
IDENTIFICATION OF NOVEL GENES INVOLVED IN N-

GLYCOSYLATION AND REGULATION OF ARCHAELLA ASSEMBLY 

AND EXPLORATION OF THE EFFECT OF N-GLYCOSYLATION ON 

ARCHAELLA ASSEMBLY IN METHANOCOCCUS MARIPALUDIS 

by 

Yan Ding 

 

 

A thesis submitted to the Department of Biomedical and Molecular Sciences 

In conformity with the requirements for 

the degree of 

Doctor of Philosophy 

 

Queen’s University 

Kingston, Ontario, Canada 

(July, 2015) 

 

Copyright ©Yan Ding, 2015 



ii 
 

Abstract 

In this thesis, using Methanococcus maripaludis as a model organism, significant, novel 

advances have been made to the understanding of the archaeal N-glycosylation pathway as well as 

archaella regulation and assembly. The archaellum is the swimming organelle in the third domain of life, 

the Archaea. Genes involved in archaellation are mainly clustered in the fla operon. The structural 

proteins of archaella, termed archaellins, are usually glycoproteins modified with N-glycans. In M. 

maripaludis, a euryarchaeon, all three archaellins FlaB1, FlaB2 and FlaB3 are modified at multiple sites 

with an N-linked tetrasaccharide with the structure Sug-1,4-β-ManNAc3NAmA6Thr-1,4-β-

GlcNAc3NAcA-1,3-β-GalNAc, where Sug is a unique sugar (5S)-2-acetamido-2,4-dideoxy-5-O-methyl-

L-erythro-hexos-5-ulo-1,5-pyranose exclusively found in this species. Using FlaB2 as a reporter protein, 

I genetically identified three novel genes, aglU, aglV and aglW, which are involved in the synthesis of 

the archaellin N-glycan. AglU, a putative threonine transferase, is thought to be responsible for the 

transfer of the threonine onto the third sugar residue in the N-glycan. AlgV and AglW, annotated as a 

methyltransferase and a UDP-glucose 4-epimerase, respectively, are involved in the biosynthesis of the 

unique terminal sugar.  

Since it has been shown that disruption of the N-glycosylation pathway caused defects in 

archaella assembly or function, I explored the specific requirement of N-glycosylation of archaellins on 

archaellation by eliminating the four N-glycosylation sites in FlaB2 in all possible combinations. As 

many as three N-glycosylation sites could be removed from FlaB2 without interfering with archaella 

assembly or function. However, archaella could not be assembled when all four N-glycosylation sites in 

FlaB2 are eliminated.  
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While there is evidence that archaella synthesis in M. maripaludis is not constitutive, no 

transcriptional regulators had been identified for the fla operon in any euryarchaeon. I genetically 

identified and characterized ArnE as the first euryarchaeotic transcriptional activator of the fla operon. 

Deletion of arnE resulted in the cessation of the transcription and translation of the reporter gene flaB2 

and translation of FlaB2 was restored when the mutant was complemented with arnE in trans. 

Electrophoretic mobility shift assays confirmed the specific binding of purified ArnE to DNA fragments 

from the fla promoter.  
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The study of Archaea has led to great advancements in many fields of biology, with discoveries 

that have aided the understanding of processes common to Eukarya and/or Bacteria [1]. In addition, other 

findings have highlighted the novelty of the organisms representing the third Domain of life, such as their 

unusual and often unique surface appendages, including archaella, pili, bindosomes, cannulae, hami, Iho 

fibers, etc, performing various functions [2, 3]. The best studied of these structures is the archaellum [4, 

5], the swimming organelle in Archaea. This rotary structure is, surprisingly, not homologous to the well-

studied swimming organelle of Bacteria, namely the flagellum, although it performs the same basic 

function. Rather, an impressive accumulation of biochemical, genetic, structural and bioinformatic data 

demonstrates an evolutionary link between archaella and bacterial type IV pili (T4P), an appendage often 

associated with a type of surface motility called twitching [5, 6]. These two structures are proposed to be 

assembled in a similar fashion, distinct from the assembly mechanism that is used for bacterial flagella 

[7]. In support of this is the absence of homologues to any bacterial flagella related genes in sequenced 

archaeal genomes and the requirement for homologues of several T4P genes for assembly of archaella, 

including a dedicated signal peptidase for processing the structural proteins, a polymerizing ATPase and a 

membrane protein thought to provide the assembly platform [7].   

An unusual but common feature of the various archaeal surface appendages, including archaella 

and pili, is the N-glycosylation modification of their major structural subunits [8, 9]. N-glycosylation is a 

prevalent protein modification widespread in Archaea [8, 10]. The limited studies conducted thus far on 

archaeal N-glycan structures suggest that the diversity of size, structure, composition (including novel 

sugars) and linking sugars is likely to far exceed what is found in either the bacterial or eukaryotic 

domains, potentially making archaea a vast untapped reservoir of enzymes (often extremophilic), useful 

for glycoengineering [10, 11]. Using archaellins, the structural proteins of archaella, as well as the 

surface-layer (S-layer) protein, as reporter proteins, archaeal N-glycosylation has been well-studied 

structurally and genetically, mainly in three model microorganisms: Methanococcus maripaludis and 

Haloferax volcanii both of which belong to the Euryarchaeota, and Sulfolobus acidocaldarius, which is a 
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member of the Crenarchaeota [8]. In M. maripaludis, both archaellins and pilins, the structural proteins of 

archaella and pili, respectively, are glycoproteins modified with similar but not identical N-glycans [4, 

12]. Numerous studies have resulted in elucidation of not only the structure of the archaellin N-linked 

tetrasaccharide but also genes responsible for major portions of the N-glycosylation pathway in M. 

maripaludis [8], while still leaving many gaps to fully complete the pathway.  

It is known for several archaea, including M. maripaludis, that the production of archaella is not 

constitutive but regulated by a number of environmental factors [5]. While many of these studies are 

based on transcriptomics and proteomics, little is known about the transcription factors involved in 

archaella regulation. In fact, no studies have been performed in any euryarchaeon to identify any 

transcriptional regulator of archaella assembly; only in the thermoacidophilic Sulfolobus spp., which 

belong to the Crenarchaeota, have such transcriptional activators and repressors been identified [5]. In S. 

acidocaldarius, an interesting aspect of archaella regulation is that the production of archaella involved in 

swimming and pili involved in surface attachment are intertwined such that conditions that repress 

archaella formation lead to increased production of pili, allowing cells to rapidly adjust to changing 

environmental conditions [5]. 

In this thesis, I used M. maripaludis as the model organism and mainly focused on two fields: the 

N-glycosylation pathway and archaella regulation. Using archaellin FlaB2 as the reporter protein, a 

number of new genes involved in the biosynthesis of the sugars in the archaellin N-glycan have been 

identified using genetic methodology in combination with other techniques including mass spectrometry 

and electron microscopy. Since N-glycosylation is an essential modification for archaella assembly [13-

15], I was interested in determining the minimum number of N-glycosylation sites in the archaellins 

which allowed for the assembly of functional archaella. Lastly, my thesis results include the discovery of 

the only euryarchaeotic transcriptional regulator involved in archaella assembly that has been so far 

identified.   
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2.1. T4P-like surface appendages in Archaea 

Like their bacterial counterparts, archaeal cells can assemble a variety of surface structures [1-6], 

including the widely distributed archaella (formerly archaeal flagella; [1, 2]) and pili, but also less 

commonly found appendages, such as cannulae, hami, bindosomes and Iho fibres. Functions of these 

surface appendages in Archaea include swimming, swarming, attachment to abiotic and biotic surfaces, 

cell aggregation, intercellular communication, DNA uptake, virus attachment, nutrient uptake, and 

biofilm formation [7-18].  

Many of the archaeal surface structures mentioned above, including archaella, pili and the 

bindosome, are assembled using a bacterial T4P model [19], although the structures formed from these 

subunits are themselves unique [6, 20-23]. This assembly mechanism is characterized by, among other 

things, the presence of class III signal peptides on the major structural proteins, requiring their removal by 

a dedicated signal peptidase [9, 24-27]. The various archaeal T4P-like systems also share homologues of 

a polymerizing or assembly ATPase and a conserved integral membrane platform protein with the 

bacterial T4P system [21, 28, 29]. These two proteins are thought to form the motor complex for archaella 

assembly [30]. In addition, another very common feature of the major structural subunits of various 

archaeal surface appendages is attachment of glycans, with N-linked glycan attachment being the best 

studied (Section 2.4) [31, 32].   

2.2. Archaella and pili assembly in M. maripaludis 

M. maripaludis belongs to the Euryarchaeota phylum in the third domain of life – Archaea [33, 

34]. It is an obligately anaerobic, mesophilic methanogen, originally isolated from salt marsh sediments, 

that grows autotrophically by using CO2 as carbon source, and H2 or formate as the electron donor [35, 

36]. M. maripaludis is considered one of the model organisms for use in archaeal genetic studies due to 

its rapid growth, high plating efficiencies, sequenced genome, as well as well-defined methodologies for 

transformation, in-frame markerless gene deletion and several plasmid systems for complementation 

studies [37].  
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So far, two surface appendages have been studied in M. maripaludis: archaella [38] and pili [39, 

40] (Figure 2.1); both are T4P-like surface structures [6, 26, 39, 41]. 

2.2.1. Archaella and pili – the two surface appendages in M. maripaludis  

Archaella. The archaellum from M. maripaludis is composed of a filament with an average 

diameter of 12 nm attached to a curved hook-like region at the cell proximal end [42]. Although also 

essential for surface attachment in some archaea including M. maripaludis, the major and basic function 

of archaella is likely swimming by filament rotation [10, 43]. The motor, which provides the power for 

rotation, is likely driven by ATP hydrolysis as demonstrated in two other archaea, Halobacterium 

salinarum and S. acidocaldarius [43-47]. M. maripaludis was originally described as being weakly motile 

[48], despite the fact it is well archaellated, as shown in Figure 2.1. More recently, the swimming speeds 

of various archaea, including M. maripaludis were directly measured. For M. maripaludis, the average 

swimming velocity was 45 µm/s (or 30 body lengths per second (bps)), which was comparable to the 

swimming velocity measured for E. coli (45 µm/s or 20 bps), though far slower than some 

hyperthermophilic archaea like Methanocaldococcus jannaschii and Methanocaldococcus villosus, for 

which the swimming speeds measured (400-500 bps) were the fastest of any organism on Earth when 

calculated as bps [49].  

Pili. The other surface appendage found in M. maripaludis is the type IV pilus. Pili are much 

thinner than archaella, with a diameter of only 6 nm and they are less abundant than archaella [23, 39]. 

The only function attributed to M. maripaludis pili is in attachment of cells to abiotic surfaces, a process 

in which archaella are also essential [10]. In addition, both archaellins and pilins are glycoproteins 

modified with similar, but not identical, N-linked glycans (Section 2.4.2) [39, 50]. 
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Figure 2.1 Surface appendages of M. maripaludis. A. The two surface appendages, archaella and pili 
(arrows), on the surface of M. maripaludis. B. Enlarged view of the cell to highlight the presence of pili 
(arrow) more clearly. Bar = 500 nm. B is taken from Jarrell et al, 2013 [6].  
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2.2.2. The fla operon for archaellation in M. maripaludis 

flaB1-B3. In M. maripaludis, most genes involved in archaellation are clustered in the fla operon 

(originally designated mmp1666-1676), which begins with three archaellin genes flaB1, flaB2 and flaB3, 

followed by the fla-associated genes flaC to -J, as shown in Figure 2.2A [51]. The pre-archaellin 

peptidase gene flaK (mmp0555) is found at a distinct location on the genome [25]. FlaB1 and FlaB2 are 

the major archaellins composing the filament, while FlaB3 is a less abundant archaellin responsible for 

the curved, hook-like region [42]. flaB1 and flaB2 are essential for archaella assembly as deletion of 

either gene leads to non-archaellated cells while deletion of flaB3 resulted in functional, but hookless, 

archaella filaments, consistent with the filament assembly occurring before addition of hook subunits at 

the base, a process distinct from assembly of bacterial flagella [42, 52, 53]. However, not all archaea 

possess archaella that have a hook region. For example, archaellar hook regions have never been observed 

in Sulfolobus solfataricus or S. acidocaldarius which contain only a single archaellin gene [2, 54, 55].  

Archaellins are synthesized as pre-proteins with conserved, short, class III (or type IV pilin-like) 

signal peptides [56] which, in M. maripaludis, are cleaved by the dedicated signal peptidase FlaK 

(Section 2.2.3) [25]. The N-terminal region of archaellins (30-40 amino acids) is highly conserved and 

hydrophobic (Figure 2.2B), with high amino acid sequence similarity to those of bacterial type IV pilins 

[57, 58]. Since the corresponding conserved hydrophobic N-terminus from type IV pilins is known to be 

involved in subunit-subunit interactions in pilus filament, it is postulated that this might also be true in the 

case of archaella [59]. In M. maripaludis, a relatively less conserved region is located at the C-terminus of 

the three archaellins, leaving archaellin-specific variable regions in the middle (Figure 2.2B) [42, 51].  

flaC-G. Downstream of flaB1-flaB3 are the fla-associated genes flaC-J, which are conserved in 

Euryarchaeota [1, 2, 61-63]. While attempts to delete flaD and flaE were unsuccessful, in-frame deletion 

analysis of the other fla-associated genes demonstrated that all were essential for archaellation in M. 

maripaludis [42]. Studies show that fla-associated genes are essential for archaella formation in other 
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Figure 2.2 Known fla genes in M. maripaludis. A. fla operon in the euryarchaeon M. maripaludis. The 
basic composition and arrangement of the fla operon is conserved in different Euryarchaeota species, 
although the number of archaellin genes can vary [1, 2, 6]. The function of the protein encoded by each 
fla gene is listed under the corresponding genes. The pre-archaellin peptidase gene (flaK) is located at a 
separate genomic location. B. Protein sequence alignment of FlaB1, FlaB2 and FlaB3 (ClustalW2 [60]). 
Signal peptide is shown in blue; the conserved N-terminal domain is highlighted with black; the relatively 
less conserved C-terminal domain is highlighted with grey; N-glycosylation sequons occupied with N-
glycan are shown in red with the N-glycosylated asparagine underlined; the first sequon 26NTS28 that is 
not occupied with N-glycan in both FlaB1 and FlaB2 is shown in yellow [42, 50, 51].  
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Archaea as well, including Methanococcus voltae [64, 65], Hbt. salinarum [66], S. solfataricus [55] and 

S. acidocaldarius [54]. The functions of FlaC, FlaD, FlaE and FlaG are, as yet, unidentified or 

characterized, and all appear to be archaeal-specific with no homologues in the bacterial domain [62]. 

Interestingly, in M. maripaludis and M. voltae, both the full length version of FlaD as well as a truncated 

C-terminal form has been detected in western blots [42, 51] and the short version was also found in a 

proteomic study of Mcc. jannaschii [67]. The truncated version of FlaD has high amino acid sequence 

similarity to FlaE [42, 51]. FlaC, FlaD and FlaE from M. voltae, which share high (>70%) identity with 

the corresponding proteins from M. maripaludis, have been shown to be membrane proteins [51]. In some 

archaea, such as Hbt. salinarum, FlaC and FlaE are fused as one protein FlaCE [63], which was found to 

have indirect interactions with chemotaxis proteins via three new identified proteins, indicating that 

FlaCE and FlaD might be involved in the switch of the archaella motor [68]. Recently, it was reported 

that FlaF from S. acidocaldarius binds to the S-layer protein and acts as the stator protein to anchor the 

archaellum filament to the cell envelope [69]. This is likely true for M. maripaludis as well since both 

organisms have the same envelope structure with the cytoplasmic membrane overlaid with an S-layer [4, 

70].  

flaHIJ. flaI and flaJ are homologues of genes found in the T4P systems of bacteria and their 

protein products, together with FlaH, are thought to form a secretory complex in archaella assembly [46, 

51, 61]. While deletion analysis has shown that all three genes are essential for archaellation in M. 

maripaludis, biochemical studies of these proteins have only been reported in the thermoacidophile S. 

acidocaldarius. Although in silico analysis shows that FlaH is a potential ATPase-like protein containing 

a typical Walker A motif and an incomplete Walker B motif, there is no biochemical evidence to indicate 

this protein has ATPase activity [1, 61]. FlaH from S. acidocaldarius is a monomeric cytoplasmic protein, 

and interacts with FlaI and FlaX (a unique Fla-associated protein only found in Crenarchaeota) with high 

affinities [30].  
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FlaJ is predicted to be an integral membrane protein containing seven to nine transmembrane 

domains with two highly charged cytoplasmic loops, and likely forms a crucial component of the central 

core complex for archaella assembly [51, 61]. It is a homologue of the conserved membrane or platform 

component of the bacterial T4P system (PilC in Pseudomonas aeruginosa) [19, 29, 71-73].  

Both in silico and biochemical analysis revealed that FlaI is the ATPase which provides the 

energy for both archaella assembly and archaella rotation [44, 46, 51]. FlaI belongs to the “secretion 

superfamily ATPase” or “type II secretion/type IV secretion ATPase” family involved in bacterial type II 

secretion, type IV secretion and T4P assembly, as well as archaella assembly, and is homologous to the 

assembly/polymerizing ATPase PilB in the bacterial T4P system [19, 28, 29, 71]. Numerous conserved 

motifs (such as Walker A and B boxes and P-loop involved in nucleotide binding, aspartate box and 

histidine box) are shared by members of this superfamily [74]. 

The three-dimensional structure shows that each S. acidocaldarius FlaI monomer contains a C-

terminal ATPase domain where the conserved Walker A and Walker B motifs are located, and a more 

variable N-terminal domain [46]. When bound to ATP, FlaI undergoes hexamerization [44]. The FlaI 

hexamer shows a crown-like structure, in which the C-terminal domains form the crown ring and the N-

terminal domains form the tips of the crown. The tips of the crown are thought to be locked into FlaJ, thus 

forming a rigid motor complex for archaella filament rotation. In addition, the ATPase activity is strongly 

activated by archaeal lipids but not Escherichia coli lipid extracts [44, 46]. 

2.2.3. FlaK/PibD – signal peptidase for archaellin maturation 

Archaellins, as well as structural proteins from other T4P-like structures, are synthesized as pre-

proteins with signal peptides which are highly conserved and similar to the type III signal peptide in 

bacterial type IV pilins [24, 52, 58, 75]. The signal peptide is processed by a dedicated archaeal pre-pilin 

peptidase-like enzyme designated as FlaK in methanogens [24, 25] and subsequently designated as PibD 

in other archaea [9, 75]. Cleavage of the signal peptide occurs on the cytoplasmic side of the cytoplasmic 
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membrane [76] and this processing has been demonstrated to be critical for archaella formation, as 

mutants carrying deletions in this enzyme are non-archaellated [9, 24, 77].  

Pre-pilin peptidases are widespread in Archaea, even among non-archaellated members, attesting 

to the expanded role that some of these enzymes play outside of an involvement in archaella formation 

[78]. In M. maripaludis, archaellins and pilins each have their own dedicated pre-pilin peptidases [25, 26]. 

FlaK processes only the three archaellins while another signal peptidase, EppA, processes only pilins (see 

2.2.4), even though similarities in the signal peptides and cleavage sites are found in both substrate 

proteins [26, 79]. In S. solfataricus, however, PibD was shown to have a much wider substrate range 

including not only archaellin, but also subunits that compose the unusual UV inducible pili (Ups pili) and 

a number of sugar binding proteins that are predicted to form a pilus-like membrane structure, termed the 

bindosome [15, 27, 80]. In Hfx. volcanii, a single enzyme (PibD) is also involved in processing both 

archaellins and other pilin-like proteins [9]. 

FlaK/PibD belongs to an unusual family of aspartic acid proteases containing a conserved GxGD 

motif, which also includes bacterial type IV prepilin peptidases and the eukaryotic protease, presenilin 

[21, 24, 26, 76, 81]. The crystal structure of the M. maripaludis FlaK shows that this archaeal pre-pilin 

peptidase contains 6 transmembrane (TM) α-helices and a soluble cytoplasmic loop between α5 and α6 

[76]. The two catalytic aspartic acid residues in archaeal type IV pre-pilin like peptidases are located 

between TM 1 and 2 and between TM 3 and 4. The latter contains the highly conserved GxGD motif [24, 

76]. The enzyme must undergo a conformational change in order to bring the two catalytic aspartic acid 

residues, located in TM 1 and 4, into close proximity [76]. In M. voltae FlaK, the two catalytic aspartic 

acid residues are D18 and D79. Site-directed mutations D18A, D18N, D79A or D79N resulted in a loss of 

enzyme activity. A conservative substitution of D79E, however, maintained pre-archaellin processing 

ability [24]. In S. solfataricus PibD, the corresponding aspartic acid residues are D23 and D80. Consistent 

with the findings in FlaK, substituting either of these two aspartic acid residues with alanine or glutamic 

acid inactivated the enzyme for pre-archaellin processing, while enzyme with a D80E conservative 



14 
 

substitution remained partly active. Although several other conserved aspartic acid residues are also found 

by sequence alignment, aspartic acid to alanine substitutions of these in either FlaK or PibD had no effect 

on enzyme activity [24, 75].  

Figure 2.3 is a working model showing archaellum synthesis in M. maripaludis, incorporating 

data from studies in S. acidocaldarius. 

2.2.4. Pili synthesis in M. maripaludis 

Genes involved in pili synthesis are located in several genomic loci. By searching the M. 

maripaludis S2 genome for genes encoding conserved class III signal peptides using several 

bioinformatics programs such as FlaFind, OrthoMCL and Pfam, three genes epdA (mmp0233), epdB 

(mmp0236) and epdC (mmp0237), located in gene cluster mmp0231-0241, were first identified as putative 

pilin genes [26] and later shown by genetic means to all be involved in piliation [39]. Upstream of epdA, 

mmp0232, designated as eppA, encodes an archaeal pre-pilin signal peptidase homologous to FlaK. EppA 

is responsible for signal peptide cleavage from EpdA, EpdB and EpdC, and is essential for pili assembly 

[26, 39]. Analysis of purified pili showed that the major structural pilin was none of EpdA, EpdB or EpdC 

but instead the glycoprotein EpdE (MMP1685), encoded at a distant location, and also an EppA substrate 

[39, 41]. Subsequently, another minor pilin and EppA substrate, EpdD, (MMP1283), encoded at yet 

another separate location, was identified [79]. More recently, gene cluster mmp0040-0038, was shown to 

be involved in pili assembly [82]. Pili assembly genes located in this gene cluster include epdJ 

(mmp0038) and epdK (mmp0039), both encoding proteins homologous to the conserved membrane 

component or platform protein PilC in the bacterial T4P system [71, 73], and epdL (mmp0040), encoding 

an ATPase thought to be the conserved assembly ATPase in the archaeal T4P-like system [82]. All the 

components mentioned above except EpdA, are essential for pili assembly in M. maripaludis [39, 79, 82].  
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Figure 2.3 A working model showing the archaellum synthesis apparatus in M. maripaludis, 

incorporating data from studies in S. acidocaldarius. After the signal peptide is cleaved by the signal 

peptidase FlaK, glycosylated archaellins are incorporated into the archaellum filament at the base [42, 51]. 

Archaellin glycosylation (Section 2.4) and signal peptide cleavage can occur independently [41]. FlaJ 

forms the central core complex to anchor the archaellum filament into the cytoplasmic membrane [42, 51]. 

The FlaI hexamer interacts with FlaJ and hydrolyzes ATP to provide energy for both archaellum 

assembly and filament rotation [44, 46].  
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2.3. Regulation of archaella assembly  

2.3.1. Regulation of archaella assembly in Sulfolobales and Halophiles 

Sulfolobales. Knowledge about the regulation of the fla operon is limited to a few archaeal 

model organisms. In S. solfataricus, transcription of the archaellin gene flaB is highly induced in 

stationary phase and when the cells encounter tryptone starvation [55]. In S. acidocaldarius, two 

differentially regulated promoters have been identified in the archaellum operon region (Figure 2.4), one 

lying upstream of the gene encoding the major structural protein FlaB and a second promoter upstream of 

flaX that regulates transcription of the downstream genes flaXGFHIJ [54]. The transcript beginning 

upstream of flaB is, however, not strictly terminated at the 3’ end of the flaB open reading frame (ORF) 

[54]. The expression of FlaB was dramatically increased in the stationary phase. The transcription and 

expression level of both FlaB and FlaX were significantly up-regulated under tryptone starvation 

conditions [54].  

A forkhead-associated (FHA) domain-containing protein ST0829, which is a substrate of a 

Ser/Thr kinase, was first demonstrated to be able to bind to the fla promoter region in Sulfolobus tokodaii 

[87, 88]. Subsequently, a number of components involved in the archaellum regulation network (termed 

Arn proteins) have been identified, as shown in Figure 2.4 [1, 54, 83-86]. Two repressors, ArnA and 

ArnB, and two kinases, ArnC and ArnD, were archaella regulators first identified in S. acidocaldarius [1, 

83]. Like ST0829, ArnA also contains a FHA domain. The kinase ArnC could phosphorylate both ArnA 

and ArnB, while ArnD could only phosphorylate ArnB. Biochemical studies indeed show strong protein-

protein interactions between ArnA and ArnB, and it is proposed that this interaction is dependent on 

protein phosphorylation [83]. Later studies found a phosphatase, PP2A, to also be involved in the 

archaellum regulation network. In a Δpp2a mutant, the transcription and translation of both flaB and flaX-

J were significantly up-regulated and cells were hyper-motile. The exact function of PP2A in this 

regulation network is still not entirely clear (Figure 2.4) [84].  
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Figure 2.4 Regulation of fla promoters in S. acidocaldarius. S. acidocaldarius has one archaellin gene 

flaB. There are two promoters in the fla locus in S. acidocaldarius: one is upstream of flaB and the other 

is located upstream of flaX, which is a unique archaella operon gene found only in Crenarchaeota. The 

transcript beginning upstream of flaB is not strictly terminated at the 3’ end of flaB [54]. Phosphorylated 

ArnA and ArnB interact and repress the transcription of flaB [83]. One phosphatase, PP2A, is involved in 

the negative regulation of flaB and flaX promoters [84], while an Lrp14-like protein AbfR1 positively 

regulates these two promoters [85]. Two activators, ArnR and ArnR1, which are thought to compose a 

one-component system, respectively, sense the signal changes and activate the transcription of both fla 

promoters [86]. Figure is modified from Albers and Jarrell (2015) [1].  

 

 

 

 

 



18 
 

Two paralogues, ArnR and ArnR1, the genes for which are located on each side of the fla genes, 

were found to be regulators of the archaellum operon (Figure 2.4) [86]. Both ArnR and ArnR1 have a 

nearly identical N-terminal helix-turn-helix (HTH) domain involved in DNA binding, a putative C-

terminal sensory domain and a putative HAMP domain for signal transduction. The latter two domains 

differ in the two proteins. Inactivation of ArnR, but not ArnR1, resulted in a dramatic decrease in FlaB 

expression and flaB promotor transcription, indicating that the flaB promoter is activated by ArnR, while 

the function of ArnR1 may be for fine-tuning. In contrast, no significant change was observed for FlaX 

expression or flaX transcription in either ΔarnR or ΔarnR1 deletion mutants [86]. Another transcriptional 

regulator, AbfR1 (Archaeal biofilm Regulator 1), belonging to the Lrs14 regulator family, was also found 

to be involved in the archaellum operon regulation network in S. acidocaldarius (Figure 2.4) [85]. 

Absence of this protein resulted in severe impairment of motility and a dramatic decrease in both FlaB 

and FlaX expression. Electrophoresis motility shift assay (EMSA) results show that AbfR1 could bind to 

both flaB and flaX promoter regions [85]. These numerous archaellum operon regulators imply 

archaellum assembly is regulated by a sophisticated network in this thermoacidophile. In addition to these 

studies, several observations point to an interplay in the assembly of the adhesive Aap pili and archaella 

in S. acidocaldarius. When FlaB expression is up-regulated in the stationary phase, the number of Aap 

pili is reduced. In addition, deletions in aap genes led to hyper-archaellation [8, 54], and overexpression 

of the archaellation repressor ArnA resulted in increased Aap pili production under tryptone starvation 

conditions [83]. When the transcription and translation of both flaB and flaX are down-regulated in the 

absence of AbfR1, the expression of the Aap pili genes is up-regulated [85]. This regulatory interplay 

between the synthesis of the adhesive appendages, Aap pili, and the motility organelles, archaella, 

indicates an ability of the cells to switch between the biofilm state (adhesion) and the planktonic state 

(swimming) depending on environmental conditions, thus allowing the cells to adapt to the changing 

environment by simultaneously increasing production of one structure while repressing synthesis of the 

other. 
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Extreme halophiles. In Hfx. volcanii, deletion of flgA2, one of the two archaellin genes, 

resulted in an increased number of archaella on the cell surface and hyper-motile cells [89]. Moreover, the 

presence of a conserved hydrophobic H-domain from a set of type IV pilins PilA1-A6, but not the 

assembled pili filaments, is critical for archaella assembly and archaella-dependent motility [90]. Since, in 

Hfx. volcanii,  the pili composed of PilA1-A6 are responsible for surface attachment for which archaella 

are not required [91], it is postulated that a post-translational regulation between pili and archaella 

assembly via the conserved H-domain of the type IV pilins allows cells to make a quick transition 

between the biofilm and planktonic states [90].  

