRPrtNeo (Moore and Leigh, 2005) based on the M. 

maripaludis fla operon sequence GI:12247862 from GenBank. Approximately 1 

kb of sequence upstream and downstream of the targeted gene was PCR 

amplified using the primers listed in Table 4-1. The upstream portion was 

amplified using the 2kb_up_gene and DelStartgene primer pair while the 



Table 4-1. Primers used in this study. 

Gene Propose Primer name Sequence Restriction 
site added 

FlaB1 Deletion 2kb_up_B1 CCTCGAGTAATACATCAGTTTGACAGG XhoI 
  DelStartB1 TGGCGCGCCTCATGATTGAACCTCCTAAG AscI 
  DelStopB1 TGGCGCGCCACAACACTTGTAGAACTTC AscI 
  2kb_down_B1 CGGATCCCAACTGTTGAAGCTTTGTGC BamHI 
 Confirm Seq_Del_B1For CATATTTCTTCGGGAATATC  
  Seq_Del_B1Rev GTTGTAAGAATCCGCTTGTG  
 Complement Comp_B1/B2For CCAATGCATGAAAATAACAGAATTCATGA NsiI 
  Comp_B1Rev GCTCTAGATTATTGAAGTTCTACAAGTGTTG XhoI 

FlaB2 Deletion 2kb_up_B2 CGGATCCGATCCTATCATTATTATCACG BamHI 
  DelStartB2 TGGCGCGCCTTTTCATAATTGAACCTCC AscI 
  DelStopB2 TGGCGCGCCTTACAATAAGCCCCTTGC AscI 
  2kb_down_B2 CGGATCCGAAATGCCTATGAATGGATTG BamHI 
 Confirm Seq_Del_B2For AATGCAGTTATCAACAAAGG  
  Seq_Del_B2Rev GCTGCAACGAGCACCATTGC  
 Complement Comp_B1/B2For same as B1 comp NsiI 
  Comp_B2Rev GCTCTAGATTATTGTAATGAAACTACTTTTTCAG XhoI 

FlaB3 Deletion 2kb_up_B3 CGGATCCTGAGCAGCGGAAACTCAAGTG BamHI 
  DelStartB3 TGGCGCGCCTTACCATTTCACCACCTCGGA AscI 
  DelStopB3 TGGCGCGCCCAATAATGGTGATATTATG AscI 
  2kb_down_B3 CGGATCCACAGGCTCCACAACGGGTTC BamHI 
 Confirm Seq_Del_B3For GCACCAGTTATCAACAAAGG  
  Seq_Del_B3Rev AAACTAAATTCGTCATCAGG  
 Complement Comp_B3For CCAATGCATGGTAAAAAAATTCATGAAGAG NsiI 
  Comp_B3Rev GCTCTAGATTATTGAAGTGTAACTACTGTTT XhoI 

FlaC Deletion 2kb_up_C CCTCGAGTGCAATAGACATGAATCAGG XhoI 
  DelStartC TGGCGCGCCAGATATTAGGCATAATATCACC AscI 
  DelStopC TGGCGCGCCGGAGAGGATTCCGATGATTGG AscI 
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  2kb_down_C CGGATCCATGCTGCAGTGTTCATTTCG BamHI 
 Confirm Seq_Del_CFor AGGATAGTGACAACTCAACC  
  Seq_Del_CRev ATTCATCCATTTCACTCTCG  
 Complement Comp_CFor CCAATGCATGCCTAATATCTCAGAGAT NsiI 
  Comp_CRev CGACGCGTTCAGTGATGGTGGTGATGATGACGA 

CCCTCAATGGATCCCCAATCATCGGAATCCTCTC 
MluI 

FlaD Deletion 2kb_up_D CGGATCCGTAATTGGACATGCAGATAC BamHI 
  DelStartD TGGCGCGCCTACCAATCATCGGAATCCTC AscI 
  DelStopD TGGCGCGCCATGTAATTTAAGTAACTAC AscI 
  2kb_down_D CGGATCCACTGCGTTGATAATGTATCG BamHI 
 Confirm Seq_Del_DFor AATCACAGCAACCAGCATGG  
  Seq_Del_DRev AATGCATCTTCTGGAACAGC  

IntDelFlaD Deletion 2kb_up_IntD CCCAAGCTTGTTCAGAACCTGAACCTGATGACG HindIII 
  DelStartIntD TTAATTCAGGTCTAATATTATTTCC SspI 
  DelStopIntD AAATAATATTAGACCTGAATTAACC SspI 
  2kb_down_IntD CCCAAGCTTCCAGAAGGACTTGCAATATCGTCG HindIII 
 Confirm Seq_Del_IntDFor CGGAAGACAAGAAGGCTGC  
  Seq_Del_IntDRev CTTTCATCAATTTGCTGATTGC  
 Expression IntD_His_For GGAATTCCATATGATTGGTAAC NdeI 
  IntD_His_Rev CCGCTCGAGCATTTTTGTAGTT XhoI 

FlaE Deletion 2kb_up_E CGGATCCATGGAGTTATTAATGAAGTGCTTGC BamHI 
  DelStartE TGGCGCGCCTGTTCATTTCGCTCACTCC AscI 
  DelStopE TGGCGCGCCGGGATTTAGTTCAACTGCGG AscI 
  2kb_down_E CGGATCCCCACCGATACTTAATTGAC BamHI 
 Confirm Seq_Del_EFor GGAAAGCTAATGAATGCATGG  
  Seq_Del_ERev TCATTTACTTTTGCAGACGTTA  

FlaF Deletion 2kb_up_F GCTCGAGATTGAACCTGTTGAGGAACC XhoI 
  DelStartF TGGCGCGCCACAACGTTAGTCCCGCAGTTG AscI 
  DelStopF TGGCGCGCCAATTTAAACTAAAGATCCTTG AscI 
  2kb_down_F CGGATCCTCTGTACTTCGCTTGCATCG BamHI 
 Confirm Seq_Del_FFor AACTATTGCTGACCACTTGG  
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  Seq_Del_FRev TAATGTATCGCCCTTACTGC  
 Complement Comp_FFor CCAATGCATGGGATTTAGTTCAACTGC NsiI 
  Comp_FRev CGACGCGTTCAGTGATGGTGGTGATGATGACGA 

CCCTCAATGGATCCGTTTAAATTGTAGTAATACTG
MluI 

FlaG Deletion 2kb_up_G CGGGATCCGAATGCATGGCTCCAGAAGACCACG BamHI 
  DelStartG TGGCGCGCCTTACTTCTGAGAAAACATTGG AscI 
  DelStopG TGGCGCGCCGGAGATGTCAATTAAGTATCG AscI 
  2kb_down_G CGGGATCCGGATAAATATCGGGTCACCTATTGG BamHI 
 Confirm Seq_Del_GFor ACAATCACGTCTGGTGAACTG  
  Seq_Del_GRev CCCACCAAGTCTTTTGTGAAC  
 Complement Comp_GFor CCAATGCATGGCATCCAATGTTTTCTC NsiI 
  Comp_GRev CGACGCGTTCAGTGATGGTGGTGATGATGACGA 

CCCTCAATGGATCCATTGACATCTCCAGTTATTG 
MluI 

FlaH Deletion 2kb_up_H CGGATCCAACTATTGCTGACCACTTGG BamHI 
  DelStartH TGGCGCGCCTTGCTAGTTTCAAATCAACCAC AscI 
  DelStopH TGGCGCGCCGCATAAGGTGGTAATATGG AscI 
  2kb_down_H CGGATCCCAGAAGTATCCTCACAGGAG BamHI 
 Confirm Seq_Del_HFor AATAGATGGAGAAATCCGAG  
  Seq_Del_HRev CTCGGAACAAATTCTGGGAC  
 Complement Comp_HFor CCAATGCATGAAACTAGCAAGAATAGAGCT NsiI 
  Comp_HRev GCTCTAGATTAGTGATGGTGGTGATGATGACGA 

CCCTCAATGGATCCTGCTACAGAGGATATTTCTA 
XbaI 

FlaI Deletion 2kb_up_I CGGGATCCGAAATTATTAATGATCCAGG BamHI 
  DelStartI TGGCGCGCCATGGGGATTGTTCATTTGTGC AscI 
  DelStopI TGGCGCGCCCCAGGTTTAAGGTGTTTCTTATG AscI 
  2kb_down_I CGGGATCCTGCGAAATACCCTCCAATGG BamHI 
 Confirm Seq_Del_IFor AAACAGCAACTTATTCTTTCG  
  Seq_Del_IRev AGAAGCGGCAGAAATAATACG  
 Complement Comp_IFor CCAATGCATGGCTGATGATTTCAAAACTGC NsiI 
  Comp_IRev GCTCTAGATTAGTGATGGTGGTGATGATG 

AACCTGGAATGGCAGTCCTTCC 
XbaI 



downstream portion utilized the DelStopgene and 2kb_down_gene set. The 

DelStart and DelStop primer sets were designed to introduce the restriction site 

AscI so that when the PCR products were purified, digested with AscI and 

ligated, the targeted gene remained in-frame and generated a residual peptide 

from 6-19 aa long. The ligation was reamplified with the 2kb_up_gene and 

2kb_down_gene primer set and cloned into pCRPrtNeo at the XhoI, HindIII or 

BamHI site to create pNeo-DelFlagene (Table 4-2). Correct assembly of the in-

frame region was confirmed by DNA sequencing. 

 

Internal FlaD start site mutation plasmid construction. Site-specific 

mutagenesis was based on the QuikChange mutagenesis kit from Stratagene to 

remove an in-frame internal start site in the flaD gene. Using the primers 

DelStartIntD and DelStopIntD (in conjunction with 2kb_up_IntD and 

2kb_down_IntD, respectively; Table 4-1), the ATG (methionine) was changed to 

ATT (isoleucine) and a novel SspI restriction site was generated. The final 2 kb 

fragment (identical to wild type sequence except for the G to T mutation) was 

cloned into pCR2.1-TOPO (Invitrogen) and pCRPrtNeo to create TOPO-IntDelD 

and pNeo-IntDelD, respectively (Table 4-2).  

  

Deletion construction. Using the strain Mm900 as the background strain, the fla 

genes flaB1, B2, B3, C, F, G, H and I were deleted and the internal flaD start site 

removed using the 2-step recombination method from Moore and Leigh (2005). 

Briefly, Mm900 cells were transformed according to Tumbula and Whitman 

(1999) and allowed to recover in McCas medium overnight without selection. A  
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Table 4-2. Strains and plasmids used in this study. 
 

Strain or plasmid Features Source or 
Reference 

Strains 
  S2 (formerly LL) wild-type M. maripaludis Whitman et al. 

1986 
  Mm900 S2 ∆htp Moore and Leigh 

2005 
  DH5α Escherichia coli K-12 cloning strain  
  BL21(DE3) E. coli containing pSJS1240 plasmid for rare 

tRNA expression 
Thomas and 
Jarrell 2001 

 
Plasmids 
  pCRPrtNeo Non-replicative plasmid in M. maripaludis 

with htp gene and NeoR cassette 
Moore and Leigh 
2005 

  pNeo-FlaB1 In-frame deletion of flaB1 in pCRPrtNeo This study 
  pNeo-FlaB2 In-frame deletion of flaB2 in pCRPrtNeo This study 
  pNeo-FlaB3 In-frame deletion of flaB3 in pCRPrtNeo This study 
  pNeo-FlaC In-frame deletion of flaC in pCRPrtNeo This study 
  pNeo-FlaD In-frame deletion of flaD in pCRPrtNeo This study 
  pNeo-IntDelD Point mutation to remove internal start site of 

flaD in pCRPrtNeo 
This study 

  pNeo-FlaE In-frame deletion of flaE in pCRPrtNeo This study 
  pNeo-FlaDE In-frame deletion of flaDE in pCRPrtNeo This study 
  pNeo-FlaF In-frame deletion of flaF in pCRPrtNeo This study 
  pNeo-FlaG In-frame deletion of flaG in pCRPrtNeo This study 
  pNeo-FlaH In-frame deletion of flaH in pCRPrtNeo This study 
  pNeo-FlaI In-frame deletion of flaI in pCRPrtNeo This study 
  pWLG40 Replicative plasmid in M. maripaludis and E. 

coli with hmv promoter and NeoR cassette 
Lie et al. 2005 

  pHW40 Replicative plasmid in M. maripaludis and E. 
coli with nif promoter and NeoR cassette 

J.A. Leigh 

  pWLG40+lacZ E. coli lacZ gene in pWLG40 J.A. Leigh 
  pWLG40+FlaB1 flaB1 gene in pWLG40 This study 
  pWLG40+FlaB2 flaB2 gene in pWLG40 This study 
  pWLG40+FlaB3 flaB3 gene in pWLG40 This study 
  pHW40+FlaC-His His-tagged flaC in pHW40 This study 
  pHW40+FlaF-His His-tagged flaF in pHW40 This study 
  pHW40+FlaG-His His-tagged flaG in pHW40 This study 
  pHW40+FlaH-His His-tagged flaH in pHW40 This study 
  pHW40+FlaI-His His-tagged flaI in pHW40 This study 
  pCR2.1-TOPO AmpR KanR cloning vector Invitrogen 
  TOPO-IntDelD Point mutation to remove internal start site of 

flaD in pCR2.1-TOPO 
This study 

  pET-23a+ AmpR expression vector Novogen 
  pET-FlaD His-tagged wild-type flaD in pET-23a+ This study 
  pET-IntDelD His-tagged point mutation to remove internal 

start site of flaD in pET-23a+ 
This study 
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portion of the recovered culture (0.2 ml) was then transferred into 10 ml of McCas 

medium containing neomycin (McCas+neo) and grown overnight to select for the 

integration of the pPCRPrtNeo vector into the chromosome. Subsequently, 0.05 

ml of the neomycin resistant culture was subcultured and grown overnight in 10 

ml of McCas+neo (to eliminate any remaining neomycin-sensitive cells), followed 

by the transfer (0.05 ml) of the neomycin resistant culture into McCas medium 

with no selection (to allow for a second recombination event). Finally, the culture 

was plated at various dilutions onto McCas agar containing 8-azahypoxanthine. 

Only cells that had undergone a second recombination event and lost the plasmid 

(which contains the hpt gene, making the base analog toxic) would grow. Isolated 

colonies were inoculated into McCas medium and PCR screened (using 

Seq_Del_geneFor and Seq_Del_geneRev primers; Table 4-1) for the loss of the 

targeted gene. DNA sequencing of the in-frame deletion region was carried out to 

ensure the proper reading frame was maintained. 

 

Southern hybridization analyses. Deletions were confirmed by Southern blot 

analysis. Chromosomal DNA was isolated from wild-type and transformant 

cultures of M. maripaludis as previously described (Gernhardt et al., 1990), 

digested with restriction enzymes, electrophoresed and transferred to nylon 

membranes (Roche Molecular Biochemicals) by the capillary transfer method. 

Digoxigenin (DIG)-labeled probes were generated by PCR amplification of a 

downstream region (the 1kb downstream fragment of FlaB1, FlaG and FlaI used 

for cloning) using DIG-dUTP (Roche Molecular Biochemicals) as recommended 

by the manufacturer. Southern hybridizations were carried out at 55°C and 
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stringency washes and developing were done as described by Thomas et al. 

(2001). 

 

SDS-PAGE and immunoblotting. Whole cell preparations (concentrated 10-

fold) or membrane preparations (cells lysed with dH2O, membranes pelleted and 

resuspended at a 100-fold concentration) of M. maripaludis were subjected to 

SDS-PAGE as described by Laemmli (1970). Gels were transferred to 

Immobilon-P transfer membranes (Millipore, Bedford, MA) as described by 

Towbin et al. (1979). Polyclonal antibodies to M. maripaludis FlaB2, FlaE and 

FlaH proteins were generated in chickens from purified protein.  Briefly, C-

terminally, his-tagged versions of FlaB2, FlaE and FlaH were expressed in the 

pET23 expression system and purified via nickel-affinity columns under 

denaturing conditions as outlined by the manufacturer (Novagen). The column-

purified protein was injected into a hen under the following injection scheme: 500 

g first injection, 250 g subsequent boosters 7 days apart. The antibody response 

was followed from serum after the second antigen injection until an acceptable 

affinity was reached. Eggs were then collected and antibodies purified from the 

yolk by ammonium sulfate precipitation. Anti-FlaH antibodies were further affinity-

purified using Immobilon P transfer membrane before use.  In addition to these 

M. maripaludis antibodies, primary antibodies for immunoblots included chicken 

polyclonal antibodies generated against M. voltae FlaB2 (shown to react with the 

major flagellins FlaB1 and FlaB2; Bayley and Jarrell, 1999), as well as rabbit 

polyclonal IgG against His-probe (Santa Cruz Biotechnology).  The secondary 

antibodies used were horseradish-peroxidase-conjugated rabbit anti-chicken IgY 
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(Jackson Immunoresearch Laboratories, West Grove, PA) or horseradish-

peroxidase-conjugated goat anti-rabbit IgG (BioRad Laboratories).  Blots were 

developed with a chemiluminescence kit (Roche Molecular Biochemicals) 

according to the manufacturer’s instructions. 

 

Complementation vector construction. Deleted proteins were reintroduced into 

their respective deletion strains as either constitutively expressed native proteins 

or as inducible histidine (his)-tagged proteins. The flagellin genes (flaB1, flaB2 

and flaB3) were cloned as native proteins into the construct pWLG40, a self-

replicating plasmid which contains the constitutively expressed histone promoter 

(hmv) from Methanococcus voltae (Gardner and Whitman, 1999;Lie et al., 2005). 

The remainder of the fla genes (flaC, flaF, flaG, flaH and flaI) were cloned as C-

terminally his-tagged proteins into the construct pHW40, a derivation of pWLG40 

where the hmv promoter has been replaced with the nitrogen-inducible promoter 

from the nitrogen fixation (nif) operon in M. maripaludis (Kessler and Leigh, 

1999). PCR primers Comp_geneFor and Comp_geneRev (Table 4-1) were used 

to amplify the coding region of each gene, introducing a His-tag when 

appropriate, and fragments were cloned into the NsiI/XhoI, NsiI/XbaI or NsiI/MluI 

sites. To serve as a control, a version of pWLG40 containing lacZ from E. coli 

was used where appropriate.   

 

FlaD expression vector construction. To confirm that the point mutation to 

remove the internal start site in flaD resulted in the loss of the 15 kDa protein 

product, his-tagged versions of wild type and internal flaD- proteins were 
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generated in E. coli. This was undertaken because there is currently no anti-FlaD 

antibody available for M. maripaludis and anti-FlaD antibody generated against 

M. voltae FlaD (Thomas and Jarrell, 2001) cross-reacted poorly. Wild type 

genomic DNA and TOPO-IntDelD were used as template DNA for PCR with 

IntD_His_For and IntD_His_Rev primers (Table 4-1) to amplify the full-length 

coding regions of wild type and internally deleted FlaD with the additions of NdeI 

and XhoI restriction sites, respectively. These products were cloned into the 

expression vector pET-23a+ in-frame with a histidine tag in the vector to generate 

pET-FlaD and pET-IntDelD (Table 4-2). These constructs were transformed into 

the E. coli expression strain BL21(DE3). Protein expression was induced with 

IPTG at log phase growth (OD of ~0.7) and samples were collected after 2 hrs. 

for analysis.   