2.3.2.  Regulation of archaella assembly in methanogens 

Archaella assembly is regulated in both Mcc. jannaschii and M. maripaludis depending on the 

availability of H2, with archaella synthesis induced under condition of H2 limitation [67, 92]. Further 

studies using quantitative proteomics of nutrient limited M. maripaludis indicated that the expression of 

archaellins was affected by multiple nutritional factors, being decreased under nitrogen limitation but 

increased under phosphate limitation [93]. It was suggested that M. maripaludis may respond to nitrogen 

limitation conditions by shutting down other energy intensive processes like motility when cells are 

forced to switch to the high energy-consuming nitrogen fixation pathway. In Methanospirillum hungatei, 

growth conditions also affected archaella assembly. A significant number of archaella were observed on 

the Msp. hungatei cell surface only at, or near, the optimum growth temperature (37oC), although 

archaellin was still expressed at temperatures where cells were non-archaellated. In addition, archaellated 

cells were observed in medium with normal Ca2+ concentration (0.41 mM) but not in Ca2+-free medium 

[94]. 

In M. maripaludis, archaellins are modified with N-linked tetrasaccharide glycan at multiple sites 

[50] (Section 2.4.2, Figure 2.2B). In various mutants where archaellins are modified with less than a 

disaccharide N-glycan, the cells are not archaellated (Section 2.4.3, [40, 95-97]). Gene deletions that lead 

to non-archaellated M. maripaludis cells have been reported, including ones in the fla operon but also 
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ones affecting glycosylation of the archaellins [40]. In such mutants, archaellins are initially detected as 

faster migrating proteins than those of wild type cells in western blots. However, archaellins are not 

detected by western blotting experiments after subsequent transfers, suggesting that secondary mutations 

have occurred that have resulted in cessation of transcription of the fla operon [40], presumably resulting 

in energetic savings under conditions where archaella cannot be assembled. These mutations have not 

occurred in the promoter region [98] and may be in genes encoding activators for the fla operon. 

2.4. N-glycosylation in Archaea 

2.4.1. N-glycosylation systems in the three domains of life 

An unusual feature of archaeal T4P-like structures is the prevalence of N-glycosylation 

modification of the structural proteins. In N-glycosylation, which is one of the most prevalent post-

translational modifications in nature, an oligosaccharide is assembled on a polyisoprene-based lipid 

carrier through the actions of a series of glycosyltransferases (GTs), flipped across a membrane by a 

flippase and then transferred en bloc to an asparagine residue within a sequon (i.e. a conserved N-X-S/T 

motif which may be extended in certain bacteria to D/E-X1-N-X2-S/T, where X is any residue but proline) 

in the target protein [31, 99-103]. The transfer of the oligosaccharide from the lipid carrier to the target 

protein is mediated by an oligosaccharyltransferase (OST). In Eukarya, the OST is typically a hetero-

oligomeric complex with the STT3 subunit responsible for the catalytic activity, whereas a single subunit 

OST, homologous to STT3, is found in both Bacteria and Archaea [103-109]. However, a unique N- 

glycosylation system was recently described in Haemophilus influenzae, where N-glycosylation occurs in 

the cytoplasm through the action of a novel GT, independent of an OST or a lipid-linked glycan precursor 

[110, 111]. A more detailed comparison of N-glycosylation systems in Archaea, Eukarya and Bacteria is 

listed in Table 2.1. 

There are numerous examples in the literature suggesting that many proteins in a large variety of 

Archaea, often S-layer proteins, archaellins and pilins, are glycoproteins [31, 32, 112]. Although  
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Table 2.1 A summary of the N-glycosylation system in the three domains. 

Trait 
Description 

Eukarya Bacteria Archaea 

N-glycosylation    

Essential process Yes No Species dependent 

Presence in domain Universal Limited genera Almost universal 

N-glycans    

Diversity of glycans Initially conserved 14-sugar 
glycan in higher species Limited Extensive 

Linking sugar GlcNAc* 
Diacetyl-
bacillosamine, 
HexNAc* 

GlcNAc*, GalNAc*, 
Glc*, other Hex* 

Glycosyl donors NDP-sugars, Dol-P-sugars* NDP-sugars NDP-sugars, Dol-P-
sugars 

Multi-branched N-
glycan Yes No Yes, species 

dependent 

Repeating-unit type No No Rare (Hbt. 
salinarium) 

Oligosaccharide-lipid carrier 

Lipid carrier(s) Dol-PP, Dol-P* Und-PP* Dol-PP, Dol-P* 

Isoprene units (no. of 
units) Variable (14-21) Variable (9-12), 

typically 11 Variable (8-12) 

Degree of saturation Mono-saturated (α unit) Not saturated 

Di-saturated (α and 
ω units) or poly-
saturated (α and ω, 
and other units) 

Site of lipid linked 
oligosaccharide 
assembly 

Cytosolic face of ER 
membrane* 

Cytoplasmic face of 
cytoplasmic membrane 

Cytoplasmic face of 
cytoplasmic 
membrane 

Flippases    

Flippases/flippase-
related proteins 

Rft1 (role questioned); 
multiple flippases likely PglK AglR; other(s) likely 

Mechanism ATP independent ATP dependent Unknown 

Oligosaccharyltransferase (OST)   

Composition Multimeric complex, single 
subunit Single subunit Single subunit 

Catalytic subunit STT3 PglB (STT3 
homologue) 

AglB (STT3 
homologue) 

Sequon(s) recognized N-X-S/T (X≠P) 

D/E-X1-N-X2-S/T 
(X≠P) in 
Campylobacter 
N-X-S/T (X≠P) in 
other bacteria 

N-X-S/T (X≠P) 

Nonstandard sequons 
used 
 

Yes Yes Yes 
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Site of glycan transfer Lumenal face of ER 
membrane* 

External face of 
cytoplasmic membrane 

External face of 
cytoplasmic 
membrane 

Catalytic motifs WWDXG, DK type, SVSE WWDXG, MI, TIXE 
WWDXG, DK 
(most) plus variant, 
MI, TIXE 

This table is modified from Jarrell, Ding et al (2014) [31]. 

*Abbreviations: GlcNAc: N-acetylglucosamine; HexNAc: N-acetylhexosamine; GalNAc: N-

acetylgalactosamine; Glc: glucose; Hex: hexose; Dol-P: dolichol-phosphate; Dol-PP: dolichol-

pyrophosphate; Und-PP: undecaprenol-pyrophosphate; ER: endoplasmic reticulum.  
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numerous archaeal N-glycoproteins have been discovered and the N-glycan structure from several 

Archaea species have been solved, the archaeal N-glycosylation pathway has been well studied 

structurally and genetically in three archaea species: M. maripaludis (and the related M. voltae), Hfx. 

volcanii and S. acidocaldarius [31, 104, 113]. 

2.4.2. N-glycan structures in M. maripaludis 

Archaellin N-glycan structure. In M. maripaludis S2, multiple sequons in the three archaellins 

are decorated with a tetrasaccharide N-glycan with the structure of Sug-(1-4)-β-ManNAc3NAmA6Thr-(1-

4)-β-GlcNAc3NAcA-(1-3)-β-GalNAc, where Sug is (5S)-2-acetamido-2,4-dideoxy-5-O-methyl-α-L-

erythro-hexos-5-ulo-1,5-pyranose, as shown in Figure 2.5 [50]. The linking sugar in the M. maripaludis 

N-glycan is N-acetyl-galactosamine (GalNAc), while the second sugar is a diacetylated glucuronic acid 

(2,3-diacetamido-2,3-dideoxy-D-glucuronic acid, GlcNAc3NAcA). The third sugar is an unusual 

mannuronic acid moiety modified with an acetamidino group at position C3 (2-acetamido-3-acetamidino-

2,3-dideoxy-D-mannuronic acid, ManNAc3NAmA) and a threonine attached at the C6 position. The 

terminal (fourth) sugar, Sug, of the M. maripaludis N-glycan is a novel sugar that has only been positively 

identified thus far only in this species [50], although an unidentified sugar of the same mass (217-Da) was 

found recently in the N-linked glycan of the bacterium Helicobacter pullorum [114]. A similar, though 

distinct, trisaccharide was found attached to archaellins and S-layer protein in the related methanogen, M. 

voltae, although the linking sugar here was N-acetyl-glucosamine (GlcNAc) [115]. 

Archaellins are modified with N-glycan at multiple sites. In M. maripaludis, a total of 11 

N-glycosylation sequons are found in FlaB1-B3: FlaB1 has 4 sequons, 26NTS28, 110NSS112, 116NDT118 and 

156NAS158; FlaB2 has 5 sequons, 26NTS28, 66NIT68, 110NLT112, 119NTT121 and 124NWS126; FlaB3 has 2 

sequons, 139NST141 and 164NST166 (amino acid numbered in the mature protein). The first sequon, 26NTS28, 

in both FlaB1 and FlaB2, which is located in the conserved N-terminal region, was reported to be 

unoccupied with glycan, while the remaining 9, located in the hypervariable regions, were all modified 

with the N-linked tetrasaccharide (Figure 2.2B, [50]). 
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Figure 2.5 The structure of the glycan N-linked to archaellins in M. maripaludis. The N-glycan is a 
tetrasaccharide Sug-4-β-ManNAc3NAmA6Thr-4-β-GlcNAc3NAcA-3-β-GalNAc, where Sug is (5S)-2-
acetamido-2,4-dideoxy-5-O-methyl-α-L-erythro-hexos-5-ulo-1,5-pyranose. A threonine is attached to the 
third sugar [50]. The N-glycan attached to the major pilin EpdE is a pentasaccharide with an extra hexose 
(shown in blue) branched from the first sugar [39]. The identity of the hexose and the linkage between the 
hexose and GalNAc are still unknown.  
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The major pilin EpdE is modified with a pentasaccharide derived from archaellin N-

glycan. A further unusual feature of the N-glycosylation system in M. maripaludis was revealed when 

purified pili were analyzed [39]. The major pilin, EpdE [82], was shown to be a glycoprotein modified 

with an N-linked pentasaccharide corresponding to the archaellin-bound tetrasaccharide but containing an 

extra hexose (Hex) branch extending from the GalNAc linking residue (Figure 2.5) [39]. Moreover, since 

non-glycosylated versions of both archaellins and pilin are found in a ΔaglB mutant, it seems that both 

glycans are assembled and attached by the same N-glycosylation system [40, 41]. 

2.4.3. The N-glycosylation pathway in M. maripaludis 

GTs and the OST. In the M. maripaludis archaellin N-glycosylation process, aglL (mmp1088), 

aglA (mmp1080) and aglO (mmp1079) encode the GTs responsible for the addition of the second, third 

and fourth sugar subunits in the N-glycan tetrasaccharide, respectively, and the OST is encoded by aglB 

[40]. The genes encoding the three GTs are clustered close together in the genome but not clustered with 

aglB (mmp1424) (Figure 2.6). Deletion of each gene causes a stepwise decrease in the size of the 

archaellins, detected by western blot, as the resulting glycan is truncated from four sugars to three 

(ΔaglL), two (ΔaglA), one (ΔaglO) and, finally, the non-glycosylated version found in the ΔaglB mutant. 

Interestingly, deletion of aglL results in not only the loss of the terminal sugar but also in the loss of the 

threonine attached to the third glycan subunit, suggesting that addition of the threonine does not occur 

until the complete tetrasaccharide has been assembled [40].  

Thus far, the identity of the GT that mediates the transfer of the first sugar, GalNAc, to the lipid 

carrier is unknown. However, the M. maripaludis genome contains a number of predicted GTs with 

unknown functions that could mediate this first step. To date, most of these annotated GT-encoding genes 

(as well as genes encoding other potential GTs not yet annotated as such) have been targeted for deletion. 

Many of these genes have been successfully deleted without any apparent effect on the size of the 

archaellins, indicating they do not encode the first GT ([40, 97] and unpublished data). For other 

candidates, repeated attempts to delete the genes have thus far proven unsuccessful. This category  
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Figure 2.6 Three genetic locations of enzymes involved in the N-glycosylation pathway. Genes co-
transcribed as an operon are shown in the same colour. The function or the annotation of these genes is 
listed below [31, 97].  
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includes mmp1423, located immediately adjacent to aglB, and mmp1170 [40]. MMP1170 shares very 

high similarity (79%) to the GT AglK from M. voltae, shown by in vitro experiments to be responsible for 

the first GT activity in the N-glycosylation pathway. However, in M. voltae, AglK transfers GlcNAc, and 

not GalNAc as occurs in the M. maripaludis pathway [116]. The failure to isolate a mutant in the first GT 

might indicate that it serves a dual role, acting in both N-glycosylation and in a second essential pathway, 

such as that used for the biosynthesis of glycolipids or co-enzyme B. The structure of co-enzyme B, an 

essential co-factor for the terminal step in methanogenesis [117], includes an ManNAcA-(1-4)-β-UDP-

GlcNAc (in which ManNAcA is N-acetylmannosaminuronic acid) disaccharide head group [118].    

Other genes involved or implicated in N-glycosylation. Subsequent to the identification of 

the three GT genes and the OST gene, other genes involved in the biosynthesis or modification of the 

individual glycan subunits were identified. These genes are organized into groups found at two major 

locations on the M. maripaludis chromosome (Figure 2.6). One group is clustered together with genes 

encoding those GTs identified through genetic and mass spectrometry as being involved in N-

glycosylation and with genes whose roles in acetamido sugar biosynthesis have been demonstrated in 

vitro following expression and purification of the protein products in E. coli. Presently, this region 

encompasses mmp1076-mmp1088 [40, 95, 119]. The second cluster is located in the region bounded by at 

least mmp0350-mmp0359 [97, 120, 121].  

Gene cluster 1. In the first cluster of M. maripaludis N-glycosylation genes, one finds 

immediately adjacent to aglA, yet transcribed from the opposite strand, an operon comprising three genes, 

mmp1081-mmp1083, subsequently renamed aglXYZ (Figure 2.6) [95]. These three genes show high 

sequence similarity to the wbuXYZ genes of E. coli O145 implicated in the biosynthesis of 2,6-dideoxy-2-

acetamidino-L-galactose, found in the O-antigen [122]. In the bacterial system, the three gene products 

are thought to act in concert, with the glutaminidase WbuY generating ammonia that is delivered to the 

amidotransferase WbuX via an ammonia tunnel formed by WbuZ. M. maripaludis mutants deleted for 

aglX presented an N-linked glycan that was missing the terminal sugar as well as the threonine and 
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acetamidino group of the third sugar [95]. In the aglXYZ system, AglY, AglZ and AglX were proposed to 

correspond to the glutaminidase, ammonia tunnel and amidotransferase, respectively. Evidence 

supporting these roles included the effects of the gene deletions observed when cells were grown with 

excess or limited ammonia. In either condition, deletion of the amidotransferase aglX resulted in the 

appearance of faster migrating archaellins in western blots, indicative of archaellins modified with a 

truncated glycan. The effects of the deletion of either aglY or aglZ, however, were only observed when 

cells were grown in ammonia-limited medium [95]. In this growth condition, ΔaglY and ΔaglZ mutants 

produced an archaellin glycan that was identical to that observed in cells carrying a deletion of aglX, 

while a wild type archaellin glycan was observed in ΔaglY and ΔaglZ mutants when the mutants were 

grown in medium containing sufficient ammonia. Presumably, if ammonia is plentiful, AglX does not 

require the production and specific tunnelling of ammonia from AglY and AglZ. As mentioned, deletion 

of aglX resulted in several losses to the glycan: the fourth sugar was absent, as were the threonine 

attachment and acetamidino modification of the third sugar. One explanation for this is that AglL cannot 

transfer the fourth sugar onto the third unless the acetamidino group is already present on the third sugar. 

Without the fourth sugar, the threonine modification of the third sugar does not occur, as observed 

previously in the ΔaglL mutant. Finally, all of the ΔaglX, ΔaglY and ΔaglZ deletion strains were 

archaellated and motile. 

Gene cluster 2. A second locus on the M. maripaludis genome also includes genes involved in 

the biosynthesis of the sugars that comprise the N-linked glycan decorating glycoproteins. mmp0350, 

subsequently designated as agl17 [97], was the first gene in this locus found to be involved in the 

archaellin N-glycosylation pathway [121]. To date, this locus has been shown to include two adjacent but 

divergently-oriented operons [97]. The first encompasses mmp0350-mmp0354, while the second extends 

from mmp0359 to mmp0355 (Figure 2.6) [97]. Some of the genes located in the mmp0350-mmp0359 

region are the M. maripaludis equivalent of P. aeruginosa wbp genes that are involved in the conversion 

of UDP-GlcNAc to UDP-ManNAc3NAcA, as needed in the biosynthesis of the B-band O5 antigen [123-
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125]. Agl20 (MMP0353) (a dehydrogenase), Agl18 (MMP0351) (an aminotransferase), Agl17 

(MMP0350) (an acetyltransferase) and Agl21 (MMP0357) (an epimerase) share substantial sequence 

similarity with WbpA, WbpE, WbpD and WbpI, respectively, while Agl19 (MMP0352) is 48% similar to 

WbpB (a C3-dehydrogenase) [126], albeit with only 37% coverage. A polyhistidine-tagged version of 

Agl19 expressed in E. coli has been studied in vitro [120] and was shown to catalyze the oxidation of 

UDP-GlcNAc to generate the keto sugar, UDP-2-acetamido-3-oxo-2,3-dideoxy-alpha-D-glucopyranose, 

in a NAD+-dependent fashion. Agl19 did not oxidize UDP-glucose (UDP-Glc), UDP-GalNAc, GlcNAc 

or glucosamine (GlcN). It does not appear that UDP-N-acetylglucosaminuronic acid (UDP-GlcNAcA) 

was tested as a possible substrate for Agl19 in these studies. These data thus strongly suggest that in M. 

maripaludis, UDP-GlcNAc is successively acted upon by Agl20, Agl19, Agl18 and Agl17 to yield UDP-

GlcNAc3NAcA as the second sugar donor of the N-linked glycan [97]. These assignments are consistent 

with the estimated size of the glycan attached to archaellins as assessed by western blot [95, 97, 121] and 

the N-glycan structure attached to the major pilin EpdE as determined by mass spectrometry [97]. In other 

words, modification of the protein by a glycan comprising a single sugar in the Δagl17, Δagl18, Δagl19 

and Δagl20 deletion strains, all of which are non-archaellated, is seen. On the other hand, the minimum 

N-glycan role seems not to apply to pili synthesis as pili are still synthesized in an ΔaglB mutant and the 

mutants mentioned above [40, 97]. Deletion of mmp0354, considered a potential flippase candidate based 

on its annotation, did not have any apparent effect on archaellin or pilin molecular mass [40, 97].  

The adjacent gene cluster, mmp0359-mmp0355, is transcribed from the opposite strand from 

mmp0350-0354 (Figure 2.6). Successful deletions were generated in mmp0355, mmp0357, mmp0358 and 

mmp0359, but only mmp0357 (agl21) was shown to be involved in the biosynthesis of the archaellin N-

glycan, specifically in the biosynthesis of the third sugar [97]. Western blot and mass spectrometry data 

demonstrated that the deletion of agl21 resulted in a two sugar-containing glycan being attached to 

archaellins and cells that were archaellated. It is believed that the activated donor for the third sugar is 
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generated from UDP-GlcNAc3NAcA by the further action of Agl21 as a C2 epimerase and AglYZX [95, 

97].  

In vitro studies of purified M. maripaludis enzymes involved in glycan sugar 

biosynthesis. In addition to the genetic and mass spectrometry analysis of the M. maripaludis archaellin 

N-glycan, significant insight into the biosynthesis of the component sugars of the glycan have been 

provided by the in vitro studies of Namboori and Graham showing that Methanococcales use a bacterial 

pathway to generate UDP-GlcNAc [119]. Candidate proteins from both M. maripaludis and Mcc. 

jannaschii were expressed and purified from E. coli and used in in vitro assays designed to test predicted 

functions. Starting with fructose-6-phosphate (Fru-6-P), an isomerizing glutamine-Fru-6-P transaminase 

MMP1680 (GlmS) produces GlcN-6-P. The phosphoglucosamine mutase activity of MMP1077 (GlmM) 

results in the transfer of the phosphate group from GlcN-6-P to the C1 position, forming GlcN-1-P. 

MMP1076 (GlmU) then catalyzes the next two steps, namely the acetylation of the 2-amino group of 

GlcN-1-P using acetyl-CoA to form GlcNAc-1-P, and its transfer to UTP to form UDP-GlcNAc. From 

UDP-GlcNAc, UDP-N-acetylmannosamine (UDP-ManNAc) is formed by the UDP-GlcNAc 2-epimerase 

activity of MMP0705 (WecB). Finally, MMP0706, a UDP-ManNAc 6-dehydrogenase, catalyzes the 

oxidation of UDP-ManNAc to UDP-N-acetylmannuronic acid (UDP-ManNAcA), in a NAD-dependent 

step [119]. These UDP-acetamido sugars are the likely precursors for the N-glycans of the archaellins, 

pilins and S-layer proteins in Methanococcus, as well as for the biosynthesis of glycolipids and co-

enzyme M. 

Interestingly, paralogues for mmp0705 and mmp0706 are located near each other in the 

mmp0355-mmp0359 cluster. Moreover, deletion analysis has shown that the products of both agl20 (the 

paralogue of mmp0706) and agl21 (the paralogue of mmp0705) are critical for wild type glycan 

formation, indicating that the missing proteins are not compensated for by MMP0706 or MMP0705 in 

Δagl20 or Δagl21 mutant strains, respectively [97]. Initial attempts to delete mmp0705 or mmp0705, 

however, have been unsuccessful (Jarrell, unpublished data), suggesting that they, unlike agl20 and agl21, 
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might be essential, possibly due to a role in the biosynthesis of co-enzyme M [118]. Interestingly, purified 

heterologously expressed polyhistidine-tagged Agl21 did not show detectable UDP-GlcNAc 2-epimerase 

activity, even though it is 53% identical and 68% similar to MMP0705 [119]. MMP0706 is homologous 

not only to UDP-ManNAc dehydrogenase (WecC) but also to a number of other enzymes (UDP-Glc 

dehydrogenase, UDP-GalNAc dehydrogenase and UDP-glucose/GDP-mannose dehydrogenase), whereas 

Agl20 is 35% identical and 54% similar to MMP0706. Since agl20 deletion leads to the generation of a 

single sugar subunit-containing glycan [97], this suggests the role of Agl20 is not as an MMP0706/WecC 

paralogue involved in the biosynthesis of the third sugar but rather in the biosynthesis of the second 

sugar, the diacetylated glucuronic acid (see above). 

Current model of N-glycosylation in M. maripaludis. The findings described above can be 

combined to offer a detailed delineation of the pathway used by M. maripaludis for N-glycosylation of the 

archaellins, as shown in Figure 2.7. The process likely begins with the addition of UDP-GalNAc to a 

dolichol lipid carrier Dol-P [116] by an unidentified GT. The addition of the remaining three nucleotide-

activated sugars occurs through the actions of GT AglO, AglA and AglL, respectively [40]. The likely 

pathway for formation of GlcNAc3NAcA as the second sugar donor starting from Fru-6-P involves the 

combined activities of MMP1680, MMP1077 and MMP1076 to form UDP-GlcNAc [119], which is then 

converted to the second sugar donor via the actions of Agl20, Agl19, Agl18 and Agl17 [97, 121]. The 

epimerase activity of Agl21 then results in the generation of the third sugar donor precursor which is 

further acted upon by AglXYZ to add the acetamidino group [95]. After AglL transfers the last sugar, the 

threonine is then added onto the Dol-P-bound tetrasaccharide, which is then flipped across the membrane 

by an unidentified flippase and transferred to target Asn residues by AglB [40].  

In M. maripaludis, a tetrasaccharide is attached to archaellins [50], whereas a pentasaccharide is 

attached to pilins (Section 2.4.2; Figure 2.5) [39]. How and why this occurs is not yet known. It may be 

that the same tetrasaccharide is transferred by AglB to both types of structural proteins and then the 

branched hexose is added to the existing tetrasaccharide on the pilins independently of AglB, as occurs  
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Figure 2.7 A working model of the archaellin N-glycosylation pathway in M. maripaludis. The N-

glycan precursor biosynthesis is initiated with the addition of the 1st sugar residue onto the dolichol 

phosphate lipid carrier (Dol-P) located in the cytoplasmic membrane by an unidentified GT. AglO, AglA 

and AglL further add the second, third and fourth sugar onto the dolichol linked N-glycan precursor, 

respectively [40]. Once complete, an unidentified flippase flips the N-glycan precursor from the 

cytoplasm side to the periplasm side of the cytoplasmic membrane. AglB then transfers the N-glycan en 

bloc from the dolichol carrier onto the archaellins. Enzymes involved in the biosynthesis pathways of 

sugars two and three are also shown [31, 97].  
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for the terminal mannose in the glycan of the S-layer glycoprotein of Hfx. volcanii [127, 128]. 

Alternatively, both a tetrasaccharide-bearing dolichol carrier and a pentasaccharide-bearing dolichol 

carrier may be synthesized, with AglB able to transfer both glycans. However, this raises the question of 

how AglB would distinguish archaellins and pilins so as to deliver the proper glycan to the right protein.  

2.5. Biological effects of N-glycosylation perturbations in Archaea 

Although Archaea can be found in numerous ‘normal’ biological niches, such as sea water, soil 

and even our own intestinal flora, these microorganisms remain best known for their abilities to thrive in 

extreme environments [129]. Cell surface proteins found in direct contact with the harsh conditions 

Archaea endure may thus rely on their N-linked glycans to cope with the associated physical challenges 

[104]. This could explain the importance of N-glycosylation for normal cell morphology and glycoprotein 

function and stability, as discussed below. Indeed, the need for species-specific means of dealing with so 

many different extreme surroundings offers a possible explanation for the enormous diversity seen in 

archaeal N-linked glycan content [104, 130].  

2.5.1. N-glycosylation affects archaellation and motility  

Even before the agl genes were identified, perturbation of the N-glycosylation pathway was 

shown to have effects on archaellation. Examination of a Hbt. salinarum mutant that over-produced 

archaella that were recovered, unattached to cells, in the growth medium showed that the component 

archaellins were shifted to a lower molecular weight, as compared to archaellins from the parent strain. 

This was thought to reflect a scenario whereby these proteins were under-glycosylated in the mutant and 

that incorporation of such archaellins into archaella yielded structures that were not properly anchored in 

the cell envelope [131]. Similarly, treatment of M. maripaludis ∆RC with bacitracin, known to interfere 

with glycosylation, led to lower molecular weight, likely non-glycosylated, archaellins and to cells that 

were no longer archaellated [132].   

In methanogens. The creation of various agl gene deletion strains that resulted in truncated N-

glycans of known composition led to a more defined correlation between N-linked glycosylation and 
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archaellation in the methanogens. This correlation is very well defined for both M. voltae and M. 

maripaludis [40, 97, 121, 133]. Any deletion in a GT, OST or biosynthetic gene that resulted in non-

glycosylated archaellins or archaellins decorated with a glycan consisting only of the first sugar led to 

cells that were non-archaellated. Any mutant strain carrying an agl gene mutation that resulted in a 

truncated glycan larger than one sugar was still archaellated but the motility of the mutant cells was 

impaired, as compared to wild type cells, with impairment in swimming being directly related to the 

degree of truncation in the glycan [40, 97, 121, 133]. It is not known whether a minimum length glycan is 

needed for recognition by the secretion/assembly system or whether those structures assembled by 

archaellins bearing severely truncated glycans are simply unstable.  

The defect in assembly of archaella in various Δagl mutants has not been observed for pili. While 

the major pilin that comprises the type IV-like pili on the surface of M. maripaludis cells has been shown 

to also be decorated with N-glycans [39], assembly of wild-type-looking pili is usually unaffected by 

deletions in agl genes that inhibit archaella formation. No more drastic example of this exists than in a 

ΔaglB mutant where the pilins would be completely non-glycosylated and yet the cells remain piliated 

[40]. However, whether these pili are fully functional [10] has not been addressed. There is one exception 

involving agl genes and piliation, and this is in a Δagl17 mutant. Agl17 is a likely acetyltransferase for 

the second sugar as deletion of agl17 results in a one-sugar glycan [121]. These cells are non-archaellated 

as expected but also have difficulty maintaining pili attachment to the cell surface. Pili are assembled but 

are instead released into the culture medium [121]. 

Recent work has shown that N-glycosylation of pilins seems to be an essential prerequisite for 

signal peptide cleavage in M. maripaludis, since in cells deleted for the pre-pilin specific signal peptidase 

(ΔeppA), both the major pilin EpdE and the minor pilin EpdD were non-glycosylated [41]. Strangely, 

however, this is not the case in archaella assembly. In both M. maripaludis and M. voltae, the archaellins 

are still glycosylated even when signal peptide cleavage is disrupted, as in ΔflaK mutants that lack the 

archaellin-specific prepilin-like peptidase [24, 25], indicating that for different type IV pilin-like proteins, 
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the temporal route of posttranslational modifications needed for assembly, such as signal peptide cleavage 

and glycosylation, is not the same [41]. 

In Halophiles and Sulfolobales. Deletion of agl genes had similar dramatic effects on Hfx. 

volcanii and S. acidocaldarius archaellation as was found initially in Methanococcus. In Hfx. volcanii, 

three predicted N-glycosylation sequons of the major structural archaellin FlgA1 were shown to be 

decorated with the same pentasaccharide as first reported to modify the S-layer protein [134-136]. A 

ΔaglB deletion strain was non-motile and non-archaellated. In addition, a variety of mutants carrying 

deletions in other agl genes involved in the biosynthesis or assembly of the glycan also showed motility 

defects in semi-solid medium [134]. In Hfx volcanii, it seems that an N-linked glycan containing a 

minimum of three sugar subunits is necessary for archaella assembly. When the asparagine in any of three 

examined sequons of the major archaellin FlgA1 was replaced by glutamine, the mutant, unlike wild-type 

FlgA1, could not rescue the swimming motility phenotype of a flgA1 deletion [134], suggesting that 

glycosylation at each of these sites is necessary for archaellation.  

In S. acidocaldarius, a connection between N-glycosylation and archaellation was also recently 

found. A strain deleted for agl16, the GT needed for addition of the terminal hexose of the N-linked 

hexasaccharide glycan decorating archaellins in this species [137], was severely impaired in its motility. 

No motility was detected in a strain carrying a deletion of agl3, coding for the UDP-sulfoquinovose 

synthase, which is only able to assemble a truncated trisaccharide glycan [137]. Finally, electron 

microscopy showed that cells lacking either of these two agl genes were non-archaellated, indicating that 

the loss of even a single sugar from the N-linked hexasaccharide attached to archaellins led to the 

generation of unstable archaella.  

The presence of N-glycosylation is vital for S. acidocaldarius. The most striking example 

of the importance of N-glycosylation in Archaea is provided by S. acidocaldarius, where the process is 

essential [138]. At the same time, however, N-glycosylation is not needed for viability in M. voltae [133], 

M. maripaludis [40] or Hfx. volcanii [139]. These conclusions are based on the viability of ΔaglB mutants 
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lacking the OST. However, even in those euryarchaeotes in which aglB has been successfully deleted, 

significant effects on cell phenotype have been reported, mostly related to archaellation and motility, S-

layer stability and growth defects in high salinity medium, indicating that even where N-glycosylation is 

not essential, it is still advantageous [31, 104].  

2.5.2. N-glycosylation helps cells survive in harsh environments  

In the case of Hfx. volcanii and S. acidocaldarius, the S-layer glycoprotein has been used 

extensively as the model reporter of N-glycosylation [32, 104, 113, 140]. This protein is particularly 

important in Archaea, since as opposed to Bacteria, most Archaea, including these two organisms [141, 

142], have a cell envelope consisting solely of an S-layer overlying a cytoplasmic membrane without the 

benefit of an intermediate peptidoglycan equivalent, a situation never found in S-layer-bearing Bacteria 

[4, 143]. Hence, in Archaea, the S-layer, and by extension, the S-layer glycoprotein, plays a significant 

role in terms of its interactions with the environment, shape maintenance and, importantly, protection of 

the cell.  

In the extreme halophile Hbt. salinarum, enhanced surface charge in the face of increased salinity 

was offered as the reason for the high content of sulfated sugars in the N-linked glycans decorating the 

S-layer glycoprotein [144]. In Hfx. volcanii, absent or perturbed N-glycosylation decreased S-layer 

stability and affected its architecture [139], as well as decreasing its resistance to proteases [145-147]. In 

addition, recent studies have shown that Hfx. volcanii modifies aspects of its N-glycosylation process in 

response to changing growth conditions, as revealed when comparing the N-glycosylation profile of the 

S-layer glycoprotein in cells grown in 3.4 or 1.75 M NaCl-containing medium [148]. At higher salinity, 

S-layer glycoprotein N13 and N83 are modified by a pentasaccharide, consisting of a hexose, two 

hexuronic acids, a methyl ester of a hexuronic acid (MetHexA) and a terminal mannose with the structure 

Man-MetHexA-HexA-HexA-Hex, while Dol-P was shown to be modified by the tetrasaccharide 

comprising the first four pentasaccharide residues. However, in cells grown at the lower salinity, N13 and 

N83 were still modified by the pentasaccharide, albeit to a lesser extent. More strikingly, Dol-P charged 
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with a distinct tetrasaccharide comprising a sulfated hexose, two hexoses, and a rhamnose was observed 

[148]. This is likely the same Dol-P-bound tetrasaccharide reported earlier when Hfx. volcanii cells were 

grown in 1.25 M NaCl-containing medium [149]. The same tetrasaccharide was shown to decorate S-

layer glycoprotein residue N498 in cells grown in low salt, a position that was not modified in cells grown 

in the high salt medium. In both salt conditions, a potential glycosylation site at N370 was unmodified. 

Hence, in response to changes in environmental salinity, Hfx. volcanii modulates not only the N-linked 

glycans decorating the S-layer glycoprotein but also the sites of this PTM [148]. Presently, it is not clear 

what advantage this differential N-glycosylation offers Hfx. volcanii in the face of changes in 

environmental salinity nor what properties of a glycan make it favoured in specific growth conditions. 

While no studies examining possible glycosylation changes as a function of growth medium salinity have 

been conducted in other Archaea, it seems unlikely that such variation in response to environmental 

conditions is limited to this species. Accordingly, glycosylation of Msp. hungatei archaellins was reported 

to only occur in low phosphate-containing medium [150]. 

2.6. Objectives 

Based on the state of the field at the beginning of my thesis work, my overall goals were, first, to 

contribute to the understanding of the N-linked glycosylation pathway and archaellation in M. 

maripaludis and second to identify the first transcriptional regulator for archaellation in euryarchaeotes. 

The specific objectives of my thesis were: 

Objective 1. To employ bioinformatic, genetic and mass spectrometric analyses to identify novel genes 

involved in assembly of the archaellin N-glycan from M. maripaludis. These studies are presented in 

Chapters 3 and 4.  

Objective 2. To employ a site-directed mutagenesis approach to investigate the effects of N-

glycosylation site removal in archaellin FlaB2 on the assembly and function of archaella in M. 

maripaludis. This study is presented in Chapter 5. 
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Objective 3. To employ whole genome sequence comparisons of a ΔaglB mutant before and after it 

stopped making archaellin to identify and then characterize the first transcriptional activator of the 

archaellum operon in a euryarchaeon. This investigation is presented in Chapter 6.  
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3.1. Abstract  

N-glycosylation is a protein post-translational modification found in all three domains of life. 

Many surface proteins in Archaea, including S-layer proteins, pilins and archaellins (archaeal flagellins) 

contain N-linked glycans. In Methanococcus maripaludis, the archaellins are modified at multiple sites 

with a N-linked tetrasaccharide with the structure Sug-1,4-β-ManNAc3NAmA6Thr-1,4-β-

GlcNAc3NAcA-1,3-β-GalNAc, where Sug is the unique sugar (5S)-2-acetamido-2,4-dideoxy-5-O-

methyl-α-L-erythro-hexos-5-ulo-1,5-pyranose. In this study, four genes, mmp1084, mmp1085, mmp1086 

and mmp1087 were targeted to determine their potential involvement in the biosynthesis of the sugar 

components in the N-glycan, based on bioinformatics analysis and proximity to a number of genes which 

have been previously demonstrated to be involved in the N-glycosylation pathway. mmp1084 to 

mmp1087 were co-transcribed, and in-frame deletions of each gene as well as a Δmmp1086Δmmp1087 

double mutant were generated. All mutants were archaellated and motile. Mass spectrometry examination 

of purified archaella revealed that in Δmmp1084 mutant cells, the threonine linked to the third sugar of the 

glycan was missing, indicating a putative threonine transferase function of MMP1084. Similar analysis of 

the archaella of the Δmmp1085 mutant cells demonstrated that the glycan lacked the methyl group at the 

C5 position of the terminal sugar, indicating that MMP1085 is a methyltransferase involved in the 

biosynthesis of this unique sugar. Deletion of the remaining two genes mmp1086 and mmp1087, either 

singularly or together, had no effect on the structure of the archaellin N-glycan. Because of their 

demonstrated involvement in the N-glycosylation pathway, we designate mmp1084 as aglU and mmp1085 

as aglV. 

3.2. Introduction 

N-glycosylation is a prevalent protein post-translational modification which is not limited to 

eukaryotes as originally thought, but also found in both prokaryotic domains, the Bacteria and Archaea 

[1-6]. Unlike the bacterial N-glycosylation system which is thought to be restricted to only a few bacteria 

subgroupings such as the deltaproteobacteria and epsilonproteobacteria [6], N-glycosylation is much more 
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prevalent in the Archaea. A gene encoding an oligosaccharyltransferase, required for the transfer of the 

assembled glycan from the lipid carrier to the target protein, has been detected in all but two of sequenced 

archaeal genomes, representing all five archaeal phyla [7, 8]. In addition, the N-glycosylation pathway in 

Archaea differs from the other domains in the diversity of N-glycan structures reported, variations in the 

lipid carriers and, at least in the halophiles, the versatility in the pathways used to assemble similar 

glycans in different species [2, 4, 9-11].  

Although N-glycosylation is widely distributed in Archaea, studies combining both genetic and 

structural information about N-glycosylation pathways are focused mainly on a few model species [2, 9, 

12], such as the mesophilic methanogens Methanococcus voltae and Methanococcus maripaludis [13-16], 

the thermoacidophile Sulfolobus acidocaldarius [9, 17-19] and the halophiles Haloferax volcanii and 

Haloarcula marismortui [2, 11, 20-25]. As seen for many archaeal traits, the archaeal N-glycosylation 

pathway appears as a partial amalgam of the pathway found in eukaryotes and bacteria [1, 2, 26]. In 

general, the archaeal N-glycan precursor is first synthesized onto a lipid carrier (mono- or pyro-

phosphorylated dolichol) by sequential addition of sugar monomers by glycosyltransferases using sugar-

nucleotide donors on the cytoplasmic side of the cytoplasmic membrane. The lipid-linked oligosaccharide 

is then thought to be flipped across the cytoplasmic membrane by a flippase and transferred en bloc by the 

oligosaccharyltransferase AglB onto Asn residues within selected Asn-Xaa-Ser/Thr motifs in the target 

protein. To date, the identification of the putative flippases has remained elusive, except that in Hfx. 

volcanii an involvement of AglR has been demonstrated in the flipping of one of the charged dolichol 

carriers [25]. 

Reporter proteins used for the genetic and structural analysis of archaeal N-glycosylation 

pathways are usually the S-layer protein [13, 17, 22] and archaellin (formerly archaeal flagellin, [27]) [13, 

28, 29], although other proteins have also been discovered to be modified with N-glycans, including pilins 

[15], cytochrome b558/556 of Sulfolobus acidocaldarius [30] and even archaeal viral proteins [31].  
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In M. maripaludis S2, archaella are composed of three archaellin proteins: the major archaellins 

FlaB1 and FlaB2 form the filament while the minor archaellin FlaB3 is responsible for the hook region 

[32]. All three archaellins are modified by an N-linked tetrasaccharide attached at multiple sites: three 

sites in FlaB1, four sites in FlaB2 and two sites in FlaB3 [28]. The structure of this N-glycan was 

determined to be Sug-1,4-β-ManNAc3NAmA6Thr-1,4-β-GlcNAc3NAcA-1,3-β-GalNAc, where Sug is 

((5S)-2-acetamido-2,4-dideoxy-5-O-methyl-α-L-erythro-hexos-5-ulo-1,5-pyranose), found exclusively in 

this species [28]. Interestingly, the N-glycan attached to the major pilin in M. maripaludis is a slightly 

modified pentasaccharide containing an extra hexose attached as a branch to the first sugar, N-acetyl-

galactosamine [15]. 

In M. maripaludis S2, the oligosaccharyltransferase and glycosyltransferases responsible for the 

addition of the second, third and fourth sugar residues of the N-glycan have been identified as AglB 

(MMP1424), AglO (MMP1079), AglA (MMP1080) and AlgL (MMP1088), respectively [16]. The 

assembly and function of archaella were significantly affected in mutant cells carrying in-frame deletions 

of these genes which all resulted in a truncated N-glycan. Archaellins modified with N-glycans lacking 

the last one (algL mutant) or two (aglA mutant) sugar residues are still assembled into archaella on the 

cell surface, although the motility of mutant cells is impaired compared to wild type cells, with motility 

directly correlated to the length of the N-glycans. Further reduction in glycan size to a single sugar, as in 

an aglO mutant, or blocking the transfer of any N-glycan to archaellins, as in an aglB mutant, led to 

nonmotile, completely nonarchaellated cells. These results indicated that a minimum disaccharide N-

glycan attachment to archaellins is essential for archaella assembly [16]. Similarly, the addition of N-

glycan onto archaellins has also been shown to be necessary for stable archaella formation and motility 

function in S. acidocaldarius [18] and Hfx. volcanii [29]. Interestingly, addition of N-glycan is not 

required for pilins to assemble into pili in M. maripaludis, as aglB mutant cells still assemble a wild type 

number of pili, even though the major structural pilin is normally a glycoprotein [16].  
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Besides the genes involved in the assembly of the glycan onto the lipid carrier, a number of genes 

involved in the biosynthesis pathways for the individual sugars of the glycan have been identified or 

characterized in either in vivo or in vitro studies [16, 33]. Most recently, the products of the mmp1081-

1082-1083 (aglXYZ) gene cluster were shown to be responsible for the acetamidino group modification of 

the third sugar [34]. Several of these genes are clustered in the genome, including ones encoding enzymes 

involved in sugar biosynthesis (mmp1076, mmp1077, mmp1090, aglX, aglY and aglZ;([33, 34], Y. Ding, 

I. Brockhausen and K. Jarrell, unpublished data)) and glycosyltransferases (aglO, aglA and aglL, [16]) 

(Figure 3.1). Here, we identify a four gene operon, mmp1084 to mmp1087, located between aglZ and aglL 

and demonstrate an involvement of two of them in the modification of sugars in the N-linked glycan. We 

present evidence that MMP1084, which belongs to the glutamine amidotransferases class-II (Gn_AT_II) 

superfamily, is involved in the transfer of the threonine residue linked to the third sugar of the N-glycan 

while MMP1085 is responsible for the addition of the methyl group linked to C5 on the fourth sugar, 

consistent with its predicted function as an S-adenosylmethionine (SAM)-dependent methyltransferase. 

Deletion of the remaining two genes, mmp1086 and mmp1087, either singularly or together, had no effect 

on the structure of the final attached N-glycan.  

3.3. Materials and Methods 

3.3.1. Strains and growth conditions 

M. maripaludis S2 Δhpt (Mm900) [35] and subsequent mutants derived from Mm900 were grown 

anaerobically in Balch medium III [36] under an atmosphere of CO2-H2 (20:80) at 37oC with shaking. In 

the in-frame deletion mutagenesis experiments, Mm900 derived transformants were grown in McCas 

medium with 1 mg/mL neomycin or 240 µg/mL 8-aza-hypoxanthine as required at the various steps [35]. 

In complementation experiments, M. maripaludis mutant strains harboring the appropriate 

complementation plasmid were grown in nitrogen-free medium supplemented with either 10 mM L-

alanine or 10 mM NH4Cl as sole nitrogen source [37] in the presence of 2.5 µg/mL puromycin for  
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Figure 3.1 The genomic area surrounding the mmp1084-mmp1087 region where a number of genes 
involved in the N-glycosylation pathway are located. mmp1077 encodes a phosphomutase converting 
D-glucosamine-6-phosphate to D-glucosamine-1-phosphate. MMP1076 is a GlcN-1-P 
uridylyltransferase/acetyltransferase which catalyzes the acetylation of the 2-amino group of GlcN-1-P 
and the transfer of GlcNAc-1-P to UTP to form UDP-GlcNAc [33]. aglO, aglA and aglL encode the 
glycosyltransferases for the second, third and fourth sugar, respectively [16]. The aglXYZ gene cluster is 
responsible for the acetamidino group of the third sugar [34]. mmp1090 encodes UDP-Gal/GalNAc 4-
epimerase (Ding, Brockhausen and Jarrell, unpublished data). 
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plasmid selection. Escherichia coli TOP10 cells used for cloning steps were grown in Luria-Bertani 

medium at 37oC with 100 µg/mL ampicillin for selection when required.  

3.3.2. Reverse transcriptase (RT)-PCR 

To determine if the mmp1084-1087 genes formed a co-transcribed unit, RT-PCR was performed 

using primers (listed in Table 3.1) designed to amplify across the intergenic regions of neighboring genes. 

RNA template was extracted from wild type cells using an RNeasy Mini Kit (Qiagen Inc.) with optional 

DNase digestion (Qiagen Inc.) as per the manufacturer’s protocol. cDNA was amplified using a One-Step 

RT-PCR kit (Qiagen Inc.) in accordance with the supplied protocol. In addition, PCR amplifications were 

performed with the same primer combinations using genomic DNA to verify amplicon size and 

specificity of primer pairs or the purified RNA not subjected to reverse transcription as a control to rule 

out possible contamination of the RNA sample with genomic DNA.  

3.3.3. In-frame gene deletion plasmid construction 

Plasmids used for in-frame deletions of mmp1084, mmp1085, mmp1086 and mmp1087 were 

constructed as previously described [35], using the primers listed in Table 3.1. Confirmation of the in-

frame nature of each deletion was obtained by DNA sequencing. Table 3.2 lists the plasmids used in this 

study. 

3.3.4. Generation of M. maripaludis mutants carrying in-frame deletions in targeted genes 

Mutants carrying markerless in-frame deletions of mmp1084, mmp1085, mmp1086 and mmp1087 

were generated as described previously [35]. Single transformant colonies picked from McCas-Noble 

agar containing 8-azahypoxanthine were screened by PCR using primers (listed in Table 3.1) that would 

amplify across the target gene to identify deletion mutants. Mutants identified in this screen were re-

streaked and single colonies were again screened by PCR to ensure purity. To create the mutant deleted 

for both mmp1086 and mmp1087, mmp1086 was deleted from the mmp1087 deletion mutant. Table 3.2 

lists the strains generated in this study. 

 



53 
 

Table 3.1 Primers used in this study (restriction sites added to primers are underlined). 

Primers used for RT-PCR 
Restriction 

site 

1083-1084_F   GTTTTGGGTGCTGGAGAACTCG  

1083-1084_R  AATTTGGCGAATACTACGAAGC  

1084-1085_F   TGTATCTTCGGGATTAAATCGC  

1084-1085_R   TATAACTGCACCAAATGTCTGG  

1085-1086_F   ATAAGTGCTCAATTACATCAAGG  

1085-1086_R   AATCTTGGAAATTGTAATGAGG  

1086-1087_F   TTGGATCCAACAAAGATTCTCC BamHI* 

1086-1087_R   ATCTCACACTTTCATACCTACG  

1087-1088_F   TTTCACGAGTAACTTTCCTTCG  

1087-1088_R   AATCTTGGAAAACATTACTTGC  

Primers used for in-frame deletions - plasmid construction 

1084del-up_F    ACCAAGGATCCGTAAATAACAATGTAAATGGATG BamHI 

1084del-up_R     AAAGGCGCGCCCCTATATTTCCGGCATAAAATC AscI 

1084del-down_F   AAAGGCGCGCCATGGATACCTATTATGACGCTAC AscI 

1084del-down_R   TTAAGGATCCCAAGTGCTGTTTCGAAGGATAAC BamHI 

1085del-up_F      AAAGGATCCAACACTATGAATTTTATAGAACG BamHI 

1085del-up_R      AAAGGCGCGCCATGCATGCAATAGATAATCATG AscI 

1085del-down_F    AAAGGCGCGCCCCACATATGCGTAATGTTTTA AscI 

1085del-down_R   AAAGGATCCGTGCTATAATATATCTTGAATCC BamHI 

1086del-up_F   ATTCTAGATCTAGAGTAGAACTAACTAATGATTGTAACTA
TCAGTG 

XbaI 

1086del-up_R    GCATGGCGCGCCGGTGTGTACAATATTACATTGTG AscI 

1086del-down_F   GCATGGCGCGCCCCATATTATGCTTTACTTCAATGTAGGC AscI 

1086del-down_R   ATTCTAGATCTAGATCGTGTATTTTATCGAGCCCATGAGC XbaI 

1087del-up_F     ATTCTAGATCTAGAACCACAACCTAAAGCTTCGAACATCA
CTGTG 

XbaI 

1087del-up_R    GCATGGCGCGCCCAATCATTAGTTAGTTCTACTATAGC AscI 

1087del-down_F   GCATGGCGCGCCGTGAAGCTCCATCGCCATTGTTC AscI 

1087del-down_R   ATTCTAGATCTAGAAATTCACCGCTAACATCCATGTGTG XbaI 

Primers used for in-frame deletions – screening  

1084seq_F        ATTTTCAGGATATTCTGTTAAAGG  

1084seq_R        ACGATGCAATTAATGTGGGAGC  

1085seq_F         AGTAAATAACAATGTAAATGG  

1085seq_R         ATATTTTCTGTATCTTCGGG  

1086seq_F         TACCTACGGCAAAATGTGAA  

1086seq_R           AATTCACCGCTAACATCCAT  

1087seq_F     CTCTTGTCGGGATAACATGG  
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1087seq_R     GTGTGGACAATACTTACATTGTG  

Primers used for complementation  

1084comp_F GGCCATGCATGCCGGAAATATACCTTGAA NsiI 

1084comp_R CCGGACGCGTTTATTTATATTTTATATCATAATATTTTTCAA
TGTATTC 

MluI 

1085comp_F GGCCATGCATGGATGTTAGCGGTGAATTTATGAAAACTAAT
ACCTGGTTAAACTATAAACATGATTATCTATTGCACGCAT*
* 

NsiI 

1085comp_R CCGGACGCGTTCACCGATTTGAATTTATCTCC MluI 

* This is a natural BamHI site in this primer. 

** The bold letters show the abolished NsiI site after a silent T to C mutation.  
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3.3.5. Complementation studies 

 mmp1084 and mmp1085 were amplified using the complementation primers listed in Table 3.1, 

digested with NsiI and MluI, and ligated into the complementation vector pHW40, resulting in the 

inserted gene being under the control of the inducible nif promoter [37]. To facilitate cloning, an internal 

NsiI site in mmp1085 was removed by a silent T to C change at nucleotide position 72 using the long 

forward primer 1085comp_F (Table 3.1). The fidelity of the cloned genes in all of the complementation 

plasmids (listed in Table 3.2) was confirmed by DNA sequencing. The complementation vectors were 

transformed into the corresponding deletion mutants under the selection of 2.5 µg/mL puromycin, as 

described previously [37, 38]. Complemented mutants were grown in the presence of puromycin in 

nitrogen-free medium supplemented with either L-alanine (nif promoter induced) or NH4Cl (nif promoter 

repressed) [32, 37]. 

3.3.6. Western blot analysis 

M. maripaludis whole-cell lysates were subjected to 15% SDS-PAGE [39], and then transferred 

to an Immunobilon-P membrane (Millipore, Bedford, MA) [40]. Major archaellin FlaB2 was detected 

with chicken anti-FlaB2 specific antibodies [34]. Horseradish peroxidase-conjugated rabbit anti-chicken 

immunoglobulin Y (Jackson Immuno Research Laboratories, West Grove, PA) was used as secondary 

antibody. Blots were developed with an enhanced chemiluminescence kit (Millipore) following the 

manufacturer’s instructions.  

3.3.7. Archaella isolation 

Archaella from the various single gene deletion strains as well as the Δmmp1086Δmmp1087 

double mutant were isolated as previously described [41]. 

3.3.8. Semi-solid swarm motility plate assay 

Overnight wild type cells and various mutants were pelleted anaerobically and resuspended in 

Balch III medium to a final OD600 = 3.0.  Five microliters of each resuspension were inoculated into semi-

solid swarm plates (Balch III medium containing 0.25% agar) and incubated at 37oC for 5 days [16]. 
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Table 3.2 Strains and plasmids used in this study. 

Strain  Description  Reference or source 

E. coli strains 

TOP10 F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 nupG recA1 araD139 Δ(ara-leu)7697 galE15 
galK16 rpsL(StrR) endA1 λ- 

Invitrogen  

M. maripaludis S2 strains 

Mm900 Δhpt [35] 

Δmmp1084 Mm900Δmmp1084 This study 

Δmmp1085 Mm900Δmmp1085 This study 

Δmmp1086 Mm900Δmmp1086 This study 

Δmmp1087 Mm900Δmmp1087 This study 

Δmmp1086Δmmp1087 Mm900Δmmp1086 Δmmp1087 This study 

Plasmids 

pCRPrtNeo hmv promoter-hpt fusion plus Neor cassette in 
pCR2.1Topo; Ampr 

[35] 

pKJ795 pCRPrtNeo with in-frame deletion of mmp1084 This study 

pKJ715 pCRPrtNeo with in-frame deletion of mmp1085 This study 

pKJ882 pCRPrtNeo with in-frame deletion of mmp1086 This study 

pKJ783 pCRPrtNeo with in-frame deletion of mmp1087 This study 

pHW40 nif promoter-lacZ fusion plus Purr cassette; Ampr John Leigh 

pKJ959 pHW40 with mmp1084 complement  This study 

pKJ955 pCRII-TOPO with mmp1085 This study 

pKJ958 pHW40 with mmp1085 complement This study 
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3.3.9. Mass spectrometry analysis 

Purified archaella (50 µg) from the single mutants were digested overnight with trypsin 

(Promega, Madison, WI) at a ratio of 30:1 (protein:enzyme, v/v) in 50 mM ammonium bicarbonate at 

37oC. The archaella isolated from the Δmmp1086Δmmp1087 double mutant was first resolved by 15% 

SDS-PAGE and stained with Collioidal Coomassie Blue. The archaellin band was excised and subjected 

to an overnight in-gel tryptic digestion. All the archaellin digests were analyzed by nanoLC–MS/MS 

using a NanoAquity UPLC system (Waters, Milford, MA) coupled to a QTOF Ultima hybrid quadrupole 

time-of-flight mass spectrometer (Waters). The digests were injected onto a 5 mm x 300 µm i.d. Acclaim 

PepMap100 C18 µ-precolumn (Dionex/Thermo Scientific, Sunnyvale, CA) and resolved on a 100 µm x 

100 mm i.d. 1.7 µm BEH130 C18 column (Waters) using the following gradient conditions: 5% to 45% 

acetonitrile in 0.1% formic acid in 35 min and 45% to 95% acetonitrile in 5 min.  The flow rate was 450 

nL/min. MS/MS spectra were acquired on doubly, triply and quadruply charged ions and searched against 

the NCBInr database using the Mascot™ search engine (Matrix Science Ltd., London, UK). The spectral 

datasets were searched for glycopeptide MS/MS spectra which were then interpreted by hand.  

3.3.10. Electron microscopy 

M. maripaludis S2 wild type and deletion mutants were grown overnight. One mL of cells was 

briefly washed and resuspended in phosphate buffered saline. Samples were negatively stained with 2% 

phosphotungstic acid and supported on carbon-Formvar-coated copper grids. They were examined in a 

Hitachi 7000 electron microscope operating at an accelerating voltage of 75 kV. 

3.4. Results  

The genomic location of mmp1084-1087 between genes already shown to be involved in the 

assembly or biosynthesis of the archaellin N-linked glycan (Figure 3.1) led us to examine these genes for 

a possible role in the N-linked glycosylation pathway. 
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3.4.1. Bioinformatic analysis of mmp1084-1087 

As a first step in obtaining information about the putative functions of MMP1084 to MMP1087, 

bioinformatics-based analyses were performed with these protein sequences. When MMP1084 was used 

as a query in a BLAST search (Basic Local Alignment Search Tool, http://blast.ncbi.nlm.nih.gov/) [42], 

results showed significant similarities to numerous sequences, most of which are asparagine synthases 

from a variety of different species. BLAST analysis also indicated that MMP1084 possessed a Gn_AT_II 

superfamily domain which is found at the N-terminus of various enzymes, including asparagine synthase. 