 

Complementation of in-frame deletions. Deletion strains were transformed 

with their corresponding plasmids according to Tumbula and Whitman (1999) and 

allowed to recover overnight in Balch III medium. Subsequently, recovered 

cultures were plated at various dilutions on Balch III agar containing puromycin 

(Balch+pur) and isolated colonies were inoculated into Balch+pur broth. For the 

flagellin gene complementations (flaB1, flaB2 and flaB3), deletion strains 

containing the control vector (pWLG40+lacZ) and strains containing the 

complement (pWLG40+Flagene) were propagated in Balch+pur for analysis. For 

the remainder of the fla complementations, deletion strains containing the 

complement (pHW40+Flagene) were subcultured into McCas-nitrogen free 

medium containing puromycin supplemented with 10 mM L-alanine (which turns 
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on the nif promoter) or 10 mM ammonium chloride (which turns off the nif 

promoter). 

 

Flagella extraction. Intact flagella where isolated for analysis as described by 

(Bardy et al., 2002) with minor modification. Briefly, 2 L of M. maripaludis cells 

(wild type, flaB3 deletion strain, flaB3 deletion strain with pWLG40+lacZ and 

flaB3 deletion strain with pWLG40+FlaB3) were harvested and lysed with the 

detergent C-12. Membranes were removed by centrifugation and a 

NaCl/polyethylene glycol solution was added to the supernatant to precipitate 

filamentous structures. Filaments were collected by centrifugation and placed on 

a KBr gradient to further purify. The flagella formed an isolated band which was 

desalted by further centrifugation in dH2O. Final pellets were suspended in 100 µl 

dH2O.   

 

Electron microscopy. Intact M. maripaludis cells were washed in 50 mM MgSO4 

prior to adsorption onto formvar-coated gold grids. Negative staining was done 

with 2% phosphotungstic acid (pH 7.0). Grids were viewed on a Hitachi H-700 

electron microscope operating at 75 kV. 

 

RESULTS 

Generation of in-frame deletions and mutation. To create an in-frame deletion 

strain for each of flaB1-flaI and a point mutation in flaD to remove the starting 

methionine for the small FlaD protein, a 2-step recombination method was used 

(Moore and Leigh, 2005). The deletion plasmids used are listed in Table 4-2 and 

 120



screening of the final isolated colonies was done by PCR (Table 4-1). Given the 

nature of the recombination events used in this methodology, in the absence of 

recombination hotspots or selective pressures, half of the final transformed 

population is predicted to have a wild type genotype and the other half is 

predicted to be the desired alteration (Moore and Leigh, 2005). With most of the 

fla genes targeted, the wild type to deletion ratio ranged from approximately 1.5:1 

to 10:1, and, although not ideal, allowed for the identification of the desired 

deletion strain without difficulty. However, repeated attempts to isolate a flaD or 

flaE deletion and, subsequently, a flaDE deletion failed. The reason for this 

inability to generate ∆FlaD and/or ∆FlaE strains is currently unknown. However, 

based on previous findings in M. voltae where the entire fla operon was stably 

inactivated, it is unlikely that FlaD and FlaE are essential for cell survival (Jarrell 

et al., 1996a). 

 

Confirmation of in-frame deletions and mutation. Following screening by 

PCR, each deletion strain created was confirmed by DNA sequencing, to ensure 

the reading frame remained intact, and by Southern blot analysis, to visualize the 

expected decrease in size of the corresponding DNA fragment (Fig. 4-2). 

Genomic DNA digested from ∆FlaB1 to ∆FlaH strains showed the expected 600-

900 bp decrease in Southern hybridization bands compared to wild type (S2) and 

background (Mm900) genomic DNA patterns. Genomic DNA digested from the 

∆FlaI strain had a larger Southern hybridization size decrease (1.5 kb) compared 

to wild type, corresponding to the larger size of the flaI gene (Fig. 4-2). The 

addition of a novel restriction site into the sequence of flaD was used to screen  
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Figure 4-2. Southern blot analysis confirmation of deletion strains. The Southern 

hybridization pattern from wild type M. maripaludis (wt), Mm900 background 

strain (Bkg) and each fla deletion (indicated by gene letter) was analyzed. The 

flaB1-flaC gene region was probed with DIG-labelled 1 kb-upstream-FlaB1; the 

flaF-flaH gene region was probed with DIG-labelled 1 kb-upstream-FlaG and the 

flaI gene region was probed with DIG-labelled 1 kb-downstream-FlaI.  λ-HindIII 

ladder (23, 9, 6.5, 4.3, 2.3 and 2 kb) was used as a marker. The expected 600-

900 bp reduction in size of flaB1-flaH genomic regions and 1.5 kb reduction in 

size of the flaI genomic region compared to both wild type and background sizes 

confirmed the deletion of the targeted gene. 
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for the deletion of the internal start site in flaD. By changing the flaD sequence 

from AATATG to AATATT, the internal methionine was changed to an isoleucine 

and the restriction site SspI (AATATT) was created. Fig. 4-3 shows the difference 

in restriction pattern between the Mm900 flaD and IntDelD flaD gene regions, 

which was further confirmed by DNA sequencing. 

 

Confirmation of fla operon integrity in deletion strains. It has been previously 

demonstrated that genes in the Methanococcus fla operon are co-transcribed 

(Kalmokoff and Jarrell, 1991). To ensure that the deletions introduced into each 

strain did not adversely effect the transcription and translation of neighbouring 

genes, membrane fractions from each deletion strain were tested with a limited 

subset of available anti-M. maripaludis fla antibodies for various fla proteins, 

namely anti-FlaB2, anti-FlaE and anti-FlaH. As such, these three antibodies 

where used to detect FlaB2, FlaE and FlaH in the deletion strains and 

demonstrate that polar effects in downstream genes were not seen (Fig. 4-4). It 

can be seen that ∆FlaB2 and ∆FlaH strains are the only strains not expressing 

FlaB2 and FlaH, respectively while all the strains are expressing FlaE (since 

repeated attempts to construct both ∆FlaD and ∆FlaE strains were unsuccessful). 

This indicates, in so far as our limited antibody collection can illustrate, that the 

deletion strains have lost the protein that was targeted (ie. FlaB2 and FlaH), while 

upstream and downstream protein expression appears unaffected (ie. ∆FlaC still 

expresses FlaB2 upstream and FlaE and FlaH downstream). 
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Figure 4-3. Restriction digest confirming point mutation in flaD.  A 550 bp region 

flanking the internal start site for the 15 kDa FlaD protein was PCR amplified and 

digested with SspI.  The wild type (wt) sequence (ATTATG) remains uncut while 

the IntDelD sequence (ATTATT) cuts with SspI to generate 350 bp and 200 bp 

bands.  A 100 bp ladder was used as a marker (M). 
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Figure 4-4. Immunoblots of ∆Fla strains with anti-M. maripaludis Fla antibodies.  

Membrane fractions from wild type (wt) and each ∆Fla strain (indicated by gene 

letter) were separated by SDS-PAGE and detected with either anti-FlaB2, anti-

FlaE or anti-FlaH M. maripaludis antibody.  ∆FlaB2 and ∆FlaH strains show a 

loss of corresponding protein expression while all strains show FlaE expression. 
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Confirmation of FlaD protein expression alternation. Confirming that the point 

mutation generated in the IntDelD strain abolished the expression of the flaD-15 

kDa protein created a challenge due to the fact that no M. maripaludis FlaD 

antibody exists. Antibody to M. voltae FlaD (Thomas and Jarrell, 2001) was tried, 

but convincing and reproducible detection of M. maripaludis FlaD proteins were 

never obtained (data not shown). Therefore, the wild type flaD gene and the 

internal deletion version of flaD were C-terminally histidine (His)-tagged and 

cloned into the pET expression system in E. coli. Using anti-His antibodies, the 

expression of both full-length FlaD (37 kDa) and internally derived FlaD (15 kDa) 

was followed. The anti-His immunoblot in Fig. 4-5 shows that uninduced E. coli 

cells produce no His-detectable proteins, cells habouring the wild type version of 

FlaD produce both large and small FlaD, while cells habouring the IntDelD 

version of FlaD produce only the large FlaD. The band faintly detectable in both 

the induced lanes of wild type- and IntDelD-FlaD cells at ~25 kDa is presumed to 

be a degradation product of large FlaD as a result of its unnatural presence in E. 

coli.  

 

Effect of fla gene deletions on the flagellum. To examine the effects each 

deletion had on the targeted fla gene, deletion strains were observed under light 

and electron microscopy. All comparisons were made to Mm900 (the background 

strain for the deletions), which was identical to wild type (S2) M. maripaludis in 

possessing many flagella (open arrows in Fig. 4-6) originating from a localized 

area on the cell surface and appearing obviously motile under phase contrast 

microscopy. Also of note on wild type/Mm900 cells was the occasional presence  
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Figure 4-5. Anti-histidine immunoblot of FlaD proteins from wild type (wt) and 

IntDelD genes expressed in E. coli.  Uninduced (off) cultures of both wt and 

IntDelD resulted in no his-detectable proteins.  In the induced (on) wt flaD 

expressing culture, both the full-length (36 kDa) and internally derived (15 kDa) 

FlaD protein (arrow) are detectable while, in the IntDelD expressing culture, only 

full-length FlaD is detected.  The faint ~25 kDa band visible in both induced 

cultures is believed to be a degradation product of the full-length FlaD protein. 
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Wild type M. maripaludis FlaG deletion strainWild type M. maripaludisWild type M. maripaludis FlaG deletion strain

 

 

 

Figure 4-6. Electron micrographs of flagellated and non-flagellated M. 

maripaludis cells.  Open arrows indicate flagella and closed arrows indicate 

thinner filaments (believed to be pili).  Scale bar equals 1 µm.  Representative of 

flagellated cells, wild type M. maripaludis is shown; representative of non-

flagellated cells, ∆FlaG is shown. 
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of thinner filaments, located peritrichously on the cell surface (closed arrows in 

Fig. 4-6). Most of the deletion strains (∆FlaB1, ∆FlaB2, ∆FlaC, ∆FlaF, ∆FlaG, 

∆FlaH and ∆FlaI) appeared non-motile under phase contrast microscopy and 

lacked flagella structures (exemplified by ∆FlaG, Fig. 4-6). Yet, the thinner 

filaments were still detectable in these deletion strains (Fig. 4-6; ∆FlaG). This 

would suggest that these thinner filaments are independent of the flagella 

structure and are most likely pili. The remaining two strains, ∆FlaB3 and IntDelD, 

both had wild type levels of flagella when visualized under electron microscopy. 

However, while the IntDelD strain displayed wild type swimming patterns under 

phase microscopy (some level of directionality in movement), the ∆FlaB3 deletion 

strain displayed an obviously altered swimming phenotype, appearing to move in 

tight circles. 

 

Complementation of deletion strains. To ensure that deletion phenotypes 

observed were the result of the absence of the targeted gene alone, each 

deletion strain was complemented with the appropriate protein in trans. The 

flagellins (flaB1, flaB2 and flaB3) were reintroduced as native proteins under a 

constitutive promoter (the histone promoter from M. voltae; hmv). This was 

chosen because high levels of protein expression would be needed for filament 

construction and it was feared that the addition of a reporter sequence to the 

protein (C-terminal his-tag) would interfere with the specific nature of flagellin 

subunit interaction (S.L. Bardy and K.F Jarrell; unpublished observations in M. 

voltae). The control vector contained lacZ following the hmv promoter (pWLG40). 

Antibody to M. voltae FlaB1/B2 (Bayley and Jarrell, 1999), which cross-reacts 
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with M. maripaludis flagellins, was used in immunoblot analysis of whole cell 

samples to determine flagellin expression. Fig. 4-7A shows the control vector 

strain and complementation strain for each flagellin deletion. Deletion strain alone 

flagellin profiles looked identical to the control vector strains (data not shown). 

There is a clear increase in detectable flagellin in the ∆FlaB1 and ∆FlaB2 

complements compared to their controls while no difference in the control verses 

complement flagellin expression was seen in the ∆FlaB3 strains. This was not 

surprising given the expected specificity of the antibody used and the expectation 

that like M. voltae, FlaB1 and FlaB2 would be the major flagellins while FlaB3 

would be a minor flagellin in M. maripaludis. 

 The remainder of the ∆Fla strains (∆FlaC, ∆FlaF, ∆FlaG, ∆FlaH and ∆FlaI) 

were complemented with C-terminally his-tagged versions of the appropriate 

protein under the control of the inducible nitrogen-fixation (nif) promoter. This 

allowed for the expression product to be turned on and off when either alanine or 

ammonia, respectively, was supplemented into an otherwise nitrogen-free media 

(Kessler and Leigh, 1999). Confirmation of protein expression was determined by 

anti-his immunoblot of membrane fractions. With the exception of FlaI-His, which 

was never detected, Fig. 4-7B clearly shows an anti-his detectable band in the 

“on” state of the remaining complementations that is absent in the corresponding 

promoter “off” state. The FlaG-His and FlaH-His migrated at approximately their 

predicted protein size (FlaG at 17.2 kDa and FlaH at 27.2 kDa). FlaC-His and 

FlaF-His proteins appeared larger than predicted (appear to be 30 kDa and 27 

kDa verses their predicted 22.7 kDa and 16.4 kDa, respectively). This 

observation has been reported previously for the corresponding M. voltae Fla  
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Figure 4-7. Immunoblots of expressed complementation proteins. (A) Whole cell 

extracts of ∆FlaB1-∆FlaB3 strains with the control vector (vector) and 

complementation vector (gene name) detected with anti-FlaB1/B2 M. voltae 

antibodies.  An increase in detectable flagellin levels is seen in ∆FlaB1+FlaB1 

and ∆FlaB2+FlaB2 lanes. (B) Membrane extracts of ∆FlaC, ∆FlaF, ∆FlaG and 

∆FlaH strains containing the corresponding nif complementation vectors in the 

promoter off (ammonia) and on (alanine) condition detected with anti-histidine 

antibodies.  A his-tagged protein corresponding to each complementation protein 

is seen in each on condition lane, indicated with an asterisk. A naturally occurring 

M. maripaludis protein cross-reacts at 16 kDa (arrow).  FlaI-His expression was 

not detectable by immunoblot. 

 131



proteins (Thomas and Jarrell, 2001) and suggests that these proteins might be 

post-translationally modified in some way. The constant band detected in all 

samples (Fig. 4-7B) corresponds to a naturally occurring 16.1 kDa protein in M. 

maripaludis (sirohydrochlorin cobaltochelatase; GI:45357727) which contains the 

sequence HHHHHDHEHHHHHH. This naturally his-tagged protein served as a 

loading control. 

 

Effects of fla gene complementation. Each complemented strain was again 

examined by both light and electron microscopy. For the flagellin 

complementations, the control complementation strains appeared identical to the 

deletion strains; non-motile and non-flagellated for the ∆FlaB1 and ∆FlaB2 

controls, altered motility and many flagella filaments for the ∆FlaB3 control. The 

complementation strains ∆FlaB1+FlaB1 and ∆FlaB2+FlaB2 had both regained 

motility to wild type levels under phase contrast microscopy and wild type levels 

of flagella expression visible by electron microscopy (exemplified by 

∆FlaB2+FlaB2 in Fig. 4-8). In addition, the complementation of ∆FlaB3 with FlaB3 

restored motility of the strain to wild type swimming patterns.  

In the remainder of the ∆Fla strains (∆FlaC, ∆FlaF, ∆FlaG, ∆FlaH and 

∆FlaI), characterization of the complementations grown in ammonia-containing 

medium (nif promoter turned off) revealed cells identical to the deletion strains 

(non-motile and non-flagellated). Conversely, complementation strains grown in 

alanine-containing medium (nif promoter turned on) revealed cultures that were 

weakly motile to motile under phase microscopy and cells that possessed a few 

flagella under electron microscopy (exemplified by ∆FlaF+FlaF in Fig. 4-8). It is  
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igure 4-8. Electron micrographs of complemented M. maripaludis deletion 

ative 

FlaB2 deletion strain+FlaB2 FlaF deletion strain+FlaFFlaB2 deletion strain+FlaB2 FlaF deletion strain+FlaF

 

 

 

 

F

strains. Open arrows indicate flagella and scale bar equals 1 µm.  Represent

of FlaB1 and FlaB2 complementation cells (flagella levels restored to wild type), 

∆FlaB2+FlaB2 is shown; representative of FlaC-His, FlaF-His, FlaG-His and FlaI-

His complementation cells (~1-4 flagella per cell), ∆FlaF+FlaF is shown. 
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possible that the presence of the his-tag on these reintroduced proteins may 

have contributed to these complementations not recovering to wild type levels of 

flagella expression and function by interfering with native protein interactions.  

 

Role of FlaB3 as the hook protein. It has been hypothesized with the lack of 

any unique hook proteins being isolated from archaeal flagella filaments, that this 

role may be fulfilled by one of the flagellin proteins. This was strengthened by the 

finding that samples of the curved cell-proximal region of M. voltae flagella 

filaments were greatly enriched for the minor flagellin FlaB3 (Bardy et al., 2002). 

Given the aberrant swimming pattern of the ∆FlaB3 strain, flagella structures 

were isolated from these cells and examined under electron microscopy for 

structural defeats. Fig. 4-9 illustrates that flagella from wild type and 

∆FlaB3+FlaB3 cells possess the characteristic archaeal knob-like basal 

body/anchoring structure, a curved region of variable length (hook) and the 

extending filament. In contrast, ∆FlaB3 and ∆FlaB3 control complementation cells 

contain the anchoring structure attached directly to the straight filament (Fig. 4-9). 

This indicates that the curved portion of the flagella is composed by FlaB3 

flagellins and that this flagellin constitutes the hook protein in M. maripaludis. 

 

DISCUSSION 

 This study set out to examine the archaeal flagella operon in M. 

maripaludis by systematically creating in-frame deletions for each of the fla genes 

flaB1-flaI, as well as removing the internal start site for a second translation 

product within flaD. Each deletion was complemented and all strains were  
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Figure 4-9. Electron micrographs of isolated flagella from wild type, ∆FlaB3 and 

∆FlaB3 complemented strains.  Scale bar indicates 100 nm.  Wild type and 

∆FlaB3+FlaB3 complemented flagella possess filaments that have a curved 

region (hook) before a knob-like anchoring structure while ∆FlaB3 and 

∆FlaB3+control vector flagella possess filaments that are straight (hook-less) as 

they meet the anchoring structure. 
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characterized for effects on flagella structure and function. Each gene within the 

flagella operon was successfully deleted with the exception of flaD and flaE. 

In the case of flaB1, flaB2, flaC, flaF, flaG, flaH and flaI, the loss of each 

gene resulted in non-motile and non-flagellated cells. The effect could be 

reversed by the reintroduction of the appropriate fla gene on a plasmid in trans. 