MMP1085 analysis revealed a conserved domain with specific hits to SAM-dependent 

methyltransferases. MMP1086 and MMP1087 share 56% identity and both have an N-terminal radical-

SAM domain with a FeS/SAM binding site including the conserved CxxxCxxC motif, which coordinates 

the iron-sulfur cluster. Radical SAM enzymes are widespread and are known to be involved in such 

diverse processes as metabolism, DNA repair and the biosynthesis of vitamins, coenzymes and 

antibiotics. The two proteins also contain a C-terminal DUF4008 domain. DUF4008, domain of unknown 

function 4008, is a functionally uncharacterized domain found in bacteria and archaea. Similar conserved 

domains were found using another protein functional analysis server, InterProScan 

(http://www.ebi.ac.uk/Tools/pfa/iprscan/ [43]). The potential cellular location of the four proteins was 

examined using PRED-SIGNAL (http://bioinformatics.biol.uoa.gr/PRED-SIGNAL/) [44], TMHMM 

(http://www.cbs.dtu.dk/services/TMHMM/), and PSortb (http://www.psort.org/) [45]. No signal peptides 

or transmembrane domains were found and the location of the proteins was predicted by PSortb (set to 

archaeal proteins) to be cytoplasmic, except for MMP1086 for which a location could not be predicted. 

Interestingly, homologues of mmp1084-mmp1087 are not found in the four other sequenced M. 

maripaludis strains (C5, C6, C7 and X1).   

3.4.2. RT-PCR analysis of mmp1084 to mmp1087 gene cluster 

mmp1084 to mmp1087 are all oriented in the same direction and are separated by short intergenic 

regions (5 bp, 37 bp and 45 bp, respectively), suggesting they likely form a single transcriptional unit. To 

test this, primers were designed to amplify across the intergenic regions between adjacent two genes from 
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mmp1083 to mmp1088, as shown in Figure 3.2A. In the RNA samples extracted from Mm900 cells 

subjected to reverse transcription, amplification products of the predicted size linking mmp1084-

mmp1085 (563 bp), mmp1085-mmp1086 (550 bp) and mmp1086-mmp1087 (484 bp) were obtained, while 

as expected no products were amplified between mmp1083 and mmp1084 (expected size 584 bp) or 

mmp1087 and mmp1088 (expected size 510 bp) which are genes transcribed in the opposite direction 

(Figure 3.2B). PCR reactions using the same primers and the total RNA that had not undergone the 

reverse transcriptase reaction did not yield any amplification products, demonstrating that the RNA was 

free of contaminating DNA. Standard PCRs using Mm900 genomic DNA and the same primers were also 

conducted as positive controls to confirm the size of the amplicons and the specificity of the primers.  

3.4.3. Generation of Δmmp1084, Δmmp1085, Δmmp1086, Δmmp1087 single mutants and 

the Δmmp1086Δmmp1087 double mutant 

To identify the possible involvement of mmp1084 to mmp1087 in the N-glycosylation system in 

M. maripaludis S2, in-frame deletions of each gene were generated and confirmed by PCR of 

transformant cells using primers which amplified across the targeted gene (Figure 3.3). In each case, 

Mm900 genomic DNA (wild type) was also used as template with the same primer pair as the 

corresponding deletion mutant to confirm the specificity of the primers and to provide a comparison wild 

type size of the target gene. In the PCR amplification using cells of each deletion mutant as template, the 

size of the PCR product was smaller than that from wild type genomic DNA by the length predicted from 

the size of the deletion made in the target gene. In each case, sequencing of the PCR product confirmed 

that each deletion made was in-frame. In the case of the double mutant Δmmp1086Δmmp1087, each gene 

deletion was confirmed individually by PCR and sequencing. As shown in Figure 3.3B, the amplicons 

obtained with the Δmmp1086Δmmp1087 deletion strain as template using the mmp1086 and mmp1087 

screening primers were smaller than those from the wild type genomic DNA by the expected lengths, 

illustrating that the double mutant Δmmp1086Δmmp1087 was successfully generated. 
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Figure 3.2 The mmp1084-mmp1087 operon. (A). The gene region surrounding mmp1084 to mmp1087 
which was targeted for RT-PCR to determine potential co-transcription. Black lines below the genes 
represent the predicted amplicons obtained from RT-PCR. (B). RT-PCR experiment indicating co-
transcription of mmp1084, mmp1085, mmp1086 and mmp1087. Standard PCRs using Mm900 genomic 
DNA (DNA lanes) and the respective RT primers which amplify the intergenic regions were performed 
for amplicon size confirmation. RT-PCR (RT lanes) was run using total RNA extracted from Mm900 
cells with the same RT primers. The RT lanes which have bands at the same size as the DNA lanes 
indicate the co-transcription of the according genes. Standard PCRs were also performed using total RNA 
that did not undergo reverse transcription as template (RNA lanes) to rule out possible DNA 
contamination of the RNA sample. 
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Figure 3.3 Confirmation of in-frame deletions of Δmmp1084, Δmmp1085, Δmmp1086, Δmmp1087 
single mutants and Δmmp1086Δmmp1087 double mutant by PCR. (A) Washed whole cells of each 
deletion strain as well as wild type (WT) cells were used as template for the PCR confirmation of each in-
frame deletion, using corresponding sequencing primers as marked in the figure. (B) For the 
Δmmp1086Δmmp1087 double mutant, the in-frame deletions of mmp1086 and mmp1087 were determined 
individually. Washed whole cells of Δmmp1086Δmmp1087 were used as template with sequencing 
primers for both mmp1086 and mmp1087. In all the cases, amplicons of expected size from both the wild 
type and deletion mutants were obtained. M is 1 kb DNA ladder. 
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3.4.4. Western blot analysis of the archaellins from the mutants 

To examine if deletion of any of the mmp1084 to mmp1087 genes had any detectable effect on 

the glycan N-linked to the M. maripaludis archaellins, the migration of the archaellin reporter 

glycoprotein FlaB2 in each deletion strain was initially examined by western blots probed with antibody 

specific for this archaellin [34]. It has been shown previously that even small truncations to the glycan 

have effects on archaellin migration that are detectable by western blots [16, 34]. As shown in Figure 3.4, 

FlaB2 migrated as a slightly smaller protein in both Δmmp1084 and Δmmp1085 mutants compared to the 

wild type cells, suggesting a possible effect on the glycan. In contrast, no change in the migration of 

FlaB2 in either Δmmp1086 or Δmmp1087 mutants compared to wild type cells was evident. However, the 

56% identity between MMP1086 and MMP1087 suggests they might compensate for each other. To 

exclude the possibility that in either the Δmmp1086 or Δmmp1087 single mutants, the remaining gene 

product complements the function of the in-frame deletion, FlaB2 from the double mutant 

Δmmp1086Δmmp1087 was also analyzed by western blot analysis as shown in Figure 3.4. The apparent 

molecular mass of FlaB2 from the double mutant Δmmp1086Δmmp1087 was the same as that from wild 

type cells, indicating that at least under the culture conditions used neither mmp1086 nor mmp1087 

appeared to be involved in the N-glycosylation pathway. Since the roles of aglY and aglZ in N-

glycosylation were not evident when cells are grown in the presence of ammonia [34], the size of FlaB2 

in the double mutant Δmmp1086Δmmp1087 was also examined under ammonia-limiting conditions by 

growing cells in nitrogen-free medium supplemented with alanine. No reduction in the size of FlaB2 in 

the double mutant was observed in western blots under these conditions either (data not shown).   

3.4.5. In-frame deletions of mmp1084 to mmp1087 do not interfere with archaellation 

In order to determine whether proteins encoded by mmp1084 to mmp1087 interfere with archaella 

assembly, the Δmmp1084, Δmmp1085, Δmmp1086 and Δmmp1087 deletion mutants as well as the 

Δmmp1086Δmmp1087 double mutant were examined by electron microscopy. As shown in Figure 3.5, 

numerous archaella were observed on the surface of all the mutant cells as well as the wild type cell, 
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Figure 3.4 Western blot of whole cell lysates of wild type, Δmmp1084, Δmmp1085, Δmmp1086, and 
Δmmp1087 single mutants and the Δmmp1086Δmmp1087 double mutant probed with anti-FlaB2 
antibodies. The decrease of apparent molecular weight of FlaB2 in Δmmp1084 and Δmmp1085 was the 
initial evidence of a truncated N-glycan in these mutants. No change in the migration of FlaB2 was 
evident in the Δmmp1086, Δmmp1087 or the Δmmp1086Δmmp1087 double mutant.  
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Figure 3.5 Electron microscopy of wild type and mutant cells obtained in this study. Numerous 
archaella are observed attached to the cell surface of the Δmmp1084, Δmmp1085, Δmmp1086, and 
Δmmp1087 single mutants and the Δmmp1086Δmmp1087 double mutant, as well as the wild type cell. 
Bars, 500 nm.  
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suggesting that deletion of these genes had no gross effect on archaella assembly, number or cellular 

location.  

Examination of wild type cells and the various mutants by light microscopy demonstrated that all 

strains were motile. However, as the motility of even wild type cells is weak [46], motility was also 

examined using semi-solid agar. Motility similar to wild type cells was observed for the Δmmp1084, 

Δmmp1085, Δmmp1086, Δmmp1087 and Δmmp1086Δmmp1087 deletion mutants (data not shown). 

3.4.6. Mass spectrometry analysis of archaellins 

Mass spectroscopy of isolated archaella confirmed the western blotting results that showed effects 

on glycosylation in the Δmmp1084 and Δmmp1085 deletions but not in Δmmp1086, Δmmp1087 or 

Δmmp1086Δmmp1087 deletion strains (Figure 3.6). Tryptic glycopeptides from the Δmmp1084 archaellin 

were predominantly modified with a tetrameric glycan 203Da-258Da-257Da-217Da (Figure 3.6B) 

corresponding to the loss of the threonine moiety from the 3rd sugar in the WT glycan (Figure 3.6A). A 

minor trimeric glycan species, 203Da-258Da-257Da, was also observed in the Δmmp1084 mutant strain.  

Archaellins from the Δmmp1085 mutant were modified with a different tetrameric glycan 203Da-258Da-

358Da-203Da indicating that the methyl group on the fourth sugar was absent (Figure 3.6C). Archaella 

from the Δmmp1086, Δmmp1087 and Δmmp1086Δmmp1087 deletion strains were modified with the WT 

glycan, 203Da-258Da-358Da-217Da (Figure 3.6D).   

3.4.7. Complementation of mmp1084 and mmp1085 

To confirm that deletions of mmp1084 and mmp1085 are the only contributors to the defects 

observed by mass spectrometry, Δmmp1084 and Δmmp1085 mutants were complemented with plasmids 

bearing the pertinent wild type copy of the deleted gene under an inducible nif promoter, which is induced 

under ammonia-limiting conditions (as when L-alanine, for example, is used as sole nitrogen source) 

while repressed in the presence of ammonia [37, 47]. When cells were grown with alanine as sole 

nitrogen source the apparent molecular mass of FlaB2 was restored to wild type size in both mmp1084  
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Figure 3.6 NanoLC-MS/MS analysis of the FlaB2 tryptic glycopeptide, T53-81, from the WT and 
mutant strains investigated in this study. The FlaB2 tryptic peptide T53-81 contains one site of N-
glycosylation (DSTEQVASGLQIMGISGYQAGTANANITK).  The major carbohydrate oxonium ions 
are identified in the MS/MS spectra using symbols to indicate the sugar residues present (■: GalNAc, ●: 
GlcNAc3NAcA, ▲: ManNAc3NAmA6Thr, : ManNAc3NAmA, ♦: (5S)-2- acetamido-2,4-dideoxy-5-
O-methyl-α-L-erythro-hexos-5-ulo-1,5-pyranose (217 Da sugar), : previous sugar lacking a methyl 
group (203 Da sugar).  The b and y ions arising from fragmentation of the peptide bonds are also shown.  
The structure of tetrameric WT glycan (panel A, MS/MS spectrum acquired in an earlier study) has been 
described previously [28]. The glycopeptide from the Δmmp1084 mutant strain (panel B) is modified with 
a tetrasaccharide lacking the threonine modification that is linked to the 3rd sugar residue of the WT 
glycan.  The same tryptic peptide from the Δmmp1085 mutant is also modified with a tetrasaccharide but 
one whose terminal sugar is 14 Da less than that in the WT glycan (panel C). The equivalent glycopeptide 
from the Δmmp1086Δmmp1087 double mutant is modified with WT glycan (panel D). 

A 

B 

C 
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Figure 3.7 Western blot analysis of complementation experiments with Δmmp1084 and Δmmp1085 
mutants. A western blot of whole cell lysates from Δmmp1084 and Δmmp1085 mutants harbouring 
respective complementation vectors cultured in nitrogen free medium supplemented by either alanine 
(Ala, promoter on) or ammonia (NH4

+, promoter off) was probed with anti-FlaB2 antibodies. Wild type 
(WT) and deletion mutants were used as controls to show the apparent molecular weight of FlaB2 
attached with wild type and truncated N-glycans. 

  



68 
 

and mmp1085 complementations (Figure 3.7), indicating that the molecular mass loss in FlaB2 in each 

mutant was caused by the in-frame deletion of that single gene. When ammonia was used as nitrogen 

source, the apparent mass of FlaB2 in both complementations was also restored. This effect has been 

previously observed in the complementation of certain enzymes involved in the N-linked glycosylation 

process, likely due to a low basal level of expression from the nif promoter even in the presence of 

ammonia [16]. This low level of expression may be sufficient to provide enough product to still 

complement the deletion.  

3.5. Discussion 

Using archaellins and S-layer proteins as the reporter proteins, significant progress has been made 

in the study of N-glycosylation pathways in several model archaeal organisms, such as Hfx. volcanii, S. 

acidocaldarius, M. voltae and M. maripaludis [2, 9, 48]. In these systems, numerous agl genes in the N-

glycosylation pathways have been identified encoding the oligosaccharyltransferase aglB, 

glycosyltransferases and enzymes involved in the biosynthesis of component sugars in the N-glycan [2, 9, 

12, 14, 18, 19, 21-25, 33, 34, 49-53]. The viability of an aglB deletion mutant shows that the N-

glycosylation of proteins is not essential for M. voltae [14], M. maripaludis [16] or Hfx. volcanii [21]. 

However, disruption of the system leads to defects in archaellation in both methanogens [14, 16] and Hfx. 

volcanii [29] and the stability of the S layer in the halophile which results in growth defects at elevated 

NaCl concentrations [22]. Unlike the case in these euryarchaeotes, an aglB deletion could not be created 

in the crenarchaeote S. acidocaldarius, indicating an essential role for this protein modification in this 

organism [9]. Interference with N-glycosylation to the point where truncated glycans are still attached in 

S. acidocaldarius leads to both nonarchaellation as well as growth defects at higher salinities [9, 18, 19].  

In M. maripaludis, genes encoding the oligosaccharyltransferase and several glycosyltransferases 

were identified [16] and it was shown that interference in the N-glycosylation pathway resulted in adverse 

effects on archaella formation and function but not on pili assembly [14, 16]. Recently, proteins involved 

in the biosynthesis of the glycan component sugars have been identified [33, 34, 54, 55]. The current 
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study expands on these findings and identifies two genes whose products are involved in the synthesis of 

the final two sugars of the glycan: mmp1084 is involved in the threonine modification of the third sugar 

and mmp1085 encodes the methyltransferase required for the biosynthesis of the terminal sugar.        

In M. maripaludis S2, an in-frame deletion of mmp1084 resulted in a truncated N-glycan which 

was shown by mass spectrometry analyses to be missing only the threonine modification of the third 

sugar. Possible roles for MMP1084 include involvement in either the biosynthesis of the threonine or the 

transfer of this amino acid onto the lipid-linked tetrasaccharide. In silico analysis shows that MMP1084 

belongs to the Gn_AT_II superfamily and has sequence similarity to the putative asparagine synthase 

AsnB in many sequenced genomes. However, in the genome of M. maripaludis S2, mmp0918 has been 

annotated as asnB, and it is located with adjacent genes whose products are annotated to be involved in 

amino acid metabolism, suggesting that mmp0918 is more likely to encode the true asparagine synthase. 

Genes homologous to mmp0918 are found in a conserved genomic island in numerous members of the 

Methanococcales, including in the sequenced genomes of four other M. maripaludis strains (C5, C6, C7 

and X1), indicating that mmp0918 is a housekeeping gene. On the other hand, homologues of mmp1084 

are rare and are not found in other sequenced M. maripaludis strains although they can be identified in M. 

voltae strains PS and A3. In keeping with the assigned function of MMP1084, the structure of the N-

linked glycan attached to M. voltae PS archaellins and S layer protein includes a threonine attached to the 

C6 of a mannuronic acid as the third sugar [13]. The lack of an mmp1084 homologue in other sequenced 

M. maripaludis strains suggest that these strains do not have a glycan carrying a threonine-modified 

mannuronic acid. In addition, the growth of Δmmp1084 cells is not impaired in nitrogen-free medium 

supplemented with NH4Cl as sole nitrogen source which means the de novo synthesis pathway of amino 

acids is not affected in the mutant. This would seem to rule out a role for MMP1084 in threonine 

biosynthesis.  

Further analysis of MMP1084 supports a role for this protein in the transfer of threonine to the 

third sugar. MMP1084 has 22% identity and 39% similarity with the product of orf3 in the K40 gene 
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cluster in E. coli O8:K40, a rare example of a protein which is responsible for transferring an amino acid, 

serine, onto the carboxyl group at the C6 position of a hexuronic acid [56]. Like MMP1084, ORF3 also 

possesses a conserved domain found in members of the Gn_AT_II superfamily. In E. coli O8:K40, the 

K40 CPS repeat unit is a trisaccharide [6-GlcNAc-4-β-GlcA6Ser-4-α-GlcNAc] in which the serine is 

linked to the second sugar, and deletion of orf3 does not block the addition of the last sugar onto the CPS 

repeat unit. Similarly, in M. maripaludis, in-frame deletion of mmp1084 leads to a truncated N-glycan 

which is only missing the threonine linked to the third sugar residue but retains the full tetrasaccharide 

backbone. These results suggest that the amino acid modification may be the last step in the glycan 

synthesis pathway occurring only after the fourth sugar is added to the growing glycan. This would be 

consistent with previous observations on the glycan of an aglL (encoding the fourth glycosyltransferase) 

mutant in which not only is the last sugar missing but also the threonine of the third sugar [16]. Sequence 

analysis of MMP1084 shows no evidence of a signal peptide or transmembrane domain and it is predicted 

to be a cytoplasmic protein. It may function in the cytoplasm after the action of the glycosyltransferase for 

the last sugar but before the flipping of the lipid-linked N-glycan precursor to the external face of the 

cytoplasmic membrane. However, it is also possible that MMP1084 could be membrane associated if it 

interacts with integral membrane proteins, perhaps in a complex devoted to glycan formation.  

A mutant carrying an in-frame deletion of mmp1085 had a truncated N-glycan lacking only the 

methyl group O-linked to the C5 hydroxyl group on the unique fourth sugar residue. This is consistent 

with the identification of a conserved domain in MMP1085 associated with S-adenosylmethionine-

dependent methyltransferases and with BLAST search results that show significant sequence similarity of 

MMP1085 to SAM-dependent methyltransferases. O-methylation is a relatively common glycan 

modification and has been studied in another archaeal N-glycan attached to both S-layer protein and 

archaellins in Hfx. volcanii. In Hfx. volcanii, the C4 position in the hexuronic acid fourth sugar residue in 

the pentasaccharide N-glycan is methylated through the action of AglP, also identified as an SAM-

dependent methyltransferases [50]. Several bacterial O-antigenic polysaccharides also contain a variety of 
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different sugars with O-methylation modifications at various positions (C2, C3, C4 or C6) catalyzed by 

SAM-dependent methyltransferases [57-60]. However, little sequence similarity is shared between the 

bacterial methyltransferases and the archaeal AglP and MMP1085. Thus, mmp1085 is the first gene 

identified to be involved in the biosynthesis pathway of the unique terminal sugar, (5S)-2-acetamido-2,4-

dideoxy-5-O-methyl-α-L-erythro-hexos-5-ulo-1,5-pyranose. Since deletion of mmp1085 resulted in the 

loss of the methyl group of the terminal sugar, we assume that the methyl group is added onto the second 

hydroxyl group on the C5 after the formation of the dialdose.   

The products of the last two genes in the operon, mmp1086 and mmp1087, had no demonstrable 

effect on the N-linked glycan. There was no detectable difference in the size of FlaB2 in Δmmp1086 and 

Δmmp1087 mutants compared to the wild type version in western blots and mass spectrometry analysis of 

the purified archaella showed that a wild type glycan was attached. Since MMP1086 and MMP1087 share 

56% amino acid sequence identity and both contain an N-terminal radical-SAM domain and a C-terminal 

DUF4008 domain, it was considered that a loss of one of the two proteins might be compensated by the 

other. However, western blot and mass spectrometry analyses of the double mutant 

Δmmp1086Δmmp1087 also showed wild type patterns. These data indicate that neither mmp1086 nor 

mmp1087 are involved in the N-glycosylation system under normal growth conditions. However, since 

the roles in N-glycosylation of the neighboring genes aglY and aglZ were evident only when cells were 

ammonia-limited [34], the Δmmp1086Δmmp1087 mutant was also examined by western blot after growth 

under these conditions. However, again, only a wild type size of FlaB2 was observed. These findings do 

not rule out the possibility that mmp1086 and mmp1087 might be involved in the N-glycosylation 

pathway under different growth conditions. 

Recent analysis of sequenced archaeal genomes indicated that in many cases, especially among 

haloarchaea, there is a clustering of genes putatively involved in N-glycosylation in the immediate 

vicinity of aglB [8]. However, this is not true of most methanogens, including M. voltae and M. 

maripaludis or the crenarchaeon S. acidocaldarius [8]. Nonetheless, gene clusters involved in N-
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glycosylation not linked to aglB also exist. In M. maripaludis, a group of genes involved in the assembly 

or biosynthesis of the archaellin N-glycan are located in the genomic region from mmp1076 to mmp1094 

(Figure 3.1). Included in this region are three glycosyltransferase genes aglO (mmp1079), aglA 

(mmp1080), algL (mmp1088) [16], mmp1076 which encodes GlcN-1-P 

uridylyltransferase/acetyltransferase, mmp1077 which encodes a phosphomutase that converts α-D-

glucosamine-6-phosphate to α-D-glucosamine-1-phosphate [33], mmp1090 which encodes a UDP-

Gal/GalNAc 4-epimerase (Ding, Brockhausen and Jarrell, unpublished), aglXYZ (mmp1081-83) 

responsible for the acetamidino modification of the third sugar [34] and, in this study, mmp1084 and 

mmp1085. In addition to this genetic locus, another cluster of genes (mmp0350-mmp0359) has been 

identified and shown by deletion analysis and mass spectrometry to include genes that encode enzymes 

involved in biosynthesis of the second and third sugars of the glycan [54], (Siu, Jarrell, Logan and Kelly 

unpublished data). Interestingly, in a related mesophilic Methanococcus, M. voltae A3, homologues of 

both gene clusters are all located in a single large gene locus (from mvol_0230 to mvol_0247) (Figure 

3.8).  

In this study, we have studied four genes found in a single operon, mmp1084, mmp1085, 

mmp1086 and mmp1087 for their potential role in the N-linked glycosylation process in M. maripaludis 

S2. We were able to assign roles to two gene products. MMP1084 is the putative threonine transferase for 

the third sugar which functions after AglL has added the 4th sugar to the lipid carrier, and MMP1085 is 

the methyltransferase which transfers the methyl group to the second hydroxyl group on C5 position in 

the terminal sugar. No role for MMP1086 or MMP1087 in N-glycan biosynthesis could be identified. 

Because of their demonstrated involvement in the N-glycosylation pathway, we designate mmp1084 as 

aglU and mmp1085 as aglV, in keeping with the nomenclature scheme for genes involved in N-linked 

glycosylation in Archaea first proposed by Chaban et al. [14] (Figure 3.9). 
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Figure 3.8 The gene locus from Mvol_0225 to Mvol_0247 in M. voltae A3. Many homologues of genes 
involved in the N-glycosylation pathway in M. maripaludis could be found in this gene island, including 
mmp1084 to mmp1087, aglA, aglL, aglXYZ, mmp1076 and mmp1090. The mmp numbers or agl gene 
designations under the M. voltae genes indicate the respective homologues in M. maripaludis S2. No 
homologues of Mvol_0233, Mvol_0244 to Mvol_0246 could be found in M. maripaludis S2 genome. 
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Figure 3.9 Summary of the function of AglU and AglV in the N-glycosylation pathway in M. 
maripaludis. MMP1084 is designated as AglU and MMP1085 as AglV. AglU is the putative threonine 
transferase for the threonine modification of the third sugar. AglV is the putative methyltransferase which 
transfers the methyl group to the second hydroxyl group on C5 position in the terminal sugar. The 
previously identified oligosaccharyltransferase AglB and glycosyltransferases AglA, AglO and AglL are 
also marked in this model [16]. 
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4.1. Abstract  

In Methanococcus maripaludis, the three archaellins that comprise the archaellum are modified at 

multiple sites with an N-linked tetrasaccharide with the structure of Sug-4-β-ManNAc3NAmA6Thr-4-β-

GlcNAc3NAcA-3-β-GalNAc, where Sug is a unique sugar (5S)-2-acetamido-2,4-dideoxy-5-O-methyl-L-

erythro-hexos-5-ulo-1,5-pyranose so far exclusively found in this species. In this study, a six-gene cluster 

mmp1089-1094, neighboring one of the genomic regions already known to contain genes involved with 

the archaellin N-glycosylation pathway, was examined for its potential involvement in the archaellin N-

glycosylation or sugar biosynthesis pathway. The co-transcription of these six genes was demonstrated by 

RT-PCR. Mutants carrying an in-frame deletion in mmp1090, mmp1091 or mmp1092 were generated. The 

Δmmp1090 deletion mutant was archaellated as determined by electron microscopy, and mass 

spectrometry analysis of purified archaella showed that the archaellins were modified with a truncated N-

glycan in which the terminal sugar residue and the threonine linked to the third sugar residue were 

missing. Bioinformatics analysis indicate that MMP1090 is a UDP-glucose 4-epimerase, suggesting that 

the unique terminal sugar of the archaellin N-glycan might be synthesized from UDP-glucose or UDP-N-

acetylglucosamine with an essential early step catalyzed by MMP1090. In contrast, no detectable 

phenotype related to archaellin glycosylation was observed in mutants deleted for either Δmmp1091 or 

Δmmp1092 while attempts to delete mmp1089, mmp1093 and 1094 were unsuccessful. Based on its 

demonstrated involvement in the archaellin N-glycosylation pathway, we designated mmp1090 as aglW. 

4.2. Introduction 

N-glycosylation is a prevalent protein co/post-translational modification which has been found in 

all three domains of life [1, 2]. In the Archaea, bioinformatics analysis showed at least one copy of the 

predicted oligosaccharyltransferase (OST) gene (aglB), encoding the most conserved enzyme in the N-

glycosylation system, in 166 of 168 sequenced archaeal genomes, indicating the almost universal 

presence of this protein modification throughout the third domain [3]. This is in contrast to the, so far, 

limited presence of N-glycosylation in Bacteria where the pathway seems restricted to most  members of 
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the Epsilon-subdivision of Proteobacteria (Campylobacter, Wolinella, Helicobacter) and a subset of the 

Deltaproteobacteria, including Desulfovibrio species [1, 4]. Archaea also have the most diverse N-glycan 

structures, with a great variety of sugar components (including unique sugars), modifications and 

glycosidic linkages, as well as a range of linking sugars, including simple hexoses [2, 5].  

Although the N-glycosylation system is wide-spread in Archaea, genetic studies of the archaeal 

N-glycosylation pathway, in combination with biochemical and structural approaches, are mainly 

restricted to three model microorganisms: Methanococcus maripaludis, Sulfolobus acidocaldarius and 

Haloferax volcanii [2, 5-7]. Based on the studies in these three microorganisms, a current archaeal N-

glycosylation model has been proposed [2, 5]. On the cytoplasmic side of the cytoplasmic membrane, 

various glycosyltransferases (GTs) sequentially add sugar monomers onto a dolichol lipid carrier (either 

mono- or diphosphorylated; Dol-P or Dol-PP) embedded in the cytoplasmic membrane. This lipid-linked 

N-glycan precursor is then translocated across the cytoplasmic membrane via a flippase, and the N-glycan 

is transferred en bloc from the lipid carrier onto select asparagine residues in an N-X-S/T (X≠P) sequon in 

the acceptor glycoprotein by AglB on the exterior face of the cytoplasmic membrane [2, 8]. Additional 

sugars may still be added to the glycan after its transfer to protein [9]. The OST, as well as a large number 

of archaeal GTs and enzymes involved in the biosynthesis of the individual sugar comprising the glycan 

have been identified in the three model microorganisms [2, 5, 7].  

Archaeal N-glycoproteins are typically external proteins or membrane-bound proteins and include 

archaellins (formerly archaeal flagellins [10, 11]), S-layer proteins, pilins, cytochrome b558/556 in S. 

acidocaldarius, and even an archaeal viral protein [12-19]. Most of the archaeal N-glycosylation work has 

employed either archaellins or S-layer proteins as the reporter protein [20]. 

In M. maripaludis, the swimming organelle archaellum [11] is composed of three structural 

proteins: the major archaellins FlaB1 and FlaB2 and the minor archaellin FlaB3, the latter forming the 

curved, hook-like region [21]. All three archaellins are N-glycosylated at multiple sites with the 

tetrasaccharide Sug-4-β-ManNAc3NAmA6Thr-4-β-GlcNAc3NAcA-3-β-GalNAc, where Sug is (5S)-2-
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acetamido-2,4-dideoxy-5-O-methyl-L-erythro-hexos-5-ulo-1,5-pyranose, a sugar found, so far, 

exclusively in this species [14]. The Epd pili of M. maripaludis [22] are also composed of glycoproteins, 

but here the major pilin, EpdE, has an N-linked pentasaccharide consisting of the archaellin 

tetrasaccharide with an additional hexose added as a branch to the linking sugar GalNAc [15].  

Using both genetic and biochemical methods, a series of enzymes have been demonstrated in M. 

maripaludis to be involved in the N-glycosylation or sugar biosynthesis pathways. The genes for these 

components have been localized mainly to two loci. The first region extends from mmp1079 to mmp1088, 

including aglO (mmp1079), aglA (mmp1080) and aglL (mmp1088) encoding the second, third and fourth 

GTs, respectively [23]; aglXYZ (mmp1081-1083) encoding enzymes involved in the acetamidino 

modification of the third sugar [24]; aglU (mmp1084) encoding the enzyme that transfers the threonine 

onto the third sugar; and aglV (mmp1085) encoding a methyltransferase for the methylation of the unique 

fourth sugar [25]. The second region is located from mmp0350 to mmp0359. Several of the genes located 

in this area are involved in the biosynthesis of the second and third sugars of the glycan, including agl17 

(mmp0350), agl18 (mmp0351), agl19 (mmp0352), agl20 (mmp0353) and agl21 (mmp0357) [26-28]. The 

gene for the OST, aglB (mmp1424) is found at a separate locus [23]. Besides the work mentioned above, 

in vitro studies employing heterologously expressed and purified enzymes have identified other genes 

including mmp0705, mmp0706, mmp1077 and mmp1680 that are involved in acetamido sugar 

biosynthesis [29]. However, genetic studies are still needed to confirm the involvement of these genes in 

archaellin N-glycan sugar biosynthesis. Key enzymes in the N-glycosylation pathway, i.e. the GT 

responsible for the first sugar and the putative flippase, have not yet been identified in M. maripaludis. 

In M. maripaludis, N-glycosylation plays an important role in archaella formation. Archaella are 

only assembled using archaellins that are modified with disaccharide or longer N-glycans, i.e. in ΔaglA 

and ΔaglL mutants, but not with monosaccharide-modified or non-glycosylated archaellins, i.e. ΔaglO or 

ΔaglB mutants [23, 27]. Interestingly, this minimum disaccharide N-glycan rule does not apply to pilus 

assembly, since pili were observed on the cell surface of a ΔaglB mutant, where the constituent pilins 
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would be non-glycosylated [23]. On the other hand, not all of the N-glycosylation sites normally occupied 

in the archaellins in wild type cells are necessary for archaella formation [30]. Archaella could be 

assembled using FlaB2 in which 3 out of 4 N-glycosylation sites were removed by site-directed 

mutagenesis (SDM) (leaving only the 1st N-glycosylation site intact), but not with non-glycosylated FlaB2 

[30].  

In this contribution, we studied a six-gene operon mmp1089-1094, neighbouring the first 

identified N-glycosylation genetic region, and demonstrated that one gene, mmp1090, was involved in the 

unique fourth sugar biosynthesis pathway. No significant change in the archaellin N-glycan was observed 

in either Δmmp1091 or Δmmp1092 mutant cells. Several attempts to inactivate the other genes in the 

operon, namely mmp1093 (annotated as coaD, [31], mmp1094 (annotated as ppsA [31]) or mmp1089 [23] 

were unsuccessful, suggesting that these genes might be essential for M. maripaludis.  

4.3. Materials and methods 

4.3.1. Strains and growth conditions  

M. maripaludis S2 Δhpt (Mm900) [32] and the mutants derived from Mm900 (Table 4.1) were 

cultured anaerobically in sealed serum bottles containing 10 mL medium under an atmosphere of CO2-H2 

(20:80) at 35oC with shaking. Unless otherwise specified, cells were cultured in Balch medium III [33]. 

McCas medium was used at various steps during the creation of in-frame deletions following the 

procedure of Moore and Leigh [32]. A final concentration of 1 mg/mL neomycin was added to McCas 

medium as needed for selection following transformation [32]. To obtain M. maripaludis single colonies, 

cells were plated onto McCas medium-Noble agar (1.5% (w/v)) plates containing 240 µg/mL 8-aza-

hypoxanthine for selection and incubated inside of an anaerobic canister at 37oC for 5 days [32]. M. 

maripaludis strains carrying a complementation plasmid were cultured in nitrogen-free medium 

supplemented with either 10 mM L-alanine or 10 mM NH4Cl [34] as sole nitrogen source in the  
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Table 4.1 Strains and plasmids used in this study. 

Strains Description References 

M. maripaludis   

Mm900 M. maripaludis S2 Δhpt [32] 

Δmmp1090 Mm900 Δmmp1090 This study 

Δmmp1091 Mm900 Δmmp1091 This study 

Δmmp1092 Mm900 Δmmp1092 This study 

E. coli    

TOP10 F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 nupG recA1 araD139 Δ(ara-leu)7697 
galE15 galK16 rpsL(StrR) endA1 λ- 

Invitrogen 

Plasmids    

pCRPrtNeo hmv promoter-hpt fusion plus Neor cassette in 
pCR2.1Topo; Ampr 

[32] 

pKJ626 pCRPrtNeo harboring the inframe deletion of 
mmp1089 

[23] 

pKJ807 pCRPrtNeo harboring the inframe deletion of 
mmp1090 

This study 

pKJ806 pCRPrtNeo harboring the inframe deletion of 
mmp1091 

This study 

pKJ785 pCRPrtNeo harboring the inframe deletion of 
mmp1092 

This study 

pKJ992 pCRPrtNeo harboring the inframe deletion of 
mmp1093 

This study 

pKJ877 pCRPrtNeo harboring the inframe deletion of 
mmp1094 

This study 

pET-23a+ T7 promoter for overexpressing in E. coli; Ampr Qiagen, Inc. 

pKJ919 pET23a harboring mmp1090 gene This study 

pHW40 nif promoter-lacZ fusion plus Purr cassette; Ampr [34] 

pKJ1189 pHW40 harboring mmp1090  This study 

pKJ1111 pET23a harboring mmp1090 Y151A mutant This study 

pKJ1115 pHW40 harbouring mmp1090 Y151A mutant This study 

pKJ1235 pET23a harboring mmp1090 K155A mutant This study 

pKJ1236 pHW40 harboring mmp1090 K155A mutant  This study 
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presence of puromycin (2.5 µg/mL) for plasmid selection. Escherichia coli TOP10 cells used for 

molecular cloning steps were cultured at 37oC with shaking in Luria-Bertani (LB) medium or on LB 

plates with 100 µg/mL ampicillin for selection. 

4.3.2. Reverse transcriptase (RT)-PCR 

To determine if the mmp1089 to mmp1094 genes were co-transcribed, RT-PCR was performed as 

per the manufacturer’s protocol using a One-Step RT-PCR kit (Qiagen Inc.) with primers (Table 4.2) 

which amplify across each of the intergenic regions between neighbouring genes from mmp1089 to 

mmp1094. The RNA template was extracted from Mm900 cells using a High Pure RNA Isolation Kit 

(Roche Inc.), followed by an additional DNase treatment (Turbo DNA-free Kit, Ambion) at 37oC for 30 

min. PCR amplifications with the same primer pairs were also performed using either purified RNA not 

subjected to reverse transcription as template to exclude the possibility of genomic DNA contamination of 

the RNA, or genomic DNA from Mm900 as template to confirm the amplicon size and primer specificity.  

4.3.3. Plasmid constructions for in-frame gene deletions 

Plasmids used for in-frame deletions of the targeted genes in M. maripaludis (Table 4.1) were 

constructed as previously described using the primers listed in Table 4.2 [21, 32]. Briefly, ~1 kb of the 

DNA upstream (gene specific P1 and P2 primers) and downstream (gene specific P3 and P4 primers) of 

the targeted gene was amplified by PCR and then ligated via the AscI restriction sites incorporated into 

the two interior primers P2 and P3. After ligation, the majority of the target gene is deleted, leaving a 

short residual 5’ and 3’ piece which is still in-frame. This ligation product was used as template to 

perform a second PCR with the exterior primers P1 and P4 and then cloned into the BamHI or XbaI 

restriction site in the vector pCRprtNeo, which encodes a neomycin resistant gene but lacks the origin of 

replication in M. maripaludis [32]. DNA sequencing confirmed that all gene deletions in the pCRprtNeo 

vectors were in-frame. These recombinant plasmids were then used for the creation of the specific in-

frame gene deletions in M. maripaludis.  
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Table 4.2 Primers used in this study. 

Primers Sequence 
Restriction 

site* 

For RT-PCR 

89-90-F AACTGCCATTATAGTTTGGATGAGT  

89-90-R ATGAGATCGTAAATATTGGTTCGG  

90-91-F ATGTTCTAACATTAATCTGTGCTGC  

90-91-R AGCTAACTGATGCCATGAAGTCTC  

91-92-F TTCCACAATGCACTGCATCTCCAAGG  

91-92-R CCACTTGTAGCCTTCCCAATTTCCG  

92-93-F CCTGTGTTTCCAATTGATGCAACAAG  

92-93-R GACGTTTATGGCGACTCAATTTCGG  

93-94-F CTAACATTTAACGGATTTACATCGTG  

93-94-R GATTGAACTTGTTATAACTTCATGC  

For in-frame deletions  

1090-P1 ATCGGATCCTTGGCAAATGCGGGAATTGAGG BamHI 

1090-P2 GCATGGCGCGCCTGATAAATCCTGCACCGCCAGTTAC AscI 

1090-P3 ATGCGGCGCGCCTGGATGCCTGAAGTTGAATTGG AscI 

1090-P4 ATCGGATCCTCTGCAACTGCGTTAAGTCCTG BamHI 

1091-P1 ATCGGATCCGATGATAATTATGGAAATCATGTATG BamHI 

1091-P2 GCATGGCGCGCCTGAGAAGCCTTGTTCCAAATCCTGC AscI 

1091-P3 ATGCGGCGCGCCGGATGGCTTGAAGCAAACGTTG AscI 

1091-P4 ATCGGATCCAATGCAGTATTCGATATCATAAAGC BamHI 

1092-P1 ATGTCTAGATCTAGACTGTGGTCAGGCTGGAAGCAGACC
GCAAATCG 

XbaI 

1092-P2 GCATGGCGCGCCTAAAATGTCTCGAAATATATCCGATC AscI 

1092-P3 ATGCGGCGCGCCGTTGTATCGTTGTTTGCGCTACCG AscI 

1092-P4 ATCTCTAGATCTAGATATGGCTTCCGATAAATCCTGCACC
GCCAG 

XbaI 

1093-P1 AAAGGATCCCGACCTGCTCAGGTAGTTTATGCAGG BamHI 

1093-P2 AAGGCGCGCCGTGCAGTATATCAAAGGTACCTCCG AscI 

1093-P3 AAGGCGCGCCAAGAATAAGAAATGGGGAGATAGACAC AscI 

1093-P4 AAAGGATCCTTAACGTGTAAAGTATCGGTAGCGC BamHI 

1094-P1 AAAGGATCCCGTCTCTATTGTAGACTGTAATTGGTGC BamHI 

1094-P2 AAGGCGCGCCGCTAAGTTTCTTTGATAAAGTACCTG AscI 

1094-P3 AAGGCGCGCCTCAATCTGTGGTCAGGCTGGAAGCAG AscI 

1094-P4 AAGGATCCTTGATGCAACAAGTACAAATCCCCCAAGTG BamHI 

Sequencing primers for in-frame deletions 

1090-seq-F AGGTTGTAGAGAATATATGTGG  

1090-seq-R CCTTTATCATTCGTTCTTTGTAG  

1091-seq-F GACTGTTGTATCGTTGTTTGCG  

1091-seq-R CCACATATATTCTCTACAACCTTTG  

1092-seq-F TATTGGAATTACAAGCGATG  

1092-seq-R TCCTGCTGCAGGTATGATAGC  
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For complementation studies   

1090-comp-F CCAATGCATGATTAAAAAATATACTTACTAC NsiI 

1090-comp-R GCACGCGTTTAAATCTTTTTAATCCCGTCATCC MluI 

1090-comp-NdeI GCCGCATATGATTAAAAAATATACTTACTTACTAC NdeI 

1090-comp-XhoI TAATCTCGAGAATCTTTTTAATCCCGTCATC XhoI 

Y151A-SDM-F GTTATCTCCTGCCGGTTTAAGTA  

Y151A-SDM-R TACTTAAACCGGCAGGAGATAAC  

K155A-SDM-F CTCCTTACGGTTTAAGTGCCTTCTGTGCAGAAGAGTAC  

K155A-SDM-R GTACTCTTCTGCACAGAAGGCACTTAAACCGTAAGGAG  

*Restriction sites in the primer sequences are underlined in the table. 
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4.3.4. Generation of an in-frame deletion of targeted genes in M. maripaludis 

Markerless in-frame deletions of mmp1090, mmp1091 and mmp1092 were successfully generated 

using the procedure described previously [32]. Several attempts to create in-frame deletions of mmp1089, 

mmp1093 and mmp1094 were also conducted using the same method, but all were unsuccessful. Single 

transformant colonies picked from the McCas-Noble agar plates containing 8-aza-hypoxanthine were 

inoculated into Balch medium III and then screened by using washed whole cells in PCR reactions with 

primers (listed in Table 4.2) that would amplify across the target gene to identify deletion mutants. The 

PCR products were examined by agarose gel electrophoresis and the size compared to that predicted for 

the wild type and deletion versions of the gene in order to identify the specific gene deletion mutants. 

Deletion mutants were re-streaked for purity on Balch medium III agar plates and the presence of the 

desired gene deletion reconfirmed by PCR.  

4.3.5. Complementation of the Δmmp1090 deletion strain 

Gene mmp1090 was amplified by PCR using Mm900 genomic DNA as template and primers 

listed in Table 4.2. The forward primer had an NsiI site incorporated while the reverse primer had an MluI 

site introduced. The PCR product was digested with NsiI and MluI, and ligated into an NsiI/MluI digested 

vector pHW40, putting transcription of the cloned gene under the control of the regulatable nif promoter 

[34]. The fidelity of the gene in the complementation plasmid was confirmed by DNA sequencing. This 

complementation plasmid, designated pKJ1189, was then transformed into Δmmp1090 mutant cells via 

the PEG-based methodology [35], allowed to recover overnight and then subcultured in the presence of 

2.5 µg/mL puromycin for plasmid selection. Transformant cells were then subcultured into nitrogen-free 

medium supplemented with either 10 mM L-alanine (nif promoter is induced) or 10 mM NH4Cl (nif 

promoter is repressed) in the presence of 2.5 µg/mL puromycin [34]. Complementation was also 

performed in Δmmp1090 mutant cells with the same vector backbone containing mmp1090 carrying a 

mutation at either Y151 (Y155A) or K155 (K155A). These mutations were created using SDM and 

primers listed in Table 4.2, essentially as reported previously [36].  
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4.3.6. Western blot analysis 

Whole cell lysates from the various M. maripaludis strains were separated by 15% SDS-PAGE 

[37] and transferred onto an Immobilon-P membrane (Millipore Inc.) [38]. Chicken anti-FlaB2 specific 

antibodies were used as primary antibody to recognize the major archaellin FlaB2 [24] which has been 

commonly used as the reporter protein for N-glycosylation in our previous studies [21, 23]. Horseradish 

peroxidase-conjugated rabbit anti-chicken immunoglobulin Y (Jackson Immuno Research Laboratories) 

was used as secondary antibody, and the blot was developed using Immobilon Western 

Chemiluminescent HRP Substrate (Millipore Inc.). 

4.3.7. Archaella purification 

Archaella from the Δmmp1090, Δmmp1091 and Δmmp1092 deletion strains were isolated as 

previously described [39]. 

4.3.8. Mass spectrometry analysis of archaellin N-glycan in deletion strains 

Each archaella isolate was incubated overnight at 37°C with trypsin (Promega, Madison, WI) at 

an approximate ratio of 20:1 (protein:enzyme, v/v) in 25% acetonitrile, 50mM ammonium bicarbonate. 

The digests were then analysed by nano-liquid chromatography-tandem mass spectrometry (Nano-LC-

MS/MS) using a NanoAquity UPLC system (Waters, Milford, MA) coupled to a QTOF Ultima hybrid 

quadrupole time-of-flight mass spectrometer (Waters, Milford, MA). The digests were injected onto an 

Acclaim PepMax100 C18 µ-precolumn (5 mm by 300 µm i.d.; Dionex/Thermo Scientific, Sunnyvale CA) 

and resolved on a 1.7- µm BEH130 C18 column (100 µm by 100 mm i.d.; Waters, Milford, CA) using the 

following gradient conditions: 1 to 45% acetonitrile, 0.1% formic acid in 36 min and 45 to 95% 

acetonitrile, 0.1% formic acid in 2 min. The flow rate was 400 nL/min. MS/MS spectra were acquired on 

doubly, triply and quadruply charged ions and searched against the NCBInr database using the Mascot 

search engine (Matrix Science, Ltd., London, United Kingdom). The spectral datasets were searched for 

glycopeptide MS/MS spectra which were then interpreted by hand. 
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4.3.9. Electron microscopy  

M. maripaludis cells from an overnight culture were briefly washed with 2% NaCl and 

resuspended in phosphate-buffered saline. Cells were then loaded onto carbon-Formvar-coated copper 

grids and stained with 2% phosphotungstic acid. Grids were examined in a Hitachi 7000 electron 

microscope operating at an accelerating voltage of 75 kV. 

4.4. Results 

Numerous genes immediately adjacent to mmp1089 to mmp1094 have been previously shown to 

be involved in the N-glycosylation or N-glycan sugar biosynthesis pathways in M. maripaludis [23-25]. 

This led us to examine the possible involvement of mmp1089 to mmp1094 in the N-glycosylation 

pathway first by examination of their annotations. MMP1089 was annotated as a polysaccharide 

biosynthesis protein containing RfbX or MATE (multidrug and toxic compound extrusion) Wzx-like 

regions often found in polysaccharide export proteins and flippases, MMP1090 as UDP-glucose 4-

epimerase, MMP1091 as ADP-glucose pyrophosphorylase, MMP1092 as auxin efflux carrier, MMP1093 

(CoaD) as 4'-phosphopantetheine adenylyltransferase, and MMP1094 (PpsA) as phosphoenolpyruvate 

synthase (Table 4.3). In addition, most of the proteins encoded by mmp1089-mmp1094 have high 

sequence identity/similarity over almost their entire length to well-studied proteins, as listed in Table 4.3. 

While the annotations and bioinformatics analysis of MMP1093 and MMP1094 indicate that these 

proteins are likely involved in central metabolic pathways, the annotations of MMP1089-MMP1091 

suggest that they all may be involved either directly in N-glycosylation or in sugar biosynthesis pathways 

that may be related to N-glycan synthesis.  
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Table 4.3 Annotations of MMP1089-1094. 

 Annotation 
Super-families 

(BLAST) 
Conserved 

domains (BLAST) 
Characterized homologues 

(Protein, species) 

Identity and 
query coverage 

with 
characterized 
homologues 

(%, %) 

MMP1089 
Polysaccharide 

synthesis protein 
MATE-like 
superfamily 

RfbX 
AglR, 
Hfx. volcanii [55] 

26%, 39% 

MMP1090 
UDP-glucose 4-

epimerase 
SDR superfamily 

WcaG 
(Nucleoside-

diphosphate-sugar 
epimerases) 

GalE, 
P. calidifontis [56] 

33%, 95% 

GalE, 
P. horikoshii [57] 

32%, 95% 

MMP1091 

ADP-glucose 
pyrophorylase 
(ADPG-PPase) 

Or UDP-glucose 
pyrophotylase 
(UDPG-PPase) 

Glycosyltransferase 
family A 

superfamily 
N/A 

UDPG-PPase (PFU1356),  
Pyrococcus furiosus [77] 

47%, 98% 

GlmU (MJ1101),  
Methanocaldococcus jannaschii  [29] 

35%, 91% 

UDPG-PPase (UGP1),  
Saccharomyces cerevisiae [78] 

24%, 42% 

MMP1092 auxin efflux carrier 
Membrane 

transport protein 
superfamily 

N/A 

MleP,  
L. lactis [74] 

24%, 53% 

MleP,  
Leuconostoc oenos [73] 

22%, 97% 

MMP1093 
(CoaD) 

4’-
phosphopantetheine 
adenylyltransferase 

(PPAT) 

Nucleotidyl 
transferase 
superfamily 

N/A 
PPAT (PAB0944),  
P. abyssi [79] 

38%, 95% 

MMP1094 
(PpsA) 

Phosphoenol-
pyruvate synthase  

(PEPS) 

Pyruvate phosphate 
dikinase (PPDK) 

superfamily, 
Pyruvate-kinase 

superfamily 

PRK06464 

PEPS (MTH1118),  
Methanothermobacter thermautotrophicus[80] 

57%, 99% 

PEPS (TK1292), 
Thermococcus kodakarensis [81] 

55%, 99% 

PEPS (PF0043), 
P. furiosus [82] 

55%, 99% 

PEPS (PPS),  
Thermoproteus tenax [83] 

42%, 99% 
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4.4.1. RT-PCR analysis of the co-transcription of mmp1089 to mmp1094  

mmp1089 to mmp1094 are orientated in the same direction on the complementary strand in the M. 

maripaludis genome, and opposite to the neighbouring genes aglL (mmp1088) and mmp1095, as shown in 

Figure 4.1A. This six-gene cluster starts with mmp1094 and short intergenic regions separate the 

neighbouring genes: 71 bp between mmp1094 and mmp1093, 73 bp between mmp1092 and mmp1091, 

104 bp between mmp1091 and mmp1090, and 25 bp between mmp1090 and mmp1089. Interestingly, 

mmp1093 and mmp1092 are predicted to share a 4 bp overlap. These observations suggest that the 6 genes 

might be transcriptionally linked and this was examined by RT-PCR experiments. Using RNA extracted 

from Mm900 cells as template and subjected to a reverse transcriptase step (RT lanes), amplification 

products were obtained using primers that could amplify across the intergenic regions linking mmp1094 

to mmp1093 (predicted size of amplicon is 442 bp), mmp1093 to mmp1092 (541 bp), mmp1092 to 

mmp1091 (628 bp), mmp1091 to mmp1090 (529 bp) and mmp1090 to mmp1089 (533 bp) (Figure 4.1B). 

No amplification products were obtained using the same purified RNA as template but omitting the 

reverse transcriptase step (RNA lanes), indicating that the purified RNA used for RT-PCR was not 

contaminated with genomic DNA. Using the same primer pairs and genomic DNA as template, PCR 

products (DNA lanes) were obtained to confirm the amplicon size and primer specificity. All amplicons 

were of the size predicted from the location of the primers. These results indicate that mmp1094 to 

mmp1089 form an operon. 

4.4.2. Generation of Δmmp1090, Δmmp1091 and Δmmp1092 mutants 

In order to determine the possible involvement of mmp1089-1094 in the N-glycosylation 

pathway, each of the 6 genes was targeted for in-frame deletion. Mutants carrying deletions in each of 

mmp1090, mmp1091 and mmp1092 mutants were obtained (Figure 4.2). In each of these cases, PCR 

products, obtained using primers that would amplify across the targeted gene and with mutant cells as 

template, were smaller than those obtained when Mm900 genomic DNA was used as template, indicating 

the successful deletion of the corresponding gene. PCR products from each mutant were also sequenced  
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Figure 4.1 mmp1094 to mmp1089 form an operon. A. Genomic regions between aglL and mmp1095 
that were targeted for RT-PCR. Black lines below show the anticipated amplicons obtained from RT-
PCR. B. RT-PCR confirmation of the co-transcription of mmp1089-1094. Amplicons were obtained from 
RT-PCR using primers amplifying intergenic regions between mmp1089-1090, mmp1090-1091, 
mmp1091-1092, mmp1092-1093, mmp1093-1094, but not between mmp1094-1095 (RT lanes). No 
products were obtained from reactions using the same primer pairs and RNA that had not been subjected 
to the reverse transcription step as template (RNA lanes), indicating that the RNA template used for RT-
PCR was not contaminated with genomic DNA. PCR using the same primer pairs and Mm900 genomic 
DNA as template (DNA lanes) was conducted to show the amplicon size and primer specificity.  
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Figure 4.2 PCR confirmation of the in-frame deletion of mmp1090, mmp1091 and mmp1092. 
Sequencing primer pairs amplifying across the deletion area of mmp1090, mmp1091 or mmp1092 were 
used in PCR with either Mm900 genomic DNA (WT lanes) or corresponding washed deletion mutant 
cells as template. In all cases, the sizes of the amplicons were as predicted. 
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to confirm that each deletion was in-frame. Several attempts to delete mmp1093 and mmp1094 were also 

performed but screening of over 100 transformants in different experiments by PCR failed to identify any 

potential deletion mutants. Attempts to delete mmp1089, examined as a possible flippase in previous 

studies, were also unsuccessful [23]. The failure to obtain mutants in any of these three genes suggests 

that they might be essential for the survival of M. maripaludis under the laboratory culture conditions 

used.  

4.4.3. Western blot analysis of archaellin FlaB2 from Δmmp1090, Δmmp1091 and 

Δmmp1092 mutants  

To test if the in-frame deletion of mmp1090, mmp1091 and mmp1092 resulted in a detectable 

truncation in the archaellin N-glycan due to their involvement in the N-glycosylation pathway, whole cell 

lysates of each mutant were subjected to western blot analysis, using FlaB2 as the reporter protein for N-

glycosylation pathway defects, since it has been shown previously that even a small truncation of the N-

glycan results in a faster migration of FlaB2 that is detectable on western blots [23-25, 27]. As shown in 

Figure 4.3, FlaB2 from the Δmmp1090 migrated faster than that from Mm900 cells, indicating a possible 

truncation in its N-glycan. Using whole cell lysates from mutants deleted for ΔaglL, ΔaglA and ΔaglO as 

an indication of FlaB2 electrophoretic mobility when the attached glycan was missing one, two, or three 

sugars respectively, it was predicted that FlaB2 from mmp1090 deleted cells would have a glycan lacking 

the terminal sugar. On the contrary, no reduction of FlaB2 apparent molecular weight was observed in 

strains deleted for either mmp1091 or mmp1092 in western blots.  
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Figure 4.3 Western blot analysis of FlaB2 from Δmmp1090, Δmmp1091 and Δmmp1092 mutants. A. 
Whole cell lysates of wild type (WT) Mm900 cells, as well as the mutants ΔaglO, ΔaglA and ΔaglL 
(missing the 2nd, 3rd, or 4th GT, respectively) were included for comparison to the Δmmp1090, Δmmp1091 
and Δmmp1092 mutants. The wild type, ΔaglL, ΔaglA and ΔaglO strains synthesize FlaB2 with a tetra-, 
tri-, di-, or mono-saccharide N-glycan, respectively. The electrophoretic mobility of FlaB2 from 
Δmmp1090 was the same as that from ΔaglL, indicating that FlaB2 from the Δmmp1090 mutant was 
likely modified with the truncated trisaccharide reported for the ΔaglL mutant. The electrophoretic 
mobilities of FlaB2 from the Δmmp1091 and Δmmp1092 mutants could not be distinguished from that of 
the wild type cells. B. Whole cell lysates from Δmmp1090 and ΔaglL were loaded side by side to show 
the similar electrophoretic mobility of FlaB2 from these two mutants. 
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4.4.4. In-frame deletion of mmp1090, mmp1091 or mmp1092 does not interfere with 

archaella assembly 

In M. maripaludis, a minimum length disaccharide glycan attached to archaellins is known to be 

essential for archaella formation [23]. When Δmmp1090, Δmmp1091 and Δmmp1092 mutants were 

examined for archaella formation by electron microscopy, all mutants were found to be archaellated 

(Figure 4.4). This is in agreement with the western blot results indicating wild type glycan in the 

Δmmp1091 and Δmmp1092 mutants and a three sugar glycan for the Δmmp1090 mutant.   