This finding illustrates that both major flagellin proteins (FlaB1 and FlaB2) are 

required for flagella filament assembly and that FlaH and FlaI are each absolutely 

required (most likely for flagellin export). Demonstrated for the first time in this 

study is the requirement for FlaC, FlaF and FlaG in the archaeal flagella system, 

at least where they are present in Euryarchaeota. Unfortunately, without a 

structure to isolate and characterize, the roles these fla proteins play in archaeal 

flagellation remains a mystery. Even more puzzling is the fact that Crenarchaeota 

lack most, if not all, of FlaC-FlaG. What structural or situational difference that 

exists between the two main branches of archaea that requires one to possess 

an additional set of flagella-related proteins is unknown. What can be said is that 

in M. maripaludis, and most likely all Euryarchaeota, FlaC, FlaF and FlaG are 

absolutely required in some capacity for flagella structure or assembly.  

The minor flagellin, FlaB3, was shown to be the hook protein in M. 

maripaludis. ∆FlaB3 cells still possessed the ability to assemble straight flagella 

filaments attached to anchoring structures; however these hook-less flagella 

displayed aberrant motility under phase contrast microscopy. This is not 

surprising given the expected effect removing a curved region would have on a 

rotational structure like a flagellum. What is interesting is the fact that this 

structure can be assembled at all. The current assembly model for the bacterial 
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flagellum is grounded in the well-characterized type III secretion system, where 

the basal body is first assembled and used to export the hook and hook-

associated proteins, then the flagellins through the core of the growing structure 

to assemble at the tip (Macnab, 1999). Based on this model, it is expected that 

without the hook proteins, the filament would not be assembled. This has been 

borne out in the literature as no hook-less flagella have been reported in bacteria. 

Conversely, the current assembly model for the archaeal flagellum is similar to 

the type IV pilus model. In both cases, an anchoring structure is present and 

used to load flagellin/pilin subunits into a growing structure from the base (Bardy 

et al., 2003). High resolution structural studies have shown that the archaeal 

flagellum lacks a central channel (Trachtenberg et al., 2005;Trachtenberg and 

Cohen-Krausz, 2006), precluding assembly of the filament at the distal tip and 

coinciding with the original assembly model of base-inputted subunits similar to 

pili assembly (Jarrell et al., 1996b). This model proposes that the filament is 

assembled before the hook. The results obtained from all three flagellin deletions 

coincide with this model, with flagellin filament deletions (FlaB1 and FlaB2) 

resulting in no apparent structures (no short, curved hooks attached to anchoring 

structures) while the flagellin hook deletion (FlaB3) resulted in a filament with no 

hook region attached to the anchoring structure. These findings are additional 

support to the current archaeal flagella assembly model. 

Another interesting finding in this study was the inability to generate ∆FlaD 

and ∆FlaE strains. Repeated transformation attempts and extensive screening 

failed to isolate a deletion in either gene. In an attempt to work around this 

problem, a double ∆FlaDE deletion was also attempted unsuccessfully. While not 
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eliminating the possibility of a recombination hotspot at this region, the lack of 

difficulty obtaining the IntDelD strain makes this explanation less plausible. It is 

also difficult to envision a selective pressure that would skew the wild type to 

deletion ratio so far in favour of wild type as cells appeared to tolerate the loss of 

flagella from other genes without adverse effect. Inactivation of the entire fla 

operon, including flaD and flaE, has also been done and resulted in a stable 

strain (M. voltae P2 mutant; Jarrell et al., 1996a). As such, the reason for the 

current difficulty is unknown. In conjunction, the loss of the 15 kDa FlaD protein 

had no discernable effect on flagella assembly or function, with the IntDelD strain 

behaving like wild type. Given the high sequence similarity between the smaller 

FlaD product and FlaE, it is possible that these proteins are redundant or 

interchangeable. Further study into the necessity and function of FlaD and FlaE is 

needed to resolve these issues. 

Given the complexity of a structure like the archaeal flagellum, many more 

flagella-related archaeal proteins are needed beyond those that have currently 

been identified. Composed of over 20 proteins with approximately another 30 

proteins required for regulation and assembly, the bacterial flagellum is one of the 

most complex prokaryotic organelles (Macnab, 1999). Even the type IV pilus 

system, which can be seen as a simpler structure, can require 35 gene products 

(McBride, 2001). Progress is slowly being made in identifying novel archaeal 

flagellum-related genes. To date, this has focused on processes that post-

translationally modify the flagellins. Located outside the fla operon, these genes 

include a flagellin-specific signal peptidase, flaK (Bardy and Jarrell, 2002) and N-

glycosylation genes, aglA and aglB (Chaban et al., 2006). This leaves many more 
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structural and assembly proteins, as well as regulatory proteins, to be identified. 

Given the lack of more bacterial homologs, these proteins will most likely 

originate from archaeal-specific genes. This creates a great challenge and a 

great opportunity for future motility and protein secretion study in archaea.  
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CHAPTER 5 

 

 

General Discussion 
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N-Glycosylation in Archaea 

 The importance of post-translational modifications to proteins has been 

recognized for many years, with glycosylation being at the forefront of study. 

Basic protein characteristics, such as solubility, stability and turnover can be 

drastically altered by the addition of carbohydrate (Apweiler et al., 1999). 

Although it has been known for more than 30 years that archaea are capable of 

generating glycoproteins (Mescher et al., 1974), very little is actually known about 

the process in this domain of life. Research in eukaryotes (Robbins, 1999) and 

bacteria (Szymanski et al., 2003) has led the way in understanding the enzymes 

and organization of glycosylation processes. Whether due to the limited genetic 

tools available for archaeal genetics or the extreme conditions that many archaea 

require for culturing, it is interesting that prokaryotic glycosylation was first 

recognized in archaea yet our understanding of bacterial glycosylation processes 

is much further advanced. Recent strides in archaeal glycoprotein knowledge 

have allowed for new steps to be taken in advancing our understanding of this 

vital process in archaea. 

 

Reporter glycoproteins for study. A major limitation to studying glycosylation in 

archaea has been a lack of solved glycan structures on archaeal proteins. 

Although a large number of archaeal proteins are known or suspected of being 

glycosylated, the majority of this evidence comes from indirect characterization 

(Eichler and Adams, 2005). These methods have included lectin binding, glycan 

staining, chemical deglycosylation, saccharide content determination, inhibition of 

glycosylation or aberrant SDS-PAGE migration (Eichler and Adams, 2005). While 
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these methods can confirm to varying extents that a protein is modified with a 

sugar component and even provide limited information about the sugar itself, the 

actual complete glycan structure and attachment sites remain unknown. More 

extensive and time consuming methods, such as MS/MS and/or NMR, are 

necessary to fully characterize a glycan structure. Unfortunately, without a well-

characterized glycoprotein to use as an indicator/reporter, it is difficult to study 

the underlying pathways of glycan assembly and attachment. 

 The characterization of select S-layer and flagellin glycoproteins from 

halophiles and methanogens has afforded new opportunity for study. The first 

archaeal proteins recognized to be glycosylated, S-layer and flagellin proteins 

from Halobacterium salinarum, have had their glycan structures solved (Sumper 

and Wieland, 1995). Composed of large repeating units of sulfated N-

acetylgalactosamine, sulfated N-acetylglucosamine and sulfated or methylated 

uronic acids (mixtures of glucuronic and iduronic acids), the S-layer protein 

contains two distinct N-glycans while the flagellins contain one. For both proteins, 

the N-linked glycans from H. salinarum are very large, variable in composition 

and overall very negatively charged (Sumper and Wieland, 1995). In another 

halophile, Haloferax volcanii, part of its S-layer protein has been identified to 

contain an N-linked glycan composed of a chain of 10 glucose residues (Mengele 

and Sumper, 1992). Aside from the N-linkages, the S-layer proteins from both 

halophiles also contain numerous galatose-glucose disaccharides in O-linkage to 

Thr residues (Sumper and Wieland, 1995). The finding of variability in the glycan 

structure and/or the combination of N- and O-linkages found on the S-layer and 

flagellin proteins has the disadvantage of complicating the interpretation of 
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aberrant molecular weights when these proteins are used as reporters for 

possible glycosylation pathway mutants.  

 These problems are not found when using the flagellin proteins from 

Methanococcus voltae as a glycoprotein reporter. Like the halophilic organisms, a 

detailed glycan structure of the N-linked sugar has been characterized from the 

S-layer and flagellin proteins (Voisin et al., 2005; see Fig. 1-4). This trisaccharide 

has been found to be consistent in composition across all 4 flagellin proteins 

(FlaA, FlaB1, FlaB2 and FlaB3), as well as on the S-layer protein. Also important, 

this modification is known to be the only glycan addition to the flagellin proteins 

(Voisin et al., 2005). These two characteristics allow the flagellin proteins from M. 

voltae to serve as reliable indicators for alternations in the N-glycosylation 

pathway in this organism and, although it is unknown whether additional 

modifications are present on the S-layer protein, the fact that the S-layer protein 

can be used for verification of effects serves in combination as a powerful 

reporter system.  

Currently, the complete glycan structure of another methanogen, 

Methanococcus maripaludis, is being determined. Closely related to M. voltae, 

the M. maripaludis glycan structure determined to date from the flagellins 

appears very close to the known M. voltae structure (S.M. Logan, unpublished 

results) and homologs of genes determined to be involved in M. voltae N-

glycosylation (chapters 2 and 3) have had similar effects on M. maripaludis 

flagellins (D.J. VanDyke and K.F. Jarrell, unpublished results). The advanced 

genetic manipulation techniques available for M. maripaludis (ie. the ability to 

generate markerless, in-frame deletions and then complement these deletions in 
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trans), allows this organism to serve as an excellent model system for future 

study. 