4.4.5. Mass spectrometry analysis of N-glycan structure from Δmmp1090, Δmmp1091 and 

Δmmp1092 mutants 

To confirm the N-glycan structure inferred from the western blotting experiments, archaella were 

isolated from the ∆mmp1090, ∆mmp1091 and ∆mmp1092 mutants and the glycan structure determined by 

mass spectrometry (Figure 4.5). The structure of tetrameric wild type glycan (Figure 4.5A) has been 

described previously [14]. The glycopeptides from the Δmmp1090 mutant (Figure 4.5B) are modified 

with a trisaccharide composed of the linking GalNAc, the second sugar residue GlcNAc3NAcA and the 

third sugar residue ManNAc3NAmA that lacks the threonine modification as well as the fourth sugar 

residue observed on wild type glycan. The archaellin glycopeptides from the Δmmp1091 (Figure 4.5C) 

and Δmmp1092 (data not shown) mutant are modified almost exclusively (>95%) with wild type glycan.  
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Figure 4.4 Electron micrographs of wild type cells and the Δmmp1090, Δmmp1091 and Δmmp1092 
mutants. Archaella were observed on the cell surface of the wild type (WT) and all three mutants. Bars, 
500nm. 
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Figure 4.5 NanoLC-MS/MS analysis of the FlaB2 tryptic glycopeptide, T53-81. The tryptic digests of 
flagellin isolated from (A) wild type as well as (B) Δmmp1090 and (C) Δmmp1091 mutant strains of M. 
maripaludis were analyzed by nanoLC-MS/MS on a Nanoaquity UPLC system (Waters) coupled to a Q-
TOF Ultima mass spectrometer (Waters). The triply protonated glycopeptide ion (MH3

3+) was selected for 
MS/MS analysis in each case. The FlaB2 tryptic peptide T53-81 contains one site of N-glycosylation. The 
sequence of this glycopeptide is provided in both panels B and C in order to illustrate the difference in the 
nature of the glycan modification observed in the 2 mutants. The major carbohydrate oxonium ions are 
identified in the MS/MS spectra using symbols to indicate the sugar residues present. The symbols are 
identified in the inset in panel a.  The major b and y ions arising from fragmentation of the peptide bonds 
are also shown.   
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4.4.6. Complementation of the Δmmp1090 strain with wild type and mutant versions of 

mmp1090 

To examine if the in-frame deletion of mmp1090 was the sole contributor to the defect in N-

glycan length observed by mass spectrometry, the Δmmp1090 mutant was complemented with a plasmid 

bearing a wild type copy of mmp1090 under the control of the nif promoter. Complemented cells were 

cultured in nitrogen-free medium supplemented with 10 mM of either L-alanine (nif promoter is induced) 

or NH4Cl (nif promoter is repressed) as the sole nitrogen source. FlaB2 from complemented cells cultured 

in both media conditions was analyzed by western blotting (Figure 4.6A). Compared to FlaB2 from the 

Δmmp1090 mutant cells, the apparent molecular weight of FlaB2 from Δmmp1090-complemented cells 

under alanine growth conditions was restored to that of the wild type cells. Under NH4Cl growth 

conditions, the electrophoretic mobility of FlaB2 in the Δmmp1090-complemented cells was also restored 

to that of wild type cells. Similar results have been previously observed in several previous studies using 

this vector system [24, 25], a result which we attribute to a small amount of transcription that can occur 

from the nif promoter even in the presence of NH4Cl [34]. This basal expression under NH4Cl growth 

conditions may lead to the synthesis of enough MMP1090 to complement the defect in the deletion strain.  

UDP-glucose 4-epimerase belongs to the short-chain dehydrogenases/reductases (SDR) 

superfamily whose members typically contain a conserved YxxxK motif important for catalysis [40, 41]. 

Two mutant versions of MMP1090, Y151A and K155A, where the Y151 and K155 of the conserved 

YxxxK motif were changed to alanine, were also used to complement the mmp1090 deletion strain but 

neither could return the FlaB2 to wild type size as determined by western blots (Figure 4.6B), suggesting 

that MMP1090 lost its function due to the individual point mutation.  
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Figure 4.6 Western blot analysis of FlaB2 in lysates of the ∆mmp1090 mutant complemented in 
trans with wild type or mutant versions of mmp1090. Both wild type mmp1090 (1090) and two 
mmp1090 mutants, Y151A and K155A, were cloned in the shuttle vector pHW40 under an inducible nif 
promoter and transformed into Δmmp1090 mutant cells. Complementation cells were cultured in 
nitrogen-free medium supplemented with either L-alanine (Ala) (promoter on) or NH4Cl (NH4

+) 
conditions (promoter off). The apparent molecular weight of FlaB2 from wild type mmp1090 
complementation cells under both conditions restored to the wild type size. However, both mutant 
versions of mmp1090 could not restore the apparent molecular size of FlaB2 to that of wild type cells. 
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4.5. Discussion 

In this study, we have investigated the possible roles of a six-gene operon (mmp1089-1094) in the 

formation of the tetrasaccharide N-linked to archaellins. While deletions of mmp1090, mmp1091 and 

mmp1092 were obtained, attempts to delete the remaining three genes were unsuccessful, suggesting that 

these three genes are essential under our normal growth conditions. This is consistent with the results 

from a recent genome-wide transposon mutagenesis study which also indicated that mmp1089, mmp1093 

and mmp1094 are likely essential [31].  

The annotations of mmp1093 and mmp1094 suggest that both gene products are likely to be 

involved in intermediary metabolism and not N-glycosylation (Table 4.3). MMP1093 is annotated as 

phosphopantetheine adenylyltransferase (PPAT, encoded by coaD), which catalyzes the penultimate step 

of the CoA biosynthesis pathway, i.e. the reversible adenylation of 4’-phosphopantetheine to generate 3’-

dephospho-CoA [42]. CoA is an essential cofactor for many enzymatic reactions and genes encoding the 

last 4 steps of the CoA biosynthesis pathway, sequentially coaB, coaC, coaD and coaE (sometimes coaB 

and coaC are fused into one gene coaBC encoding a bifunctional protein) are found throughout archaeal 

genomes, indicating that the latter half of the CoA biosynthesis pathway is conserved among all the three 

domains of life [43, 44]. coaBC (MMP1606), coaD (MMP1093) and coaE (MMP1282) are not grouped 

in the M. maripaludis S2 genome, and all are essential according to the recent transposon mutagenesis 

study [31]. MMP1094 is annotated as a phosphoenolpyruvate synthase (PPS) or pyruvate, water dikinase 

(EC 2.7.9.2), encoded by ppsA, which catalyzes the conversion of pyruvate to phosphoenolpyruvate. PPS 

activity was previously detected in crude cell extracts of M. maripaludis S2 [45], although experiments 

that formally confirm that this activity is due to the product of mmp1094 are lacking.  

MMP1089 is annotated as a polysaccharide synthesis protein. According to BLAST (Basic Local 

Alignment Search Tool), it belongs to the MATE-like superfamily with an RfbX (Wzx) domain (Table 

4.3). Wzx is considered to be the translocase (flippase) in the Wzy-dependent O-antigen biosynthesis 

pathway flipping the isoprenoid lipid-linked O-antigenic unit across the cytoplasmic membrane in Gram 
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negative bacteria [46-49]. MMP1089 is an integral membrane protein and predicted to contain 14 

transmembrane helices (TMHMM, http://www.cbs.dtu.dk/services/TMHMM/ [50], sharing similar 

protein topology with various Wzx proteins from Salmonella enterica, E. coli and Pseudomonas 

aeruginosa [51-53]. MMP1089 also shares 26% identity (Table 4.3) with AglR from Hfx. volcanii, the 

only putative flippase so far identified in archaeal N-glycosylation pathways. AglR is thought to be the 

enzyme that flips Dol-P-mannose across the cytoplasmic membrane; the mannose is subsequently 

transferred onto the protein-bound N-glycan as the terminal sugar of the pentasaccharide that is N-linked 

to the S-layer protein [9, 54, 55]. Both its annotation and its genomic location immediately adjacent to 

sugar biosynthetic and GT genes known to be involved in N-glycosylation suggest a role for MMP1089 in 

N-glycosylation. In our previous studies, mmp1089 was targeted for deletion in the belief that it may 

encode the flippase involved in the N-glycosylation pathway, but none of these attempts were successful 

[2, 23]. The subsequent transposon mutagenesis study from the Whitman group also suggests the gene is 

essential [31]. This is somewhat puzzling since the N-glycosylation pathway is not essential in M. 

maripaludis as evidenced by the deletion of aglB, encoding the OST which catalyzes the terminal step in 

the pathway [23]. Thus, we presume that MMP1089 may be involved in other, presumably essential, 

processes in addition to its predicted role as a flippase in N-glycosylation.   

Successful deletion of the remaining three genes of the operon (mmp1090, mmp1091 and 

mmp1092) was accomplished, although only one had a demonstrable involvement in N-glycosylation. 

Inactivation of mmp1090 resulted in a truncated archaellin N-glycan missing the terminal sugar residue 

and the threonine attached to the third sugar residue, the same archaellin glycan structure found in a 

mutant deleted for the 4th GT, AglL [23]. As it is known that the threonine residue is transferred onto the 

third sugar by the threonine transferase AglU only after AglL transfers the terminal sugar to the glycan 

being assembled on the Dol-P carrier [2, 23, 25], MMP1090 is most likely to be involved in the 

biosynthesis of the unique terminal sugar.  
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 As aforementioned, MMP1090 is annotated as a UDP-glucose 4-epimerase (Table 4.3). It shares 

33% and 32% identity with two studied archaeal UDP-glucose 4-epimerases from the hyperthermophiles 

Pyrobaculum calidifontis and Pyrococcus horikoshii, respectively [56, 57]. In support of the annotation, 

several signature motifs or amino acid residues possessed by UDP-glucose 4-epimerase are also found in 

MMP1090, including an YxxxK motif and a glycine-rich GxxxGxG motif [41, 58, 59]. The tyrosine and 

lysine in the YxxxK motif, together with a conserved upstream serine residue, establish a catalytic S-Y-K 

triad [60-62]. The GxxxGxG motif, which is located in the N-terminus of the protein, is important for the 

binding of NAD+ as cofactor [41, 63].  

Based on their substrate specificity, members of the UDP-glucose 4-epimerase family have been 

subdivided into three groups [64]. In the first group, UDP-glucose 4-epimerase catalyzes the 

interconversion of UDP-glucose and UDP-galactose, e.g. GalE from E. coli (eGalE hereafter) [65]. A 

second group of UDP-glucose 4-epimerase, e.g. human UDP-glucose 4-epimerase (hGalE hereafter), 

catalyzes not only the interconversion of UDP-glucose and UDP-galactose, but also the interconversion of 

UDP-N-acetyl-glucosamine (UDP-GlcNAc) and UDP-N-acetyl-galactosamine (UDP-GalNAc) [61, 66]. 

The third group, e.g. WbpP from P. aeruginosa, preferably catalyzes the interconversion of N-acetylated 

UDP-hexoses (UDP-GlcNAc and UDP-GalNAc) [64]. After comparing protein structures from the three 

groups of UDP-glucose 4-epimerase, Ishiyama et al proposed that the differences in the catalytic pockets 

lead to the different substrate specificities [64]. The catalytic pocket from hGalE is ~15% larger than that 

from eGalE due to the smaller side chain from N207 and C307 in hGalE comparing to the corresponding 

N198 and Y299 in eGalE, thus a steric hindrance prevents the latter enzyme from utilizing the N-

acetylated UDP-hexoses [64, 67]. The two corresponding amino acids from WbpP, A208 and S306, also 

lead to a larger catalytic pocket. Furthermore, the existence of ordered solvent molecules in the WbpP 

catalytic pocket results in the preference for N-acetylated UDP-hexoses as substrates [64]. In MMP1090, 

BLAST analysis with eGalE, hGalE and WbpP shows the corresponding amino acids are G193 and I281. 
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The short side chains of these two amino acids presumably results in a relatively larger catalytic pocket, 

indicating that MMP1090 might belong to either group 2 or group 3 UDP-glucose 4-epimerases.  

Complementation studies demonstrated that the electrophoretic mobility of FlaB2 in Δmmp1090 

mutant cells expressing the wild type version of mmp1090 in trans was indistinguishable from that of 

FlaB2 from wild type cells in western blots, indicating that MMP1090 is the sole contributor to the loss of 

the terminal sugar residue of the archaellin N-glycan (the missing threonine is transferred onto the N-

glycan precursor afterwards, [23, 25]). In addition, two mutant versions of mmp1090 were created that 

resulted in a change of one amino acid, either Y151 or K155, located in the conserved YxxxK motif, to 

alanine. The corresponding amino acids in hGalE, Y157 and K161, are two of the key amino acids 

anchoring the cofactor NAD+ within the enzyme. In addition, Y157 also serves as the active site by 

directly interacting with the C4 hydroxyl group in the glucosyl moiety [61]. In agreement with our 

hypothesis that Y151 and K155 are key amino acids in MMP1090, neither of the two mutant versions of 

MMP1090 could restore FlaB2 to wild type size in complementation studies (Figure 4.6B). These 

findings are consistent with MMP1090 being a UDP-glucose 4-epimerase involved in the terminal sugar 

biosynthesis pathway of the archaellin N-glycan.  

No detectable phenotype related to archaellin glycosylation was observed in either the Δmmp1091 

or Δmmp1092 deletion mutants, as the electrophoretic mobility of FlaB2 in western blots, the archaellin 

N-glycan structure determined by mass spectrometry and the archaellation state determined by electron 

microscopy all appeared identical to those observed in wild type cells. The annotation of MMP1091 

indicates that it is an ADP-glucose pyrophosphorylase (ADPG-PPase), while BLAST results show that it 

is a putative UDP-glucose pyrophosphorylase (UDPG-PPase). ADPG-PPase and UDPG-PPase catalyze 

similar reactions, i.e. the synthesis of ADP-glucose or UDP-glucose from glucose-1-phosphate and either 

ATP (ADPG-PPase) or UTP (UDPG-PPase), respectively [68, 69]. ADP-glucose and UDP-glucose can 

be used as glucosyl donors in the biosynthesis of glycogen and starch, which are common energy storage 

forms in the three domains of life [70, 71]. In M. maripaludis, glycogen was reported to comprise 0.34% 
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of the cell dry weight in the early stationary phase [72]. Considering that no archaellin N-glycan 

deficiency was observed in the Δmmp1091 mutant, it seems that MMP1091 is not involved in the N-

glycosylation pathway. Deletion of mmp1092 also did not have a detectable effect on the archaellin N-

glycan. MMP1092 is predicted to be an integral membrane protein containing 10 transmembrane helixes, 

according to bioinformatics tools such as TMHMM and PSORTb (http://www.psort.org/psortb/). 

MMP1092 is annotated as an auxin efflux protein although members of this family have also been found 

in both bacteria and archaea. In bacteria, there are reports of these homologs being malate transporters 

(MleP in Leuconostoc oenos [73]; MleP in Lactococcus lactis [74]). Since no detectable phenotype was 

observed in the Δmmp1092 mutant, further work is needed to identify the function of MMP1092, but at 

present no role in N-glycosylation can be assigned to it. 

In this study, mmp1090, likely encoding a UDP-glucose 4-epimerase, was identified by genetic 

and mass spectrometry techniques to be involved in the biosynthesis pathway of the terminal sugar 

residue in the archaellin N-glycan. The terminal sugar in the archaellin N-linked tetrasaccharide, with the 

structure of (5S)-2-acetamido-2,4-dideoxy-5-O-methyl-α-L-erythro-hexos-5-ulo-1,5-pyranose, is a unique 

sugar so far found exclusively in M. maripaludis [14]. The knowledge of the biosynthesis of this dialdose 

is very limited, and only one protein, AglV, the enzyme responsible for the transfer of the methyl group 

onto C5 via O-linkage, has been genetically identified in its biosynthesis pathway [25]. This is in contrast 

to the remaining sugars of the glycan where the biosynthesis pathways are now well known [23-25, 27]. 

The involvement of MMP1090 as a UDP-glucose 4-epimerase in the biosynthesis pathway of the terminal 

sugar provided evidence that this unique sugar is probably synthesized from UDP-glucose or UDP-

GlcNAc. We are currently attempting heterologous overexpression and purification of active enzyme in 

E. coli to identify the substrate specificity of this enzyme to help in the elucidation of its role in the 

biosynthetic pathway of this unusual sugar. Based on this demonstrated involvement in the N-

glycosylation pathway, mmp1090 is designated as aglW in keeping with the nomenclature scheme for 

genes involved in archaeal N-glycosylation [75, 76].  
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5.1. Abstract 

In Methanococcus maripaludis S2, the swimming organelle, the archaellum, is composed of three 

archaellins, FlaB1S2, FlaB2S2 and FlaB3S2.  All three are modified with an N-linked tetrasaccharide at 

multiple sites. Disruption of the N-linked glycosylation pathway is known to cause defects in archaella 

assembly or function. Here, we explored the potential requirement of N-glycosylation of archaellins on 

archaellation by investigating the effects of eliminating the 4 N-glycosylation sites in the wild type 

FlaB2S2 protein in all possible combinations either by Asn to Glu (N to Q) substitution or Asn to Asp (N 

to D) substitutions of the N-glycosylation sequon asparagine. The ability of these mutant derivatives to 

complement a non-archaellated ΔflaB2S2 strain was examined by electron microscopy (for archaella 

assembly) and swarm plates (for analysis of swimming).  Western blot results showed that all mutated 

FlaB2S2 proteins were expressed and of smaller apparent molecular mass compared to wild type FlaB2S2, 

consistent with the loss of glycosylation sites. In the 8 single-site mutant complements, archaella were 

observed on the surface of Q2, D2 and D4 (numbers after Q or D refer to the 1st to 4th glycosylation site). 

Of the 6 double-site mutation complementations all were archaellated except D1,3. Of the 4 triple-site 

mutation complements, only D2,3,4 was archaellated. Elimination of all 4 N-glycosylation sites resulted 

in non-archaellated cells, indicating some minimum amount of archaellin glycosylation was necessary for 

their incorporation into stable archaella. All complementations that led to a return of archaella also 

resulted in motile cells with the exception of the D4 version. In addition, a series of FlaB2S2 scanning 

deletions each missing 10 amino acids was also generated and tested for their ability to complement the 

ΔflaB2S2 strain. While most variants were expressed, none of them restored archaellation, although 

FlaB2S2 harbouring a smaller 3-amino acid deletion was able to partially restore archaellation.  

5.2. Introduction 

N-glycosylation is a prevalent protein modification found in all three domains of life in which the 

attachment of the glycan is via the nitrogen atom in asparagine residues located in the acceptor 

glycoprotein [1-6]. General features of the N-glycosylation pathways are shared among the three domains 
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[1-3, 5, 7, 8]. The N-glycan precursor is first synthesized on a phosphorylated isoprene-based lipid carrier, 

either a dolichol derivative in Eukarya and Archaea, or an undecaprenol derivative in Bacteria, via the 

activities of glycosyltransferases. The assembled lipid-linked glycan is then flipped across a membrane, 

i.e. to face into the lumen of the endoplasmic reticulum in Eukarya or to the external face of the 

cytoplasmic membrane in Archaea and Bacteria. A signature enzyme of the pathway, the 

oligosaccharyltransferase (OST), transfers the completed glycan en bloc from its lipid carrier to select 

Asn residues in target proteins, although additional sugars can still be added to the protein-bound glycan. 

The Asn residue to which the N-glycan is attached is usually located in an Asn-Xaa-Ser/Thr sequon (Xaa 

cannot be Pro), although in some Bacteria, i.e. Campylobacter spp., a negatively charged amino acid 

residue is also needed at the -2 position. Between the two prokaryotic domains, Bacteria and Archaea, N-

glycosylation appears to be much more widespread among Archaea, where 166 of 168 sequenced 

genomes examined contained at least one copy of a gene encoding the archaeal OST AglB [9]. A variety 

of archaeal proteins, mainly S-layer proteins and the subunits of surface structures including both pilins 

and archaellins (formerly archaeal flagellins [10]), have been shown to be modified with N-glycans [11-

18]. Recent work on archaeal N-glycosylation systems has combined both structural and genetic methods, 

typically using archaellins and S-layer proteins as reporter proteins. Since the first archaeal glycosylation 

(agl) genes were identified in 2006 [14, 19], this combined approach has focused on a few key archaeal 

model organisms [20]: Methanococcus maripaludis S2, Methanococcus voltae PS, Haloferax volcanii 

H53 and Sulfolobus acidocaldarius MW001 [1, 6, 11, 12, 15, 16, 21]. Interestingly, the N-glycosylation 

pathway is not essential for any of the three studied euryarchaeotes (M. maripaludis S2, M. voltae PS and 

Hfx. volcanii H53), as mutants carrying a deletion or insertional inactivation of aglB were readily 

obtained [14, 18, 22]. However, in the crenarchaeote S. acidocaldarius MW001, repeated attempts to 

delete or interrupt aglB were unsuccessful and only the integration of a second copy of aglB into the 

genome allowed for the deletion of the original aglB [23]. The key reported effects that result from 

perturbation or complete abolition of the N-glycosylation pathway in Archaea are on S-layer stability, 

growth of cells at high salinities and on archaellation and motility [18, 19, 22, 24-30]. 
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 The archaellum (formerly archaeal flagellum) is the major motility apparatus found in Archaea 

[10]. It is a rotating appendage unrelated to the bacterial flagellum but bearing instead similarities to the 

bacterial type IV pilus. These similarities include homologous ATPase and membrane platform proteins 

involved in assembly of the structure as well as similarities in their major structural proteins [31-35]. The 

structural proteins, called archaellins, are made as preproteins with class III (type IV pilin-like) signal 

peptides which are removed by a specific prepilin peptidase-like enzyme (termed FlaK in methanogens or 

PibD in Sulfolobales and halophiles) [36-39]. Signal peptide removal is critical for incorporation of 

archaellins into the filament [37, 39]. In addition, it appears that archaellins are commonly modified with 

N-linked glycans and interruption of the normal N-glycosylation pathway leads to defects in archaella 

assembly or function [1, 40]. In species where aglB has been deleted or insertionally inactivated (M. 

voltae PS, M. maripaludis S2, Hfx. volcanii H53), the cells are unable to make archaella. If the pathway is 

interrupted at steps that lead to a truncated glycan, there is an impairment in motility, although archaella 

are still made unless the truncation is too great [18, 19, 22]. In M. maripaludis S2 strain, archaella contain 

3 archaellins: the major archaellins FlaB1S2 and FlaB2S2 form the filament while the minor archaellin 

FlaB3S2 comprises the hook region [41]. The three archaellins share sequence similarities including a 

class III signal peptide cleaved by FlaK, conserved N-terminal and C-terminal regions, and a 

hypervariable region in the middle [41]. The hypervariable regions of FlaB1S2, FlaB2S2 and FlaB3S2 are 

decorated at multiple positions with a unique tetrasaccharide [11]. Cells are archaellated if they carry 

deletions in agl genes that result in a N-glycan of at least two sugars, but non-archaellated if the deleted 

agl gene results in a glycan of only a single sugar or prevents N-glycosylation totally (as in an aglB 

deletion) [22, 42, 43]. These results could mean that the archaellins must be glycosylated at some or all of 

its glycosylation sequons by at least a two sugar glycan for those archaellins to be assembled into a 

structure. However, an alternative explanation is that the necessity for the glycosylation lies at a different 

step in archaella assembly.   
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A major goal of this study was to examine the requirement of N-glycosylation of the major 

archaellin FlaB2S2 for archaellation in M. maripaludis S2. FlaB2S2 has five N-glycosylation sequons, 

26NTS28, 66NIT68, 110NLT112, 119NTT121 and 124NWS126. The first sequon 26NTS28 located in the N-terminal 

conserved region was previously reported to be unoccupied with glycan while the remaining four, located 

in the hypervariable region, were modified with tetrasaccharide (Figure 5.1, [11]). For these experiments, 

we eliminated the 4 occupied sequons (66NIT68, 110NLT112, 119NTT121 and 124NWS126, designated as the 1st, 

2nd, 3rd and 4th N-glycosylation site, respectively) in all possible combinations (creating single-, double-, 

triple- and quadruple-site mutations in FlaB2S2). We also generated a series of FlaB2S2 scanning deletions 

in an attempt to determine regions of the molecule that were essential for assembly of archaella.  

5.3. Materials and Methods 

5.3.1. Strains and growth conditions 

M. maripaludis S2 Δhpt (Mm900) [44], M. maripaludis S2 Δhpt ΔflaB2S2 (ΔflaB2S2 in short 

hereafter) [41] and all complemented strains, as well as M. maripaludis ΔRC (formerly Methanococcus 

deltae ΔRC [45, 46]) were routinely cultured anaerobically in 125 mL sealed serum bottles containing 10 

mL Balch medium III under an atmosphere of CO2:H2 (20:80) at 37oC with shaking [47]. Cells carrying a 

complementation plasmid were cultured in the presence of 2.5 µg/mL puromycin for plasmid selection 

[48]. For swarming assays, cells were inoculated onto plates of Balch medium III containing 0.25% (w/v) 

agar in the presence of 2.5 µg/mL puromycin [22]. Escherichia coli TOP 10 cells (Invitrogen Inc.), used 

for molecular cloning steps, were cultured at 37oC in Luria Bertani (LB) medium with shaking or on LB 

plates (containing 1.5% w/v agar) in the presence of 100 µg/mL ampicillin for plasmid selection. Strains 

and plasmids used in this study are listed in Table 5.1. 

5.3.2. Construction of mutant flaB2S2 genes using site-directed mutagenesis (SDM)  

To generate mutant flaB2S2 genes, the wild type flaB2S2 gene was first cloned into the pCR2.1-

TOPO-TA vector (Invitrogen Inc.) to create pKJ902. This pCR2.1-TOPO-flaB2S2 and its derivatives were 

used as template to generate the mutants listed in Table 5.2. The wild type flaB2S2 gene used in cloning 
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Figure 5.1 Protein sequence alignment of FlaB2S2, G6 (FlaB2ΔRC) and G10. Signal peptide is shown in 
grey; the first sequon 26NTS28 that is not occupied with N-glycan is shown in orange; the 4 occupied N-
glycosylation sequons are shown in red; the 3-amino acid 61GTA63 deletion in 3AA is shown in green; 
extra sequons in the G6 and G10 are also shown in orange; sequence differences from FlaB2S2 in G6 and 
G10 that do not introduce new sequons are shown in blue.  
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Table 5.1 Strains and plasmids used in this study. 

Strains References 

M. maripaludis   

M. maripaludis S2 Δhpt (Mm900) [44] 

M. maripaludis S2 Δhpt ΔflaB2S2 [41] 

M. maripaludis ΔRC [46] 

E. coli  

E. coli TOP10 Invitrogen Inc. 

Plasmids   

pCR2.1-TOPO TA cloning vector, Ampr, Kanr Invitrogen Inc. 

pKJ902 flaB2S2 in vector pCR2.1-TOPO This study 

pCR2.1-TOPO-flaB2S2 
derivatives 

Mutant flaB2S2 genes * in vector 
pCR2.1-TOPO This study 

pWLG40 hmv promoter-lacZ fusion plus Purr 
cassette; Ampr [48] 

pKJ1064 flaB2S2 in shuttle vector pWLG40 
under a hmv promoter This study 

pWLG40-flaB2S2 
derivatives* 

Mutant flaB2S2 genes * in vector 
pWLG40 This study 

* Please refer to Table 5.2. 
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Table 5.2 Mutated FlaB2S2 derivatives generated in this study. The mutant flaB2S2 genes were first 

generated in pCR2.1-TOPO and then cloned into the M. maripaludis expression vector pWLG40. 

Mutated FlaB2 derivatives Description  
Control  
WT Wild type flaB2S2 from M. maripaludis S2  
Mutated FlaB2 derivatives containing mutations at N-glycosylation sites 
N to Q single-site mutation 
Q1 FlaB2S2 N66Q  
Q2 FlaB2S2 N110Q  
Q3 FlaB2S2 N119Q  
Q4 FlaB2S2 N124Q  
N to D single-site mutation 
D1 FlaB2S2 N66D  
D2 FlaB2S2 N110D  
D3 FlaB2S2 N119D  
D4 FlaB2S2 N124D  
N to D double-site mutation 
D1,2 FlaB2S2 N66D N110D  
D1,3 FlaB2S2 N66D N119D  
D1,4 FlaB2S2 N66D N124D  
D2,3 FlaB2S2 N110D N119D  
D2,4 FlaB2S2 N110D N124D  
D3,4 FlaB2S2 N119D N124D  
N to D triple-site mutation 
D1,2,3 FlaB2S2 N66D N110D N119D  
D1,2,4 FlaB2S2 N66D N110D N124D  
D1,3,4 FlaB2S2 N66D N119D N124D  
D2,3,4 FlaB2S2 N110D N119D N124D  
N to D quadruple-site mutation  
D1,2,3,4 FlaB2S2 N66D N110D N119D N124D  
Mutated FlaB2S2 with extra N-glycosylation sequons  
G6 FlaB2S2 

60AGT62 to 60NGS62, 104DDT106 to 104NIS106, N110D, A129N 
G10 FlaB2S2

 60AGT62 to 60NGS62, G79T, V88T, 96TTK98 to 96NTT98, 
104DDT106 to 104NIS106, A129N 

Ten-amino acid scanning deletions 
Δ2-10 FlaB2S2 missing 2SGIGTLIVF10  
Δ4-10 FlaB2S2 missing 4IGTLIVF10  
Δ11-20 FlaB2S2 missing 11IAMVLVAAVA20  
Δ21-30 FlaB2S2 missing 21ASVLINTSGF30  
Δ31-40 FlaB2S2 missing 31LQQKASTTGK40  
Δ41-50 FlaB2S2 missing 41DSTEQVASGL50  
Δ51-60 FlaB2S2 missing 51QIMGISGYQA60  
Δ61-70 FlaB2S2 missing 61GTANANITKL70* 
Δ71-80 FlaB2S2 missing 71AIYITPNAGS80  
Δ81-90 FlaB2S2 missing 81AAIDMNQVVL90  
Δ91-100 FlaB2S2 missing 91TLSDGTTKTV100  
Δ101-110 FlaB2S2 missing 101TKYDTTAYTN110* 
Δ111-120 FlaB2S2 missing 111LTAGGDLYNT120 * 
Δ121-130 FlaB2S2 missing 121TTVNWSKLAD130* 
Δ131-140 FlaB2S2 missing 131TTEFGIVEIQ140  
Δ141-150 FlaB2S2 missing 141DADLSFTSSA150  
Δ151-160 FlaB2S2 missing 151PVINKGDIVA160  
Δ161-170 FlaB2S2 missing 161IIVSGVSFDT170  
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Δ171-180 FlaB2S2 missing 171RMEISGTVQP180  
Δ181-190 FlaB2S2 missing 181EFGAPGVISF190  
Δ194-204 FlaB2S2 missing 194STFTEKV VSLQ204  
Three-amino acid deletion 
Δ3AA FlaB2S2 missing 61GTA63  
Substitution mutant 
SUB FlaB2S2 having 91TLSDGTTKTV100 substituted with IIVSGVSFDT 

* bold letters: N-glycosylation sequons with the asparagine underlined 
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was generated by PCR using the complementation primers listed in Table 5.3 and genomic DNA from 

Mm900 as template.  

To generate the mutant flaB2S2 genes that would encode proteins in which N-glycosylation sites 

were eliminated, the SDM protocol was employed [49]. Forward and reverse mutagenic primer pairs were 

designed with nucleotide changes located in the middle of the primer that would result in a change of the 

N-glycosylation sequon Asn residue (Table 5.3). Purified PCR products were digested with DpnI to 

remove the template plasmid, repurified and then transformed into E. coli TOP10 competent cells. 

Plasmids extracted from the transformants were sequenced to confirm the mutation. Using this method, 8 

single-site mutant flaB2S2 genes were generated that resulted in 4 N to Q single-site mutations and 4 N to 

D single-site mutations in their protein products. Double-site mutant flaB2S2 genes were then generated 

using the plasmids with the single-site changes in flaB2S2 as template. The same strategy was used to 

create the triple and quadruple glycosylation site mutant flaB2S2 genes. The multi-site mutant proteins all 

contained N to D changes only. 

The G6 (flaB2ΔRC) gene was amplified by PCR using M. maripaludis ΔRC whole cells as 

template with the complementation primers in Table 5.3 and subsequently cloned into pCR2.1-TOPO. 

The G10 gene whose protein product contains additional glycosylation sites was chemically synthesized 

by GenScript USA Inc. (Piscataway, NJ).  
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Table 5.3 Primers used in this study*. 

Complementation primers Notes  

comp-F CTAGATGCATGAAAATAACAGAATTCATGAAAAGCAAAAAAGGTGCT
TC 

NsiI 

comp-R ACGTTCTAGATTATTGTAATGAAACTACTTTTTCAGTGAATGTTGAAG XbaI 

SDM primers  

Ten-amino acid deletion primers  

2-F ATTCATGAAAAGCAAAAAAGGTGCTATTGCAATGGTATTAGTTGCTGCAG  

2-R AGCACCTTTTTTGCTTTTCATGAATTCTG  

4-F ATTCATGAAAAGCAAAAAAGGTGCTTCTGGAATTGCAATGGTATTAGTTG
CTGCAG 

 

4-R TCCAGAAGCACCTTTTTTGCTTTTCATGAATTCTG  

11-F GGAATTGGTACCTTGATTGTTTTTGCAAGCGTTTTAATTAACACAAGCG  

11-R AAAAACAATCAAGGTACCAATTCCAG  

21-F CAATGGTATTAGTTGCTGCAGTTGCATTACAACAAAAAGCTTCAACAACT
GG 

 

21-R TGCAACTGCAGCAACTAATACCATTGC  

31-F CGTTTTAATTAACACAAGCGGATTCGATAGTACCGAACAGGTTGCAAGC  

31-R GAATCCGCTTGTGTTAATTAAAACGCTTGC  

41-F CAACAAAAAGCTTCAACAACTGGTAAACAAATTATGGGTATTAGCGGAT
ACC 

 

41-R TTTACCAGTTGTTGAAGCTTTTTGTTG  

51-F GTACCGAACAGGTTGCAAGCGGTTTAGGTACTGCTAACGCAAACATTAC  

51-R TAAACCGCTTGCAACCTGTTCGG  

61-F GGGTATTAGCGGATACCAAGCAGCAATCTACATAACTCCTAACGCAGG  

61-R TGCTTGGTATCCGCTAATACCCATAATTTG  

71-F GCTAACGCAAACATTACAAAATTAGCTGCAATAGACATGAATCAGGTTG  

71-R TAATTTTGTAATGTTTGCGTTAGC  

81-F CATAACTCCTAACGCAGGAAGTACACTTTCAGACGGAACTACAAAAACT
G 

 

81-R ACTTCCTGCGTTAGGAGTTATGTAG  

91-F GCAATAGACATGAATCAGGTTGTTTTAACTAAATACGATACTACCGCATA
CAC 

 

91-R TAAAACAACCTGATTCATGTCTATTGC  

101-F CTTTCAGACGGAACTACAAAAACTGTTCTAACTGCAGGTGGAGACCTTTA
C 

 

101-R AACAGTTTTTGTAGTTCCGTCTGAAAG  

111-F ACGATACTACCGCATACACAAACACAACTGTAAACTGGTCAAAATTAGC  

111-R GTTTGTGTATGCGGTAGTATCGTATTTAG  

121-F GCAGGTGGAGACCTTTACAACACTACTACAGAATTTGGAATAGTTGAAA
TTC 

 

121-R AGTGTTGTAAAGGTCTCCACCTGCAG  

131-F GTAAACTGGTCAAAATTAGCAGATGATGCAGATCTTTCATTTACAAG  

131-R ATCTGCTAATTTTGACCAGTTTACAG  

141-F GAATTTGGAATAGTTGAAATTCAACCAGTTATCAACAAAGGTGACATAG  
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141-R TTGAATTTCAACTATTCCAAATTCTG  

151-F GATCTTTCATTTACAAGTTCAGCAATTATTGTAAGCGGAGTTTCATTCG  

151-R TGCTGAACTTGTAAATGAAAGATCTGC  

161-F CAACAAAGGTGACATAGTTGCAAGAATGGAAATTTCAGGTACTGTTCAG  

161-R TGCAACTATGTCACCTTTGTTGATAACTGG  

171-F GTAAGCGGAGTTTCATTCGATACAGAATTTGGTGCTCCAGGAGTTATTTC  

171-R TGTATCGAATGAAACTCCGCTTAC  

181-F GGAAATTTCAGGTACTGTTCAGCCAACCACACCTTCAACATTCACTG  

181-R TGGCTGAACAGTACCTGAAATTTCC  

194-F CATTCACCACACCTTAAACATTCACTGAAAAAGTA  

194-R TACTTTTTCAGTGAATGTTTAAGGTGTGGTGAATG  

Three-amino acid deletion primers  

3aa-F ATGGGTATTAGCGGATACCAAGCAAACGCAAACATTACAAAATTAGC  

3aa-R TGCTTGGTATCCGCTAATACCCATAATTTG  

Ten-amino acid substitution (sub) primers 

sub-F TGTAAGCGGAGTTTCATTCGATACAACTAAATACGATACTACCGC  

sub-R CGAATGAAACTCCGCTTACAATAATTAAAACAACCTGATTCATGTC  

N-glycosylation site mutation primers  

Q1-F GTACTGCTAACGCACAAATTACAAAATTAGC  

Q1-R GCTAATTTTGTAATTTGTGCGTTAGCAGTAC  

Q2-F CTACCGCATACACACAACTAACTGCAGGTGGAG  

Q2-R CTCCACCTGCAGTTAGTTGTGTGTATGCGGTAG  

Q3-F GTGGAGACCTTTACCAAACTACAACTGTAAACTG  

Q3-R CAGTTTACAGTTGTAGTTTGGTAAAGGTCTCCAC  

Q4-F AACACTACAACTGTACAATGGTCAAAATTAGC  

Q4-R GCTAATTTTGACCATTGTACAGTTGTAGTGTT  

D1-F GTACTGCTAACGCAGACATTACAAAATTAGC  

D1-R GCTAATTTTGTAATGTCTGCGTTAGCAGTAC  

D2-F CTACCGCATACACAGACCTAACTGCAGGTGGAG  

D2-R CTCCACCTGCAGTTAGGTCTGTGTATGCGGTAG  

D3-F GTGGAGACCTTTACGACACTACAACTGTAAACTG  

D3-R CAGTTTACAGTTGTAGTGTCGTAAAGGTCTCCAC  

D4-F AACACTACAACTGTAGACTGGTCAAAATTAGC  

D4-R GCTAATTTTGACCAGTCTACAGTTGTAGTGTT  

*Underlined: restriction enzyme sites 
  Italic bold: reverse complementary sequences in primer pairs 
  Italics: mutated amino acid codon 
  Underlined in italics: mutated DNA base 
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For construction of the mutant versions of flaB2S2 whose protein products would contain scanning 

deletions, inverse PCR and overlapping primers was employed, again with pKJ902 as template. The 

forward primer was designed to contain the flaB2S2 gene sequence flanking the desired in-frame 30 bp 

deletion. The reverse primer was complementary to the forward primer sequence upstream of the deletion 

(Table 5.2). After DpnI digestion, purified PCR products were transformed into E. coli TOP10 competent 

cells. Recombinant plasmids were extracted from the transformants and used as template for amplifying 

the flaB2S2 mutant genes by PCR with the complementation primers listed in Table 5.2. The smaller 

flaB2S2 mutant genes were identified by agarose gel electrophoresis of the PCR products which were also 

sequenced to confirm the deletion. The same protocol was used to generate the 3 amino acid deletion, 

61GTA63, where the deletion of the 9 bp resulted in the removal of an RsaI restriction site. This allowed 

for the screening of the flaB2S2 gene in plasmids carried by transformants for the small deletion by 

digestion of subsequent flaB2S2 PCR products with RsaI. Lastly, a mutant flaB2S2 gene encoding a 

mutated FlaB2S2 protein with a 10-amino acid deletion at 91TLSDGTTKTV100 had those amino acids 

replaced with a copy of the 10 amino acids at 161IIVSGVSFDT170, thereby generating a substitution 

mutant version of FlaB2S2 (SUB) that was still the same length as the wild type version. All the mutant 

versions of flaB2S2 generated were sequenced to confirm the mutations. 

5.3.3. Construction of complementation vectors  

To generate complementation plasmids for M. maripaludis S2, mutant flaB2S2 genes in the 

pCR2.1-TOPO vector were PCR amplified using complementation primers with an NsiI restriction site 

incorporated into the forward primer and an XbaI site into the reverse primer (Table 5.2). After NsiI and 

XbaI digestion, the PCR product was cloned into the shuttle vector pWLG40 where transcription of the 

cloned gene is under the control of the strong constitutive hmv promoter [48]. Mutant flaB2S2 genes in 

pWLG40 were sequenced to confirm the insert gene sequence. As a further control, plasmids were re-

isolated from the complemented cells and re-sequenced.  
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5.3.4. Complementation of a ΔflaB2S2 mutant using mutant flaB2S2 derivatives  

To determine if the mutant FlaB2S2 proteins generated above could restore archaellation and 

motility in the ΔflaB2S2 mutant, recombinant pWLG40 plasmids carrying the various mutant flaB2S2 

derivatives were transformed individually into the ΔflaB2S2 mutant using a PEG-based method [41, 50]. 

Transformants were cultured in Balch medium III containing 0.25 µg/mL puromycin for plasmid 

selection [48].  

5.3.5. Western blot analysis of the ΔflaB2S2 mutant complemented with mutant flaB2S2 

derivatives  

Whole cell lysates of complemented cells carrying the various mutant flaB2S2 genes were 

separated by SDS-PAGE (15% gels) and then transferred onto an Immobilon-P membrane (Millipore 

Inc.) [51]. Mutant FlaB2S2 proteins were detected using chicken anti-FlaB2S2 specific primary antibody 

[41]. Horseradish peroxidase-conjugated rabbit anti-chicken immunoglobulin Y (Jackson Immuno 

Research Laboratories) was used as secondary antibody, and the blots were developed using Immobilon 

Western Chemiluminescent HRP Substrate (Millipore Inc.).  

5.3.6. Swarming assay of the ΔflaB2S2 mutant complemented with mutant flaB2S2 

derivatives   

Complemented ΔflaB2S2 strains carrying plasmids with mutant flaB2S2 genes encoding proteins 

having mutations at the various N-glycosylation sites were examined for motility using semi-solid swarm 

plates [22]. Briefly, the OD600 of an overnight cell culture was measured and adjusted to 1.0. Five 

microliters of the adjusted cell culture were inoculated onto semi-solid Balch medium III containing 

0.25% (w/v) agar using a micropipette in an anaerobic chamber by stabbing the tip into the agar. Plates 

were incubated in an anaerobic canister at 37oC for 4 or 6 days.  

5.3.7. Electron microscopy of the ΔflaB2S2 mutant complemented with mutant flaB2S2 

derivatives   

Complemented M. maripaludis ΔflaB2S2 cells carrying mutant flaB2S2 genes were collected from 

an overnight culture by centrifugation at 20 000 g for 1 min, washed with 2% (w/v) NaCl and 
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resuspended in phosphate-buffered saline. Resuspended cells were loaded onto carbon-Formvar-coated 

copper grids and stained with 2% phosphotungstic acid, pH 7.0. Grids were examined in a Hitachi 7000 

electron microscope operating at an accelerating voltage of 75 kV. 

5.4. Results and Discussion 

5.4.1. Generation of mutant flaB2S2 derivatives 

While deletions in genes that affect N-glycosylation cause severe defects in archaellation and 

motility [18, 22, 28, 29], it is not clear if the defects are related directly to the inability of non-

glycosylated archaellins or archaellins glycosylated with truncated glycans to assemble into archaella, or 

whether the glycosylation defect affected other steps. For example, it may be that another protein critical 

for assembly of archaella, but not an archaellin, must be glycosylated in order to function properly. In 

Hfx. volcanii H53, changing the sequence of the major archaellin flgA at any of the 3 examined sequons 

so that the encoded amino acid changed from Asn to Gln led to mutant forms of the protein that could not 

rescue the swimming defect of an flgA deletion strain, suggesting that each glycosylation site was 

necessary for archaellation [18].  However, this is not the case for M. maripaludis S2. Previous work in 

this methanogen showed that a strain that had a spontaneous mutation in flaB2S2 which led to the loss of 

the 2nd N-glycosylation site of the archaellin that is normally decorated with the N-linked tetrasaccharide, 

was, nonetheless, still archaellated and motile [43].  To examine the possible role that each N-

glycosylation site, either alone or in combination with other sites, might have on archaella formation and 

motility in M. maripaludis S2, various mutant flaB2S2 genes whose products were lacking single to 

quadruple N-glycosylation sites either by Asn to Gln (N to Q) substitution, or Asn to Asp (N to D) 

substitution of the N-glycosylation sequon asparagine were generated and cloned into the 

complementation vector pWLG40 (Table 5.2). For these mutant constructs we used D or Q followed by a 

number to indicate that the change was N to D or N to Q with the number representing the site changed, 

i.e. Q1 indicates mutant FlaB2S2 with an N to Q substitution at the 1st N-glycosylation site. 
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In addition, two other mutant genes, designated G6 and G10 (Figure 5.1), whose products contain 

extra N-glycosylation sequons were generated and cloned into pWLG40. The G6 sequence encodes the 

wild type FlaB2ΔRC protein (i.e. FlaB2ΔRC from M. maripaludis ΔRC). FlaB2ΔRC and FlaB2S2 share 95% 

identity, with the differences almost exclusively confined to several N-glycosylation sites (Figure 5.1). 

Compared to FlaB2S2, FlaB2ΔRC shares 3 sites, plus it has 3 additional sequons, 60NGS62, 104NIS106, 

129NDT131, but it is missing the 2nd N-glycosylation site 110NLT112 in FlaB2S2. The G10 protein has all the 

sites present in FlaB2S2 and FlaB2ΔRC, with 3 additional sites created in the hypervariable region at sites 

requiring only minimal amino acid changes to generate a total of 10 possible sites (Figure 5.1). G6 and 

G10 both have the 26NIS28 sequon in the N-terminal conserved region that is not occupied with N-glycan 

in FlaB2S2. After transformation of these recombinant plasmid pWLG40-flaB2S2 mutants into a ΔflaB2S2 

mutant, the complemented strains were examined for expression of the mutant FlaB2S2 proteins, archaella 

formation and cell motility.  

5.4.2. Western blot analysis of the ∆flaB2S2 strain complemented with flaB2S2 derivatives 

containing mutations at N-glycosylation sites 

Western blots were used to detect the expression and stability of the various mutant versions of 

FlaB2S2 in the complemented ΔflaB2S2 mutant. As shown in Figure 5.2, all mutant versions of FlaB2S2 

except G10 were successfully expressed in the ΔflaB2S2 mutant. All mutant FlaB2S2 proteins were 

expressed in similar amounts and all appeared stable as judged by the general lack of any cross-reacting 

smaller molecular mass bands which could be indicative of protein degradation. The amount of the G10 

version of FlaB2S2 detected in western blots was very low and could be only observed when blots were 

overexposed (data not shown). We have found previously that cells carrying mutations in any gene that 

prevents assembly of archaella (as in the ΔflaB2S2 mutant) often stop transcribing the fla operon after 

several sub-cultures in the laboratory. This then makes the complementation of the original gene deletion 

back to an archaellated state impossible [22]. For this reason, the presence of FlaE, whose gene is a 

downstream member of the fla operon, was also confirmed by western blot to ensure that the fla operon  
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Figure 5.2 Western blot analysis of whole cell lysates of the ΔflaB2S2 strain complemented with 
flaB2S2 with mutations at various N-glycosylation sites. Mutant FlaB2S2 proteins missing single to 
quadruple N-glycosylation sites showed smaller apparent molecular mass than that of wild type FlaB2S2. 
The G6 which has extra glycosylation sequons migrated slower than wild type FlaB2S2. The expression of 
G10 was not detectable on this blot with normal exposure time. 900: wild type M. maripaludis S2 Δhpt. 
WT: ΔflaB2S2 complemented with wild type flaB2S2. 
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was still transcribed in the ΔflaB2S2 mutant during the course of the complementation experiments (data 

not shown) [41].  

In general, mutant FlaB2S2 proteins missing N-glycosylation sites all had a smaller apparent 

molecular mass than that of wild type FlaB2S2 when examined by western blotting, with the possible 

exceptions of D4 and Q4 which ran at very close to wild type size. The greater the number of N-

glycosylation sites eliminated in a particular FlaB2S2 mutant, the faster the mutant proteins migrated, i.e., 

single-site mutants had the largest apparent molecular mass, and the quadruple-site mutant D1,2,3,4 had 

the smallest. However, the 8 single-site mutants did not migrate as proteins of the same apparent 

molecular mass. Of the 8 mutants, D1 and Q1, both of which had the 1st N-glycosylation site eliminated, 

had the smallest apparent molecular mass, while D4 and Q4 had the largest. Similar results were observed 

from the double-site and triple-site mutations. In the 6 double-site mutations, FlaB2S2 with D1,2 and D1,3 

sites eliminated had the smallest apparent molecular mass, followed by  FlaB2S2 with D1,4 and D2,3 sites 

eliminated, while the archaellin having the D2,4 and D3,4 sites eliminated migrated with the largest 

apparent molecular mass. In the triple-site mutants, FlaB2S2 with any of the 1st N-glycosylation site 

eliminated (D1,2,3, D1,2,4 and D1,3,4) migrated at the same apparent molecular mass while FlaB2S2 with 

the other triple combination of sites eliminated (D2,3,4)  migrated more slowly.  

  One possible explanation for the observed different electrophoretic mobilities is that mutant 

FlaB2S2 proteins lacking the same number of N-glycosylation sites have the same number of N-glycans 

attached but the attachment of N-glycan on some sequons might have effects on the local protein structure 

so that the glycoprotein is not able to be totally denatured by SDS, thus resulting in an unusual migration 

pattern. This unusual electrophoretic mobility has been observed in other similar studies and been the 

suggested explanation. Human erythropoietin (Epo) has 3 N-glycosylation sites, and the 3 single-site 

mutants generated by N to Q SDM showed uneven migrations on western blot, although all of the 3 

mutants had the same theoretical molecular mass but differed only in the position of the N-glycans [52]. 
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Similar uneven migration was also observed in the 4 single-site mutations of hepatitis C virus envelope 

protein E1 each missing one N-glycosylation site [53]. 

While local folding effects might explain the altered electrophoretic mobility, another possible 

explanation for this unusual western blot result is that elimination of the 1st N-glycosylation site might 

interfere with the cell’s ability to N-glycosylate the remaining sites, resulting in FlaB2S2 where not all the 

remaining sequons are actually occupied (and so run as smaller molecular mass proteins). On the other 

hand, it may be that elimination of one or more glycosylation sites results in the attachment of glycan to 

the sequon 26NTS28 that is not glycosylated under our usual growth conditions. This could explain why, 

for example, the FlaB2S2 mutants that are missing the 4th N-glycosylation site (D4 and Q4) showed a 

larger apparent molecular mass than the other single mutants and close to wild type size. If D4 and Q4, 

missing the 4th glycosylation site, now had N-glycan attached at the normally unused sequon, these 

mutant proteins would have an identical mass as the wild type. There is precedent for glycosylation at one 

sequon influencing what happens at distant sites. For example, it has been reported for rabies virus 

glycoprotein that N-glycosylation at one sequon can influence processing of the N-glycans at a different 

site on the protein [54].  In M. voltae PS, the archaella are composed of 4 archaellins FlaAMv, FlaB1Mv, 

FlaB2Mv and FlaB3Mv, which share high sequence similarity in the N-terminal conserved region with 

FlaB1S2 and FlaB2S2 [41, 55]. Interestingly, the first 40 amino acids in the mature FlaB1Mv and FlaB2Mv 

including the  26NTS28 sequon, are identical to those of FlaB2S2, but in the case of the M. voltae PS 

archaellins, the 26NTS28 sequon was found to be occupied with N-linked glycan [12]. Clearly, this region 

of the archaellin can be glycosylated and possibly the 26NTS28 sequon in FlaB2S2 might be able to be N-

glycosylated in M. maripaludis S2 under different conditions.  

The G6 mutant FlaB2S2 protein (identical to the FlaB2∆RC) with additional glycosylation sequons 

compared to wild type FlaB2S2 had a larger apparent molecular mass (~32 kDa) than wild type FlaB2S2 

(~27 kDa) in western blots. Since G6 has 6 N-glycosylation sites (excluding the 26NTS28 sequon), its 

larger apparent molecular mass suggests that at least some, and possibly all, of the extra sequons are, in 
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fact, occupied since the mass of the tetrasaccharide is only 1036 Da [11]. Although the expression level of 

G10 was extremely low, on over-exposed western blots, the apparent molecular mass (37kDa) of this 

“artificially designed” glycoprotein was even larger than G6, indicating that AglB can recognize and 

transfer glycan to at least some of the newly introduced sequons in the hypervariable region.   

5.4.3. Electron microscopy of the ∆flaB2S2 strain complemented with flaB2S2 derivatives 

containing mutations at N-glycosylation sites  

Complemented cells carrying FlaB2S2 proteins having mutations at N-glycosylation sites were 

examined by transmission electron microscopy for archaellation, and the results are listed in Table 5.4. 

The majority of the complementations either restored archaellation to essentially all cells or were unable 

to restore archaellation to any cells. In only a couple of cases did the complementation lead to a 

population which contained roughly equal number of archaellated and non-archaellated cells (D1,2 and 

D3,4). Figure 5.3 shows electron microscopy pictures of a number of selected complements (Q2, Q4, D2, 

D3, D4, D1,3, D2,4, D1,2,4, D2,3,4, D1,2,3,4, G6 and G10).  

The archaellation state of the 4 control strains was as expected. Wild type Mm900 cells (900) 

were archaellated while the ΔflaB2S2 mutant strain was non-archaellated. Archaella were observed when 

the ΔflaB2S2 strain was complemented with the wild type version of flaB2S2, but not when the ΔflaB2S2 

strain was complemented with the empty vector pWLG40.  

In the 8 single-site mutation complements, 3 mutant versions of FlaB2S2 (Q2, D2 and D4), could 

restore archaellation. In the 3 archaellated complements, Q2 and D2 had different amino acid 

substitutions at the same 2nd N-glycosylation site. The N to D amino acid change at the 2nd sequon 

generated in this study replicates the spontaneous mutation in flaB2S2 that we previously reported [43]. 

Both that spontaneous mutant and the complemented cells carrying the mutant D2 gene generated in this 

study showed no impairment in archaellation or swarming motility [43]. These results indicate that 

missing the 2nd N-glycosylation site alone does not significantly interfere with archaellation. In contrast, 

complementation of the ΔflaB2S2 strain with flaB2S2 lacking the 4th N-glycosylation site differed  
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Table 5.4 Archaellation and swarming ability of complements bearing FlaB2S2 mutants at N-

glycosylation sites. 

Complements Archaellation*  Motility  

Controls 
WT ++ (100%) ++ 

Blank - (0%) - 

NQ single 

Q1 - (3%)** - 

Q2 ++ (100%) ++ 

Q3 - (3%)** - 

Q4 - (0%) - 

ND single 

D1 - (3%)** - 

D2 ++ (100%) ++ 

D3 - (0%) - 

D4 ++ (93%) - 

ND double 

D1,2 + (47%) + 

D1,3 - (0%) - 

D1,4 ++ (97%) ++ 

D2,3 ++ (100%) ++ 

D2,4 ++ (100%) + 

D3,4 + (60%) + 

ND triple 

D1,2,3 - (0%) - 

D1,2,4 - (0%) - 

D1,3,4 - (0%) - 

D2,3,4 ++ (100%) ++ 

ND quadruple D1,2,3,4 - (0%) - 

Additional sequons 
G6 ++ (100%)  +++ 

G10 - (0%) - 

 

*For each strain a minimum of 30 random cells were assessed for the presence or absence of archaella. 
Values in parentheses describe the percentage of cells with observable archaella.  

**Only a rare cell was observed with archaella, typically very few in number and abnormally short. 
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Figure 5.3 Transmission electron micrographs of select ΔflaB2S2 strain complemented with flaB2S2 

with mutations at various N-glycosylation sites. Wild type Mm900 cell (900) was archaellated, while 
the ΔflaB2S2 mutant was not. Wild type FlaB2S2 protein expressed in ΔflaB2S2 restored archaellation 
(WT), but the empty vector could not. Archaella were observed on surface of Q2, D2, D4, D2,4, D2,3,4 
and G6 complemented cells. Cells complemented with Q4, D3, D1,3, D1,2,4, D1,2,3,4 and G10 were 
non-archaellated. Archaella are indicated by arrows. Bar equals 500 nm. 
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markedly depending on what amino acid the original Asn was changed to; cells complemented with the 

D4 version had archaella under electron microscopy while cells complemented with the Q4 version did 

not (Figure 5.3).  None of the other single-site mutation complements (Q1, Q3, Q4, D1 and D3 (Figure 

5.3)) were considered archaellated, although in each of the Q1, Q3 and D1 complementations a rare cell 

with short archaella was observed (Table 5.4).  