 

Glycosyl transferases. The first step in the N-glycosylation pathway is the 

assembly of the glycan at the interior face of the cytoplasmic membrane by a 

series of glycosyl transferases. These enzymes contain characteristic conserved 

domains (usually type 1 or 2 glycosyl transferase domains) and a transmembrane 

region to anchor the protein into the cytoplasmic membrane. From M. voltae, the 

three characterized glycosyl transferases, AlgA, AlgC1 and AlgC2, all possess 

these features (Fig. 5-1). This concurs with the basic characteristics found in 

eukaryotic and bacterial glycosyl transferases (Table 3-2), as well as the Alg5 

homolog from Hfx. volcanii (Abu-Qarn and Eichler, 2006a). This implies a 

homology between glycosyl transferases across all three domains of life. 

 In this body of work, the second and terminal glycosyl transferase required 

for assembly of the M. voltae N-glycan, AglC1/AglC2 and AglA, respectively, 

have been demonstrated (chapters 2 and 3). However, conclusive evidence for 

the first glycosyl transferase in the pathway has remained elusive. This first step, 

which requires the attachment of an N-acetylglucosamine to a dolichol carrier in 

the membrane, is homologous to the first step in the eukaryotic N-glycosylation 

pathway. In that case, the gene product from alg7, Alg7 or GPT (N-

acetylglucosamine-1-phosphate transferase) carries out this first step (Burda and 

Aebi, 1999). Alg7 contains a glycosyl transferase 4 domain, different from the 

domains 1 and 2 seen in the remainder of the cytoplasmic-facing glycosyl 

transferases. The best candidate in M. voltae to be the Alg7 homolog is the gene  
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Figure 5-1. Glycosyl transferases from M. voltae. TOPO2 diagrams of the three 

experimentally confirmed in M. voltae. Glycosyl transferase 1 (AglA) and 2 (AglC) 

domains are highlighted in colour for each protein. 
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product from Mv1751. Located adjacent to the M. voltae STT3 homolog, this 

enzyme is the only glycosyl transferase identified in M. voltae to contain a 

glycosyl transferase 4 domain and possesses 19% identity and 32% similarity to 

its Saccharomyces cerevisiae counterpart. Unfortunately, repeated attempts to 

inactivate or delete this gene have failed in both M. voltae (chapter 2) and M. 

maripaludis (D.J. VanDyke, unpublished results). 

 In an attempt to definitively assign function and necessity to Mv1751 as 

the Alg7 homolog, two independent experimental approaches are underway. The 

first involves collaboration with Dr. Ralph Schwarz at the Philipps-University 

Marburg. Dr. Schwarz’s group has studied the S. cerevisiae alg7 gene and has 

created a conditional lethal yeast strain by replacing the native alg7 gene 

promoter with the stringently regulated GAL1-promoter (Eckert et al., 1998). The 

altered strain of S. cerevisiae would grow while the alg7 gene was expressed in 

the presence of galactose (GAL1-promoter on) and die when the alg7 gene was 

tightly repressed in the presence of glucose (GAL-1 promoter off). This allowed 

the group to clone and express the human Alg7 homolog in their conditional 

lethal strain and it was found that the human enzyme could heterologously 

complement the S. cerevisiae defect (Eckert et al., 1998). Given the homology of 

the archaeal Mv1751 to Alg7, both Dr. Schwarz’s group and our own believe that 

the archaeal enzyme could complement the existing yeast strain in a similar 

fashion. The construct necessary to undertake this experiment is currently being 

constructed and Dr. Schwarz’s group will subsequently perform the 

complementation. If Mv1751 can complement the Alg7 defect, this would 

demonstrate the function of the archaeal enzyme as an N-acetylglucosamine-1-
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phosphate transferase and provide experimental evidence that Mv1751 could 

carry out the first step in the N-glycosylation pathway in M. voltae. As well, this 

would represent a rare case of inter-domain complementation.   

 The second approach being undertaken will more directly address whether 

the archaeal alg7 is an essential gene. The premise is to introduce a copy of the 

M. voltae alg7 gene (Mv1751) into M. maripaludis on an inducible expression 

plasmid and subsequently delete the native M. maripaludis alg7 gene 

(methodology for this described in chapter 4). This would initially confirm that the 

M. maripaludis alg7 deletion could be made. Following this, the expression of the 

M. voltae alg7 gene would be turned off and the effect on cell survival could be 

ascertained. To date, the M. voltae alg7 gene (Mv1751) has been histidine-

tagged and introduced into M. maripaludis on a nitrogen-regulated expression 

plasmid. The deletion of the M. maripaludis alg7 gene is underway. If expression 

of at least one copy of the archaeal alg7 gene is shown to be necessary for cell 

survival, the essential nature of this enzyme would be demonstrated. 

 

Flippases. The second major step in the N-glycosylation process is the 

translocation of the glycan through the cytoplasmic membrane to face the cell 

exterior. In eukaryotes, this step is carried out by the unique membrane protein 

Rft1 (Helenius et al., 2002), while in bacteria, the ATP-binding cassette (ABC) 

transporter WlaB completes this process (Szymanski et al., 2003). Several M. 

voltae genes were targeted as possible flippase candidates. Proteins with several 

transmembrane domains and homology to eukaryotic and bacterial flippase 

enzymes were inactivated or deleted, but no effect on M. voltae glycan assembly 
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or attachment was seen (chapters 2 and 3). This implies that the flippase in 

archaea is an archaeal-specific protein. This was not completely unexpected 

given the lack of direct homology between Rft1 and WlaB. However, the 

conservation of the rest of the N-glycosylation pathway (similarity of the glycosyl 

transferases, see above, and near identity of the oligosaccharyl transferase, see 

below) would suggest that some specific pressure required a divergence at this 

step. One answer could be that differences between eukaryotic, archaeal and 

bacterial membranes have created the need for different flippase enzymes. What 

these differences could be and how different flippase enzymes could deal with 

translocating sugars through these membranes is an area for further research. 

An active search for the archaeal flippase is ongoing by testing an annotated 

ABC transporter in the vicinity of known N-glycosylation genes. This candidate, 

Mv992, is located immediately upstream of Mv991 and Mv990 (AglC2 and AlgC1; 

chapter 3). 

 

Oligosaccharyl transferase. The final step in the archaeal N-glycosylation 

pathway is the attachment of the completed glycan to the target protein at the cell 

surface. The actual catalytic motif for this reaction is found on the Stt3p 

component of the oligosaccharyl transferase complex in eukaryotes (Burda and 

Aebi, 1999) and on the STT3 homolog in bacteria, PglB (Szymanski et al., 2003). 

In M. voltae, the STT3 homolog is AglB, which accomplishes the same task 

(chapter 2). The STT3 protein is remarkably conserved across all three domains 

of life, with the catalytic motif WWDYG found to contain variation only in the 

identity of the fourth amino acid (chapter 2).  
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One interesting characteristic is that despite the conservation of the 

catalytic mechanism, the factors that affect whether a particular sequon is 

modified seem to differ across domains. In eukaryotes, sequons located in 

regions where secondary structures change and upstream of aromatic amino 

acids appear favored (Ben-Dor et al., 2004), whereas bacterial sequons studied 

to date have required a negative charged amino acid two positions upstream of 

the glycosylated Asn (Kowarik et al., 2006). Archaeal glycosylated sequons 

examined seem to prefer small amino acids directly after the sequon and, like 

eukaryotes, rarely contain negative amino acids upstream of the glycosylation 

site (Abu-Qarn and Eichler, 2006b). What is consistent is the fact that the 

surrounding peptide environment does influence the N-glycosylation process in 

each domain and further study of the oligosaccharyl transferase process will help 

identify the reasons why this is so.  

In higher eukaryotes, like mammals, two STT3 homologs are encoded in 

the cell and different tissues and cell types show differential expression of each 

homolog (Kelleher et al., 2003). It has been proposed that this could be 

responsible for tissue-specific glycan heterogeneity (Kelleher et al., 2003). 

Interestingly, Archaeoglobus fulgidus is also known to contain two STT3 

homologs (Burda and Aebi, 1999). As no glycosylation studies have been done in 

A. fulgidus, it is unknown whether the archaeal STT3 gene products will be 

shown to have different catalytic properties. However, previous work in H. 

salinarum does suggest that archaeal STT3 homologs may possess differing 

properties. Zeitler and colleagues (1998) studied the requirement of the Asn-Xaa-

Ser/Thr motif for glycosylation of H. salinarum S-layer proteins by altering the Ser 
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residue in the sequon and testing for glycan attachment. They found that the 

sequon for the large repeating-unit glycan could be altered from Asn-Ala-Ser to 

Asn-Ala-Val/Leu/Asn without disrupting the glycan attachment. Alternatively, 

altering a sequon for a different sulfated glycan from Asn-Ser-Ser to Asn-Ser-Val 

abolished glycosylation at the site. The authors suggest that two different N-

glycosyl transferases, one responsible for the attachment of each glycan 

structure, may be responsible (Zeitler et al., 1998). BLAST searches of the H. 

salinarum genome return two possible STT3 homologs. The first has the 

traditional WWDYG motif while the second protein does not. Whether these 

homologs explain the results obtained in H. salinarum has yet to be shown.  

 

Role of glycosylation in archaea. With the identification of archaeal N-

glycosylation pathway components and their subsequent inactivation, the 

resulting effects of glycosylation defects on the cell can be explored. In M. voltae, 

the complete trisaccharide was necessary for proper flagellation (chapters 2 and 

3). In the AglA inactivated strain, where the terminal sugar is not assembled onto 

the glycan, very few flagella filaments were made (1 or 2 per cell) and these 

filaments often appeared short or broken. Mutations that further prevented glycan 

assembly (AglB and AglC1/AglC2) resulted in non-flagellated cells (chapters 2 

and 3). These phenotypes would indicate that the glycan on the flagellin proteins 

plays an important role in either the assembly and/or the structural stability of the 

filament. Given the current lack of knowledge pertaining to the assembly 

mechanism for the archaeal flagella, it can be hypothesized that whatever “loads” 

the flagellin proteins into the growing filament structure has some way of 
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recognizing complete flagellins versus partially or unmodified flagellins. If a 

flagellin subunit is not properly modified, it is excluded from the flagella. 

Alternatively, or in conjunction, the glycans on the flagellins may be a necessary 

structural component of the flagella filament. It is known that flagellin proteins 

pack together in tight, repeating formations to form the filament (Trachtenberg 

and Cohen-Krausz, 2006) and it is conceivable that the glycan plays some role in 

proper packing or reinforcement. This would be a significant difference compared 

to bacterial flagellin glycans, which are surface exposed (Wilson and Beveridge, 

1993). If the glycan is somehow involved structurally, an incomplete glycan (like 

the AglA mutant strain) could be expected to result in very fragile, brittle flagella 

while no glycan (like the AglB and AlgC1/AlgC2 mutant strains) could disrupt the 

flagella structure beyond its ability to remain formed. Given the fact that most, if 

not all, archaeal flagellin proteins are expected to be glycosylated (Jarrell et al., 

2007;Trachtenberg and Cohen-Krausz, 2006), whatever property the glycan is 

conveying to the filament structure is required for all archaeal flagella.  

 By extension, the role of glycosylation on S-layer proteins is expected to 

be similar. The surface layer of most archaeal cells, generally formed from 

identical S-layer protein subunits arranged into a monolayer of simple and 

repetitive patterns, serves as the envelope for the cell (Eichler, 2003). Without 

cell wall structures, this crystalline lattice constitutes the protective barrier 

between the cell and its external environment. As with the flagellins, S-layer 

proteins are expected to be glycosylated across most archaeal species (Eichler, 

2003). The glycans found on S-layer proteins would have an effect on the 
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physical properties of the protein subunits and are probably necessary in some 

capacity for proper packing and stabilization of the surface layer.  

In addition, there has been speculation that there is an environmental 

connection to the glycan structure found on a particular organism. An interesting 

observation has been made when comparing the known glycan structures of two 

halophilic organisms; an extreme halophile, H. salinarum, (requirement of 3-4 M 

NaCl for optimal growth) verses a moderate halophile, Hfx. volcanii (requirement 

of 1.7-2.5 M NaCl for optimal growth) (Eichler, 2003). As mentioned above, the H. 

salinarum S-layer and flagellin proteins are highly glycosylated with glycan 

structures that carry many negative charges while the Hfx. volcanii S-layer and 

flagellin proteins carry fewer glycans and of neutral charge (Sumper and Wieland, 

1995). It is thought that these differences, leading to an increased density in 

surface charge for the former organism, reflect an adaptation in response to the 

higher salt concentrations experienced by H. salinarum (Eichler, 2003). By 

extension, M. voltae, which does not have a high salt environment to contend 

with, also contains fewer, neutrally-charged glycans (Voisin et al., 2005). 

However, although these trends are interesting, without many more solved glycan 

structures, particularly from hyperthermophiles and thermoacidophiles, it is 

premature to make generalizing statements regarding the environmental impact 

on archaeal glycan structures. 

 

Future directions for archaeal glycosylation study. With a foundation for 

archaeal N-glycosylation being set in halophiles and methanogens (Abu-Qarn 

and Eichler, 2006a; chapters 2 and 3), many aspects of archaeal glycosylation 
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remain to be explored. Within the N-glycosylation pathway, the elusive archaeal 

flippase enzyme has yet to be identified. As well, beyond the assembly and 

attachment pathways, there are also biosynthetic pathways necessary to 

generate each unique sugar that is assembled into a glycan. Studies into this 

process have begun with the identification of an acetyltransferase in M. 

maripaludis that appears to not only affect flagella glycosylation, but also have an 

effect on pili formation (J. Wu, D.J. VanDyke and K.F. Jarrell, unpublished 

results). This implies that archaeal pilin proteins are also glycosylated and that 

common precursor sugars are used in both glycan structures. It is currently 

unknown whether archaeal pilin proteins are glycosylated and, if so, whether they 

will contain O-glycans (like their bacteria counterparts) or N-glycans. 

 Another area for future study is the process of O-glycosylation in archaea. 

Known to occur in the cytoplasm of eukaryotes and bacteria (Gemmill and 

Trimble, 1999;Szymanski et al., 2003), there is currently no experimental 

information regarding possible components of any archaeal O-glycosylation 

pathway. Given that most studied archaeal glycoproteins to date have been 

surface or extracellular proteins, these proteins usually contain N-linked glycans 

first and foremost, with O-linked glycans found only in conjunction with N-glycans 

(Eichler and Adams, 2005). Without further study of glycosylated cytoplasmic 

proteins, which would be more likely to contain solely O-linked glycans, progress 

made into the archaeal O-glycosylation pathway will be slow.  
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The Archaeal Flagellum 

Ongoing research has continued to shed new light on the unique features 

of the archaeal flagellum. Although functionally similar to the bacterial flagellum, 

the list of similarities between the archaeal flagellum and the bacterial type IV 

pilus is continually growing. These similarities include the multi-flagellin/pilin 

nature of the filament structures, the post-translational modification of the filament 

subunits, the lack of a central channel in the filaments, similar N-terminal 

sequence properties of the filament subunits and homologous proteins between 

the two systems, to name a few (Ng et al., 2006;Trachtenberg and Cohen-

Krausz, 2006). These observations have led to the hypothesis that the archaeal 

flagellum and bacterial type IV pilus share a common mode of assembly (Jarrell 

et al., 1996). In this model, the structure is assembled at the cell surface with new 

subunits added into the growing filament at the base. However, despite these 

common features, few bacterial genes related to any motility structure can be 

found in archaea, implicating a novel, archaeal-specific aspect to the archaeal 

flagellum (Ng et al., 2006). One aspect of current research has focused on a 

collection of co-transcribed genes found in flagellated archaea that constitute the 

fla operon. This operon usually consists of the flagellin genes (flaA’s and/or flaB’s 

necessary for the filament structure), followed by a variable set of genes of 

unknown function (flaC-flaH) and ended by two genes with homology to the 

subunit export and assembly mechanism for bacterial type IV pili (flaI; an ATPase 

and flaJ; an integral membrane protein). In this body of work, the genes located 

within the fla operon of M. maripaludis were systematically deleted in such a way 

to leave the remaining operon intact and each deletion was subsequently 
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complemented back in trans (chapter 4). The effect of both the loss and 

restoration of each fla gene was characterized. 

 

The flagellin proteins. In M. maripaludis, there are three flagellin genes, namely 

flaB1, flaB2 and flaB3. Although there has been no direct analysis of the M. 

maripaludis flagella filament, study of the closely related methanogen, M. voltae, 

has revealed that the majority of the flagella filament is composed of 

approximately equal amounts of the two major flagellins, FlaB1 and FlaB2, while 

FlaB3 constitutes a minor fraction of the total flagellin protein and is localized to 

the cell proximal end of the filament (Kalmokoff and Jarrell, 1991;Bardy et al., 

2002). Deletions of each flagellin gene in M. maripaludis resulted in phenotypes 

consistent with this distribution. Loss of either FlaB1 or FlaB2 resulted in non-

flagellated cells, indicating that both putative major flagellins are required for 

filament formation (chapter 4). In addition, the loss of FlaB3 produced straight 

flagella that were missing a curved, hook-like region (chapter 4). With no bacterial 

hook or HAP-like genes identifiable from any complete archaeal genome 

sequence, it had been proposed that one of the multiple flagellin proteins might 

be fulfilling the role of hook-like protein in archaea (Bardy et al., 2003). The 

confirmation of FlaB3 as the protein constituting the hook-like structure in M. 

maripaludis validates this hypothesis and may help explain why a defined length 

and clear demarcation of the archaeal hook region have remained elusive; if the 

curved region is simply a concentration of a single flagellin protein, there may be 

less need for stringent regulation of the hook length and no need for adaptor 

proteins to connect the hook region to the rest of the filament.  
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The resulting phenotypes from the ∆FlaB1/B2/B3 strains also support the 

current model of assembly for the archaeal flagellum. Like the type IV pilus, the 

archaeal flagellum is believed to be assembled from the base, with flagellin 

subunits added at the cell surface (Jarrell et al., 2007). This theory has been 

reinforced by the lack of a central channel in the archaeal filament, preventing 

subunits from being exported to the distal tip for bacterial-like assembly 

(Trachtenberg and Cohen-Krausz, 2006). As such, the archaeal model predicts 

that the filament structure would be assembled first, followed by the more cell-

proximal hook region. Deletions of FlaB1 or FlaB2 (the major components of the 

filament) resulted in no flagella structure while the deletion of FlaB3 resulted in 

filaments with no hooks, just as one would predict. The phenotype of hook-less 

bacterial flagella has never been reported in the literature, and given the “hook-

first” mode of assembly utilized by bacteria, this flagella structure is likely not 

possible. This difference once again highlights the similarity of the archaeal 

flagella to the bacterial type IV pili. 

 

The remainder of the fla operon. Aside from FlaHIJ, which due to their 

conservation and homology to bacterial counterparts implicates them as part of 

the flagellin subunit export system, the function of the remainder of the fla genes 

in the operon remains unknown. This study was able to demonstrate for the first 

time that FlaC, FlaF and FlaG are absolutely required for flagellation, as well as 

confirm previous findings that FlaH and FlaI are also essential (previous study in 

M. voltae demonstrated that FlaH, FlaI and FlaJ were all required for flagellation; 

(Thomas et al., 2001b;Thomas et al., 2002). However, the phenotype of non-
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flagellation gave no further clues as to what role these proteins might play in the 

assembly or structure of the archaeal flagellum. Further mystifying is the fact that 

not all of these genes are found in all flagellated archaea (see Table 1-1). The 

major distinction is the lack of flaCDE and occasionally flaF in the Crenarchaeota, 

which include Aeropyrum, Pyrobaculum and Sulfolobus species (Table 1-1). 

Within the Euryarchaeota, flaC is also missing in Methanosarcina species (Table 

1-1). It is worth a special note regarding Methanosarcina that although a nearly 

complete set of fla genes can be detected in the genome sequences from these 

organisms, none of these species have ever been reported to be flagellated (Ng 

et al., 2006). Whether the absence of flaC has any part in this observation is 

unknown. Further study into the functions of flaC-flaF will hopefully explain the 

requirement of these proteins for flagellation in some organisms and not others.  

An interesting observation was made when flaC-flaI were complemented. 

In the experimental approach used, each protein was C-terminally histidine (his)-

tagged to allow for detection of the expression product from the complementation 

plasmid. This tag was not added to the flagellin proteins because of concern that 

additional sequence would interfere with the highly organized assembly of the 

filament structure. When complemented flaC-flaI strains were evaluated for 

flagella, cells were found to contain only a few filaments (on average 1-4 

filaments per cell). This could be the result of the his-tag interfering with proper 

Fla protein-protein interactions. The hypothesis that Fla proteins interact is not 

novel; the finding of a single large gene in H. salinarum, Haloarcula marismortui 

and Methanococcoides burtonii that corresponds to flaC, flaD and flaE in other 

archaea has raised the question of whether these three proteins could be 
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interacting when translated separately (Ng et al., 2006;Jarrell et al., 2007). 

However, the fact that each his-tagged complementation protein was also 

expressed from a non-native promoter (the nif promoter), and therefore at non-

native levels, could also have had an impact on final flagella levels. As such, the 

current data only supports the fact that FlaC, FlaF, FlaG, FlaH and FlaI are 

required in some capacity for flagellation in M. maripaludis.  

 Another interesting avenue of investigation pertains to FlaD and FlaE. By 

sequence comparison, the C-terminal portion of FlaD (which is 362 amino acids 

in total) is very similar to FlaE (which is 135 amino acids in total) in M. voltae. 

This similarity is so high that when archaeal genomes were searched for flaD and 

flaE, a single gene corresponding to both flaD and flaE was found in 

Methanosarcina, Pyrococcus, Thermococcus and Thermoplasma species (Table 

1-1). In addition, flaD has an internal start with its own ribosome binding site that 

allows for a second protein to be translated from this gene. This smaller version 

of FlaD has been detected from M. voltae (Thomas and Jarrell, 2001) and 

Methanococcus jannaschii (Giometti et al., 2001) and also shares a high 

similarity to FlaE. Unfortunately, repeated attempts to construct ∆FlaD and ∆FlaE 

strains, and subsequently, a ∆FlaDE strain in M. maripaludis were unsuccessful. 

However, the introduction of a point mutation into the flaD gene in M. maripaludis 

that abolished expression of the internally derived FlaD protein was found to have 

no affect on flagellation (chapter 4). This raises the possibility that the small 

version of FlaD and FlaE might be redundant or interchangeable proteins. Further 

studies into the interactions of FlaCDE are currently being undertaken and will 

hopefully answer some of these outstanding questions. 
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The archaeal pilus. By electron microscopy, it has been noted that archaeal 

cells can contain more than one type of surface structure; a “thicker” filament that 

are identified as flagella (10-13 nm in diameter; Thomas et al., 2001a) and a 

“thinner” filament that are usually inferred to be pili or flagella protofilaments 

(Leadbetter and Breznak, 1996;Pyatibratov et al., 2002). Wild type M. maripaludis 

cells were observed to contain both types of filaments (see Fig. 4-6). A 

distinguishing feature between these filaments, aside from their differing 

diameters, was their location on the cell surface. Flagella would originate from a 

localized area on the cell while the thinner filaments could be seen peritrichously 

on the cell surface. With the creation of several non-flagellated strains by the 

deletion of fla genes, the fate of the thinner filaments could also be ascertained. It 

was discovered that the thin filaments were unaffected by the loss of flagellation 

and remained visible on the deletion strains (chapter 4). This indicated that these 

thin structures were not flagella protofilaments in M. maripaludis, as had been 

previously suggested for Natrialba magadii (Pyatibratov et al., 2002). Together 

with the diameter and the spatial distribution of the thin filaments, their identity is 

most likely that of archaeal pili. A putative pili locus has been identified in M. 

maripaludis, which is believed to contain several pilin genes and a prepilin 

peptidase gene (S.Y.M. Ng and K.F. Jarrell, unpublished results). These pilin 

subunits are predicted to be 14-17 kDa and preparations of filaments from both 

wild type and non-flagellated M. maripaludis cells consistently reveal a low level 

of protein approximately 17 kDa in size (B. Chaban and S.Y.M. Ng, unpublished 

results). Active research is ongoing to determine if this gene locus is responsible 

for the pili structures observed. 
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Future directions for archaeal flagellation study. Recent advances in our 

knowledge of archaeal flagellation have helped expand and refine our current 

model (Fig. 5-2). However, there is still much to learn about this unique 

prokaryotic motility structure. For starters, many more flagellum-related genes are 

believed to be necessary for archaeal flagellation. It is highly unlikely that only 

one major cluster of fla-associated genes is all that is required for flagella 

assembly and function. Genes responsible for the basal body or anchoring 

structure, motor proteins and switch proteins are just a few yet to be identified. In 

addition, no regulatory genes have yet been recognized to date; this despite the 

fact that the archaeal flagellum is known to be a regulated structure 

(Mukhopadhyay et al., 2000). Since homologs of bacterial flagellum and pili 

genes have been exhaustively searched for in archaea, additional archaeal-

specific genes will have to be identified by alternative approaches. Presently, two 

independent approaches are being explored. 

 The first is based on a proteomics approach using the recently generated 

Fla deletion strains. In collaboration with Dr. Phil Andrews at the University of 

Michigan, whole-cell proteomics is being used to compare the proteome of wild 

type M. maripaludis to the M. maripaludis deletion strains FlaC, FlaH and FlaI. 

Proteins that are down-regulated in all three deletion strains compared to the wild 

type are being identified and their corresponding genes targeted for study. 

Preliminary data from this analysis has identified a number of potential flagella-

related proteins, with two hypothetical proteins and a possible transcriptional 

regulator at the top of the list. Deletions of these genes are currently being 

generated to ascertain what role, if any, they play in flagellation. 
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Figure 5-2. Current model for assembly and structure of the M. voltae flagellum. 

The assembly of the glycan modification is believed to occur independently on a 

lipid carrier in the cytoplasmic membrane via the activities of the Agl proteins. 

Glycosylation, as well as removal of the signal peptide by FlaK (order of these 

steps unknown) occurs in the cytoplasmic membrane prior to incorporation of the 

flagellins into the filament. The incorporation step is presumed to involve a FlaHIJ 

complex that has homologs in the type IV pili system. Incorporation of new 

flagellin subunits is hypothesized to occur at the base of the structure since no 

hollow center for passage of subunits has been observed.  FlaB3 has been 

shown to be responsible for the hook-like region of the flagella filament and FlaC, 

FlaF and FlaG have also been shown to be essential, but their role is currently 

unknown. It has also been hypothesized that FlaCDE interact. 
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 The second approach is computationally-based. Using a web-based 

program called SEED (http://theseed.uchicago.ed/FIG/sigs.cgi), maintained by 

the Fellowship for Interpretation of Genomes, sets of whole genome sequences 

can be compared to look for genes present or absent in one set or the other. 

When complete archaeal genomes from flagellated and non-flagellated 

organisms are compared, a set of flagellated-only genes can be generated. A 

reassuring control in this list is the presence of flaI and flaJ, as well as the 

flagellin genes, known to be found only in flagellated archaea. A number of 

hypothetical genes were also returned from the comparison, making them 

promising candidates for novel archaeal flagellum-related components. Deletions 

of a number of these SEED-identified genes are also currently being generated 

and their effects on flagellation will be determined. 
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Summary and Conclusion 

The findings presented in this thesis represent several major advances in 

the study of archaeal glycosylation and flagellation. To summarize, this body of 

work represents the first experimental evidence of: 

1. The identity and function of any N-glycosylation gene(s) within the 

domain Archaea. This has included four proven glycosyl 

transferases and an oligosaccharyl transferase. 

2. The essential nature of glycosylation for archaeal flagella structure 

and/or assembly. 

3. The identity of FlaB3 as the hook-like protein in Methanococcus 

flagella filaments. 

4. The requirement of FlaC, FlaF, FlaG and FlaH for flagella structure 

and/or assembly in Methanococcus. 

In addition, this work has added further support to the current model of archaeal 

flagella assembly and expanded the model to include a detailed picture of the 

glycosylation pathway involved. These represent significant advances in the field.  

With a wealth of new frontiers to explore in structural, assembly, regulation 

and post-translational modification, there is an exciting future in archaeal flagella 

research. Answers obtained from these various aspects of study will not only 

advance our understanding of motility, but also protein modification, export and 

regulation in this unique domain of life. In addition, continued study of 

glycosylation components offers exciting new biotechnology applications. Once 

specific glycosyl transferases are characterized, the potential to create specific 

carbohydrate structures is available. The wide variety of sugar structures made 
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by prokaryotes opens a flood-gate of possibilities and the range of extreme 

habitats archaea are present in allow for some of these enzymes to be heat- 

and/or pH-stable. Given the vast numbers and habitat range of archaea on this 

planet (Chaban et al., 2006), increased knowledge of basic cellular functions can 

have far-reaching impacts on our understanding of how archaea affect and 

interact with the ecosystem at large.  
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