 Among the 6 double-site mutation complements, all but the D1,3 version could assemble 

archaella (electron micrographs of D1,3 and D2,4 complemented cells are shown in Figure 5.3). This was 

surprising since many of these double-site mutants contained eliminated sites which if deleted alone 

resulted in non-archaellated cells.  In the 4 triple-site mutation complements, 3 complements D1,2,3, 

D1,2,4 and D1,3,4 were non-archaellated, while archaella could be assembled in D2,3,4 (Figure 5.3). 

However, when all glycosylation sites were eliminated in the complementing version of flaB2S2 

(D1,2,3,4), the ΔflaB2S2 cells were not able to assemble archaella. These results indicate that in M. 

maripaludis S2, archaella can be assembled using FlaB2S2 lacking as many as 3 out of the 4 glycosylation 

sites, as long as the first site remained intact (D2,3,4) but not when the archaellin is entirely non-

glycosylated (D1,2,3,4).  

In the two complementations where new sequons were introduced into FlaB2S2, different results 

were observed. In the G6 complemented cells, the ΔflaB2S2 strain were now archaellated, suggesting that 

the FlaB2S2 protein with extra N-glycan modifications in the hypervariable region could be incorporated 

into the archaellar filament by the archaella assembly apparatus in M. maripaludis S2. This was not 

unexpected since this version of FlaB2 already exists naturally in the archaellated M. maripaludis strain 

ΔRC. In contrast, no archaella were observed on the ΔflaB2S2 strain complemented with the G10 version. 

The G10 version had extra glycosylation sequons added to the internal hypervariable region of the 

protein. While this protein appeared to be modified at, at least, some of these additional sequons with 

glycan, judging from its higher apparent molecular mass in western blots, it was very poorly expressed in 
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the cells under our normal growth conditions and this low expression may explain the lack of archaella 

observed by electron microscopy (Figure 5.3).  

5.4.4. Swarming assays of complements with mutant flaB2S2 derivatives containing 

mutations at N-glycosylation sites 

In addition to the restoration of archaellation, the complemented cells were also examined for 

possible restoration of motility using semi-solid agar plates (Figure 5.4A). Motility assay results are 

summarized in Table 5.4, which also incorporates the archaellation status of the complemented strains for 

comparison.  

In general, complemented cells in which archaellation was restored were also motile on swarming 

plates and all of the complemented cells that were non-archaellated as determined by electron microscopy 

(D1, D3, Q1, Q3, D1,3, D1,2,3, D1,2,4, D1,3,4, D1,2,3,4 and G10) were also non-motile on swarm plates, 

even after an extra 2-day incubation (Figure 5.4B). The unusual exception was the complementation with 

the D4 version of FlaB2S2 which was archaellated but non-motile (Figure 5.3, Figure 5.4A). However, 

among the motile complemented cells, the swarming diameter was not always returned to the wild type 

level. Cells complemented with the flaB2S2 genes carrying D2, Q2, D1,4, D2,3 and D2,3,4, mutations 

swarmed out to a similar distance on semi-solid agar (swarming diameter of D2/ WT = 1.01±0.11, 

Q2/WT = 1.10±0.09, D1,4/WT = 0.93±0.14, D2,3/WT = 0.96±0.20, D2,3,4/WT = 1.08±0.22), while 

complements with the flaB2S2 genes carrying D1,2, D2,4 and D3,4 had a smaller swarming diameter 

(swarming diameter of D1,2/WT = 0.51±0.05, D2,4/WT = 0.68±0.13, D3,4/WT = 0.52±0.07). For the 

D1,2 and D3,4 complementations, the smaller swarming distance may be explained by the lower 

percentage of cells that were observed by electron microscopy to be archaellated, but in the case of the 

D2,4 all cells examined were archaellated.  Interestingly, G6 appeared hyper-motile as it consistently 

swarmed further than cells complemented with the wild type version of flaB2S2 (swarming diameter of 

G6/WT = 1.24±0.10).  
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Figure 5.4 Swarming plates showing the motility of the ΔflaB2S2 strain complemented with flaB2S2 

with mutations at various N-glycosylation sites. A. Plates were incubated at 37oC for 4 days. B. 
Complemented cells that did not show motility or showed poor motility after 4 days incubation were 
incubated a further 2 days.   
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In Hfx. volcanii H53, none of the 3 FlgA single-site mutation complements showed motility [18]. 

However, in this study, M. maripaludis S2 cells were still as motile as wild type cells when the ∆flaB2S2 

strains was complemented with flaB2S2 with the D2,3,4 changes, in which archaella were assembled using 

FlaB2S2 lacking 3 out of the 4 N-glycosylation sites. The structural protein (flagellin) of the functionally 

analogous bacterial swimming organelle, the flagellum, can also be modified with glycan, especially in 

Gram-negative bacteria, although the linkage is O-glycosidic rather than N-glycosidic [56, 57]. The O-

glycan modification in bacterial flagellin can be critical for flagella assembly, stabilization, motility, and 

even virulence in pathogens [56, 58-60]. In Pseudomonas syringae pv. tabaci, flagellin FliC has 6 O-

glycosylation sites, and single-site mutations in any of these sites resulted in various impairments in 

motility, while a mutant carrying mutations to eliminate all 6 O-glycosylation sites in FliC  was non-

motile [59]. The structural protein (pilin) from bacterial type IV pili, structures which share several 

significant similarities with archaella [10, 34], can also be O-glycosylated [61, 62]. Elimination of O-

glycosylation of type IV pilin resulted in reduced twitching motility in Pseudomonas aeruginosa 1244 

and P. syringae pv. tabaci but did not interfere with pili assembly [62, 63]. However, in P. aeruginosa 

5196 in which a different O-glycan was attached to the type IV pilin PilA, O-glycosylation played critical 

roles in both type IV pili assembly and twitching motility [2, 64].  

The results obtained with the G6 complemented cells indicate that an increase in glycosylation 

can lead to hyper-motility. The western blots results indicate that the G6 version of FlaB2 is hyper-

glycosylated compared to the wild type FlaB2S2 version. Of all the complemented strains, only the G6 

complement consistently demonstrated an increased zone of swarming compared to the wild type. 

Interestingly, similar results were also observed in regards the O-glycosylation of flagellin in 

Helicobacter pylori [65] where O-glycosylation of the flagellins FlaA and FlaB with pseudaminic acid is 

essential for flagella assembly and cell motility [66, 67]. A H. pylori mutant defective in deglycosylation 

of flagellins showed both hyper-O-glycosylation (3 fold more pseudominic acid) of FlaA as well as 

hyper-motility [65]. However, there is a limit to how many extra sequons can be added to archaellins 
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since archaellin synthesis was very poor in the G10 complemented cells, even though the small amount of 

the G10 version detected was apparently modified at, at least, some of the extra sites. 

The data obtained from the glycosylation site elimination mutants indicates that while no 

particular single site of glycosylation on FlaB2S2 is essential, nonetheless glycosylation at some site is 

necessary for archaella formation. In the case of the 4 triple-site mutants it is clear that glycosylation of 

only site 1 is sufficient for archaellation and motility. However, removal of the 1st site did not always lead 

to non-archaellated cells as witnessed by the archaellated and motile cells observed in the D1,4 

complementation, suggesting that glycosylation of FlaB2S2 at several different combinations of sites could 

be sufficient for incorporation of the subunits into functional archaella. In some ways, this is reminiscent 

of a situation in Wzc, a tyrosine autokinase essential for capsule formation in E. coli.  Phosphorylation of 

tyrosine residues in the C-terminus of Wzc is necessary for its function but no single tyrosine is essential 

for phosphorylation. Instead, it was suggested that the overall level of phosphorylation rather than a 

precise combination of tyrosine residues accessible to phosphorylation is what is important for Wzc 

activity [68].  

5.4.5. Western blot analysis of the ∆flaB2S2 strain complemented with flaB2S2 scanning 

deletions  

To determine which regions of the FlaB2S2 protein are critical for archaella formation, a series of 

FlaB2S2 scanning deletion mutants that sequentially lacked 10 amino acids were generated in the 

complementation vector pWLG40 and transformed into the ΔflaB2S2 mutant. The scanning deletions in 

flaB2S2 were identified since they migrated slightly faster than the wild type version of flaB2S2 in 0.8% 

agarose gels due to the 30 bp deletion (Figure 5.5 shows an example for screening of Δ31-40). For the 

first 10 amino acids, two versions were generated. The first was deleted for amino acids 2-10 (named as 

Δ2-10), leaving the +1 amino acid which we thought might be important for successful cleavage of the 12 

amino acid signal peptide. We also generated a 4-10 amino acid deletion (named as Δ4-10) since the +3 

glycine of the mature protein is needed for signal peptide removal in archaellins of the related 

methanogen M. voltae PS [69]. 
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Figure 5.5 PCR screening of the Δ31-40 scanning deletion. Following the deletion procedure, the 
flaB2S2 gene was amplified using flaB2S2 complementation primers and the PCR product analyzed by 
agarose gel electrophoresis along with the amplification product obtained with the wild type flaB2S2 gene 
using the same primers. The scanning deletion is readily distinguished from wild type flaB2S2 by the faster 
migration of its 30 bp smaller PCR product M: 100 bp DNA ladder; flaB2S2: PCR products using pKJ902 
as template; Δ31-40: PCR products using plasmid isolated from one colony of the Δ31-40 transformants 
as template.  
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Mutant FlaB2S2 proteins from whole cell lysates of the various complemented cells were detected 

using anti-FlaB2S2 specific antibody on western blot analysis, as shown in Figure 5.6. In the 21 FlaB2S2 

scanning deletions, 19 mutant proteins (all, except Δ4-10 and Δ11-20) were readily detected on western 

blot by anti-FlaB2S2 specific antibody, although the expression level of Δ2-10 and Δ21-31 was relatively 

lower compared to that of the other mutants. Evidence of some possible protein degradation was observed 

in the Δ2-10 and Δ161-170 FlaB2S2 as multiple lower molecular mass bands were detected in these two 

lanes. These results indicate that some of the mutant proteins were either not expressed or were unstable 

and degraded. Fourteen mutant proteins, including Δ21-30, Δ31-40, Δ41-50, Δ51-60, Δ71-80, Δ81-90, 

Δ91-100, Δ131-140, Δ141-150, Δ151-160, Δ161-170, Δ171-180, Δ181-190 and Δ194-204, had similar 

apparent molecular masses, which were smaller than FlaB2S2 from the wild type strain Mm900 (900) or 

from the ΔflaB2S2 strain complemented with the wild type version of flaB2S2. This is consistent with the 

fact that all these mutation proteins are 10 amino acids shorter than wild type FlaB2S2. The upper band in 

the mutant Δ2-10 lane appears slightly larger than the neighboring WT lane. This might be due to the lack 

of processing of the archaellin signal peptide in this deletion since in M. voltae PS the +3 glycine position 

was essential for cleavage of the signal peptide by the pre-archaellin peptidase FlaK and this is missing in 

the Δ2-10 version of FlaB2S2 [69]. The presence of the signal peptide does not prevent the attachment of 

N-glycans [37] so this version of FlaB2S2 would be expected to have a full complement of attached N-

glycans as well as the extra amino acids of the signal peptide contributing to make it run slightly larger in 

the western blots than the processed wild type version of FlaB2S2.  

The FlaB2S2 mutants Δ61-70, Δ101-110 and Δ111-120 had even smaller apparent molecular 

masses compared to the FlaB2S2 carrying other scanning deletions. This can be attributed to the fact that 

these three deletions result in the loss of one N-glycosylation sequon. Surprisingly, the scanning deletion 

that contains the remaining, 4th, glycosylation sequon, namely Δ121-131, does not follow this pattern. In 

this lone case, FlaB2S2 migration in western blots is slower than the other three deletion mutants missing 

N-glycosylation sites. This observation is consistent with the results of the N-glycosylation sequon  
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Figure 5.6 Western blot analysis of the ΔflaB2S2 strain complemented with flaB2S2 scanning 
deletions. Except for Δ4-10 and Δ11-20, all the FlaB2S2 scanning deletion proteins were expressed, 
although the expression level of Δ2-10 and Δ21-30 was relatively low. FlaB2S2 scanning deletion proteins 
Δ61-70, Δ101-110, Δ111-120 whose 10-amino acid deletion contains an N-glycosylation site (shown in 
red) had smaller apparent molecular masses due to the loss of N-glycan usually attached at this site. Δ121-
130 missing the 4th N-glycosylation site (shown in red) had unusual bigger apparent molecular mass than 
the other 3 mutants also missing N-glycosylation site.  
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mutation complementations. In the case of both single 4th sequon mutants (D4 and Q4), FlaB2S2 had a 

larger apparent molecular mass than the other single-site mutations (Figure 5.2), suggesting either that the 

lack of glycosylation at this site has unusual effects on the migration of FlaB2S2 in western blots or that 

when the 4th glycosylation site is not available, the normally unoccupied 26NTS28 is now decorated with 

glycan, adding to the molecular mass. Further studies are necessary to confirm the glycosylation status of 

this 26NTS28 sequon in FlaB2S2 in these mutant proteins.  

5.4.6. Electron microscopy of the ΔflaB2S2 strain complemented with flaB2S2 scanning 

deletions  

To examine if ΔflaB2S2 cells could assemble archaella after being complemented with any of the 

FlaB2S2 scanning deletions, cells from each complementation were observed by transmission electron 

microscopy for the presence of archaella. All of the 21 10-amino acid scanning deletion complements 

were found to remain non-archaellated (data not shown) even though most of them produced FlaB2S2 

detected by western blot. These results suggested that either all regions of the molecule were essential for 

archaella formation or that a certain critical archaellin length is important for the archaella filament to be 

assembled.  

Since none of the FlaB2S2 scanning deletion mutants could restore archaellation, we suspected 

that the 10-amino acid deletion in the scanning deletions was too long for FlaB2S2 to be assembled into 

archaella. To address this, we created a shorter 3-amino acid deletion in the hypervariable region of 

FlaB2S2. This protein was detected by western blot at a similar apparent molecular mass as the wild type 

FlaB2S2 (Figure 5.7A). The examination of ΔflaB2S2 cells complemented with the Δ3AA version of flaB2 

by electron microscopy revealed that even with this short deletion, only approximately half of the 

complemented cells were archaellated (Figure 5.7B). These results suggest that a 3-amino acid deletion 

might be the shortest deletion that FlaB2S2 could tolerate and still be assembled into archaella filaments.  
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Figure 5.7 Analysis of the ΔflaB2S2 strain complemented with flaB2S2 carrying the 3-amino acid 
deletion (3AA) or the substitution version of flaB2S2 (SUB). A. Western blot analysis of the ΔflaB2S2 
strain complemented with flaB2S2 carrying the 3-amino acid deletion (3AA) or the substitution version of 
flaB2S2 (SUB). 3AA and SUB had similar apparent molecular mass as wild type FlaB2S2. B. Transmission 
electron micrographs of the ΔflaB2S2 strain complemented with the 3AA or SUB versions of FlaB2S2.  In 
the case of the 3AA complemented cells, both archaellated cell (3AA-1) and non-archaellated cell (3AA-
2) are shown. Arrows show the archaella. Bar equals 500 nm.  
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We also tried to examine the possible length requirement of archaellins in a different way. In a 

FlaB2S2 that was already deleted for 91TLSDGTTKTV100, we inserted into this spot IIVSGVSFDT 

(originally from 161IIVSGVSFDT170), creating a FlaB2S2 hybrid that had amino acids 91-100 replaced 

with a second copy of amino acids 161-170 so that the resulting length of the FlaB2S2 (dubbed a 

substitution; SUB) was wild type. Both the donor and the acceptor regions are located in the 

hypervariable region of FlaB2S2, and do not contain N-glycosylation sequons to minimally reduce the 

effects from disruption of the conserved regions that might be involved in subunit-subunit interaction or 

in glycosylation. The SUB protein was expressed in the complement cells and showed similar apparent 

molecular mass as that of WT protein, as expected (Figure 5.7A). However, the SUB protein complement 

could not restore archaellation either (Figure 5.7B), suggesting that the particular 10-amino acid sequence 

91TLSDGTTKTV100 is critical for archaella assembly, despite the fact it is located in a hypervariable 

region of the molecule. We had anticipated that at least some of the scanning deletions covering the 

hypervariable region may have been tolerated and allow for formation of archaellation while those located 

in the conserved  N-terminus believed to critical for subunit-subunit interactions in the filament would not 

be tolerated [70, 71]. It is known that in the case of bacterial flagellins large internal deletions can be 

accepted; for instance in E. coli, the 493 amino acid flagellin can be reduced by internal deletions so that 

only the N-terminal 193 residues and the 117 C-terminal amino acids are required for filament formation 

[72]. In addition, sequences in the internal hypervariable region of bacterial flagellin can be replaced with 

completely unrelated sequences [73]. This is also true for archaellins in Halobacterium salinarum where 

both FLAG (8 amino acid peptide) and a gold-binding 12 amino acid peptide have been inserted into 

variable regions of different archaellins and these mutant proteins were still able to be assembled into 

archaella [74]. However, for type IV pilins, it has been shown in a number of studies that very small 

changes at key amino acids in the major pilins can result in instability of the pilins and ones that cannot 

assemble into pili [75-77].   
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Archaella are unique swimming organelles that are thought to be assembled like bacterial type IV 

pili but function like bacterial flagella by filament rotation [10, 33, 34, 78]. So far little is known about 

details of the incorporation of individual archaellins into the archaella filament. N-glycosylation seems to 

be a common modification of archaellin, but the relationship between N-glycosylation and archaella 

assembly is unclear [1, 40]. In this study, we investigated the effects of eliminating potential N-

glycosylation sites as well as scanning deletions of the archaellin FlaB2S2 on archaella assembly and 

function in M. maripaludis S2. In M. maripaludis S2, functional archaella can be assembled using 

FlaB2S2 lacking as many as 3 out of 4 glycosylation sites (D2,3,4), but not when the archaellin is entirely 

non-glycosylated (D1,2,3,4). A hyper-N-glycosylated version of FlaB2S2 (G6) resulted in hyper-motile M. 

maripaludis S2 cells. Attempts to define essential and nonessential domains of the archaellin by scanning 

deletion analysis revealed that no contiguous 10 amino acid stretch could be deleted and still have the 

archaellin complement a ΔflaB2s2 strain back to an archaellated phenotype.  
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Chapter 6  

 

Identification of the First Transcriptional Activator of an Archaellum 

Operon in a Euryarchaeon  
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6.1  Abstract  

The archaellum is the swimming organelle of the third domain Archaea. Genes involved in 

archaella assembly are mainly located in the fla operon. In Methanococcus maripaludis, a member of 

Euryarchaeota, the fla operon starts with three archaellin genes flaB1, flaB2 and flaB3 which encode the 

structural proteins composing the archaella filament, followed by fla associated genes flaC-J. Previous 

transcriptomic and proteomic studies have shown that the transcription of fla genes and the expression of 

Fla proteins are regulated under several nutrient limiting conditions. In this study, we identify MMP1718 

as a transcriptional activator for the fla operon in M. maripaludis. Mutants carrying an in-frame deletion 

in Δmmp1718 did not express FlaB2 protein detected by western blotting. Quantitative reverse 

transcriptase PCR analysis of purified RNA from the Δmmp1718 mutant showed that the transcript level 

of flaB2 was negligible compared to that from the wild type cells. In addition, no archaella were observed 

on the cell surface of the Δmmp1718 mutant. FlaB2 expression and archaellation were restored when the 

Δmmp1718 mutant was complemented with mmp1718 in trans. Electrophoretic mobility shift assay 

experiments demonstrated the specific binding of purified MMP1718 to DNA fragments located upstream 

of the fla promoter. Fragments shifted in these experiments were found to carry at least one of three 10 bp 

consensus sequences that are considered the putative MMP1718 binding sites. As the first transcriptional 

activator of the fla operon identified from Euryarchaeota, MMP1718 is designated as ArnE for its 

involvement in the archaellum regulation network. 

6.2 Introduction 

The archaellum is the swimming organelle of the third domain Archaea, although there are 

examples where archaella have also been shown to be involved in other functions in addition to 

swimming, such as attachment to abiotic and biotic surfaces, aggregation and intercellular communication 

[1-9]. Although their major function is swimming via filament rotation, archaella are not homologous to 

the flagella that commonly perform this role in the domain Bacteria [1, 2]. Instead, archaella are 

assembled using a bacterial type IV pilus-like model, with common features of the two systems that 
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include the cleavage of class III signal peptides from the structural proteins by a dedicated prepilin signal 

peptidase, as well as a conserved assembly ATPase and integral membrane platform protein considered to 

form the central core complex where assembly occurs [10-15]. In addition, archaella and type IV pili 

share structural similarities, including the lack of a central channel that is present in bacterial flagella [16, 

17]. 

Methanococcus maripaludis is a mesophilic methanogen that is a member of the Euryarchaeota, 

one of the major phyla of the domain Archaea [18]. In this organism, genes involved in archaella 

assembly are mainly located in the fla operon (mmp1666-1676) containing flaB1-B3, which encode the 

three structural proteins (archaellins) and the fla-associated genes flaC-J (Figure 6.1) [14, 19]. FlaB1 and 

FlaB2 are the major archaellins that form the archaellum filament, while FlaB3 is a less abundant 

archaellin that forms the curved, hook-like region at the cell proximal end of the structure [20]. Deletion 

of either flaB1 or flaB2 leads to non-archaellated cells while deletion of flaB3 results in cells producing 

functional, although, hookless archaella [20]. The three archaellins are synthesized as pre-proteins with 

short class III (or type IV pilin-like) signal peptides that are cleaved by the dedicated prepilin signal 

peptidase-like enzyme  encoded by flaK, located at a separate site on the genome from the fla operon [21, 

22]. This processing of archaellins by FlaK is necessary for archaella formation [22, 23]. In M. 

maripaludis, the conserved ATPase, which provides the energy for both archaellum synthesis and 

filament rotation [24], is encoded by flaI, and in complex with the integral membrane platform protein, 

FlaJ, is thought to form the central core complex at which assembly occurs [20, 24]. Recently, it was 

reported that FlaF from Sulfolobus acidocaldarius binds to the S-layer protein and acts as the stator 

protein to anchor the archaellum filament to the cell envelope [25]. The functions of FlaC, FlaD, FlaE, 

FlaG and FlaH are, as yet, unidentified. Efforts to delete flaD or flaE were unsuccessful, but all the other 

fla-associated genes were shown to be essential for archaella assembly in M. maripaludis [20]. 
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Figure 6.1 Genetic organization of the fla operon encompassing flaB1-J (mmp1666-1676) and the 
separate location of flaK (mmp0555). The function of the protein encoded by each gene is indicated.  
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An unusual feature of the archaellum is the widespread N-glycan modification of the archaellins 

[26, 27]. N-glycosylation of archaellins, in terms of both the N-glycan length and the number of N-

glycans attached per archaellin, can have critical roles in archaella assembly and function [27-33]. In M. 

maripaludis, each of the three archaellins is modified with an N-linked tetrasaccharide at multiple sites: 3 

in FlaB1, 4 in FlaB2 and 2 in FlaB3 [34]. Functional archaella can be assembled using FlaB2 genetically 

modified to remove all but the first N-glycosylation site, but not if all N-glycosylation sites are removed 

[30]. Besides the number of available glycosylation sites, archaellation in M. maripaludis is also 

dependent on the size of the glycan attached to archaellins. A minimum length of a disaccharide N-glycan 

is essential for archaellum synthesis. Thus, mutant cells producing monosaccharide N-glycan through 

either a deletion of the gene encoding the glycosyltransferase (GT) AglO, responsible for the transfer of 

the second sugar residue to the glycan being assembled on its dolichol phosphate carrier, or deletions of 

any one of a number of genes involved in the biosynthesis of the second sugar residue, were non-

archaellated [28, 35, 36]. In addition, a mutant carrying a deletion in the gene encoding the 

oligosaccharyltransferase (OST), AglB, in which the en bloc transfer of the N-glycan from the lipid 

carrier onto the acceptor protein was interrupted, resulting in non-glycosylated archaellins, was also non-

archaellated [35]. 

Despite a growing body of information on archaellum structure and assembly, knowledge about 

regulation of archaella assembly is, however, very limited, and best studied in the crenarchaeon S. 

acidocaldarius. Early studies revealed that the archaellum operon was upregulated in Sulfolobus 

solfataricus under starvation [37]. Later, it was shown in S. acidocaldarius that depletion of the nitrogen 

source tryptone led to induction of archaella expression and quantitative reverse transcriptase PCR (qPCR) 

methodology showed this to be at the level of transcription [38]. Subsequently, a number of regulators 

affecting the archaellum operon have been identified in this species, including two repressors ArnA 

(archaellum regulatory network) and ArnB, two activators ArnR and ArnR1, as well as two global 

regulators, the serine/threonine phosphatase PP2A and AbfR1 (archaeal biofilm regulator 1) [39-42]. Both 
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ArnA and ArnB could be phosphorylated by the kinase ArnC, while the kinase ArnD could only 

phosphorylate ArnB. Strong interactions were demonstrated between ArnA and ArnB, and these two 

proteins are thought to negatively regulate archaellum synthesis [2, 39]. Deletion of either of these genes 

resulted in cells that were hyper-archaellated, further supporting their proposed role as repressors of the 

archaellum operon [39]. ArnA (ST0829) was first discovered in another Sulfolobus species, Sulfolobus 

tokotaii, and shown to bind in its unphosphorylated state to the fla promoter [43, 44]. In S. acidocaldarius, 

ArnR is the major activator of the fla promoter, while the function of ArnR1 is likely for fine-tuning [40]. 

AbfR1, a member of the Lrs14 regulator family, was shown to bind to the fla promoter regions and 

positively regulate archaella assembly in S. acidocaldarius [42]. In a mutant deleted for this gene, there 

was a severe impairment in motility and a dramatic decrease in the expression level of archaellum 

components. In contrast, PP2A is involved in the negative regulation of archaella assembly. In a Δpp2a 

mutant, cells were hyper-motile and there was a significant up-regulation in all fla genes [41]. These 

numerous archaellum operon regulators imply archaellum assembly is regulated by a sophisticated 

network in this thermoacidophile.  

In addition to these studies, several observations point to an interplay in the regulation of the 

adhesive Aap (archaeal adhesive pilus) pili and archaella in S. acidocaldarius [38, 39, 42, 45]. This 

interplay relationship between the adhesive appendages, Aap pili, and the motility organelles, archaella, 

indicates a switch between a biofilm state (adhesion) and a planktonic state (swimming) may occur 

readily, thus allowing the cells to adapt to changing environments by simultaneously increasing 

production of one structure while repressing synthesis of the other.  

Archaella assembly is also known to be regulated in methanogens, although molecular details of 

the regulation are not known. In Methanospirillum hungatei, growth conditions, including temperature 

and Ca2+ concentration, affected archaella assembly [46]. A significant number of archaella were 

observed on the Msp. hungatei cell surface only at, or near, the optimum growth temperature (37oC), 

although archaellin was still expressed at the temperatures where cells were non-archaellated. In addition, 
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archaellated cells were observed in medium containing normal Ca2+ concentration (0.41 mM) but not in 

Ca2+-free medium [46]. In both Methanocaldococcus jannaschii and M. maripaludis, archaella assembly 

was induced under hydrogen limitation conditions [47, 48]. Further study using quantitative proteomics of 

nutrient limited M. maripaludis indicated that the expression of archaellins was affected by multiple 

nutritional factors, being decreased under nitrogen limitation but increased under phosphate limitation 

[49]. Recently, M. maripaludis cells were demonstrated to swim towards hydrogen, suggesting the 

existence of a hydrogen sensory and taxis system in this organism, which may allow it to compete more 

efficiently with other hydrogen–utilizing organisms for this critical energy source [50].  

In this study, the first transcriptional activator of the fla operon in any member of the 

Euryarchaeota, MMP1718, was identified and characterized from M. maripaludis. In vivo studies show 

that Δmmp1718 mutant cells were non-archaellated and did not produce archaellin when examined by 

western blot. The transcription of flaB2 in this mutant was reduced to barely detectable levels compared 

to that of wild type cells, as measured in qPCR experiments. Complementation of the Δmmp1718 mutant 

with mmp1718 expressed in trans restored archaellation and synthesis of FlaB2. Electrophoretic mobility 

shift assay (EMSA) results showed that MMP1718 could specifically bind to small DNA fragments 

containing multiple copies of a conserved 10 bp repeat upstream of the factor B recognition element 

(BRE) and TATA boxes of the fla promoter.   

6.3 Materials and methods  

6.3.1. Strains and growth conditions 

M. maripaludis S2 Δhpt (Mm900) [51] and mutants derived from it were routinely cultured 

anaerobically in Balch medium III [52] under an atmosphere of H2:CO2 (80:20) with shaking at 34oC. To 

obtain in-frame gene deletions of M. maripaludis, cells were cultured in McCas medium with 1 mg/mL 

neomycin or 240 µg/mL 8-aza-hypoxanthine, as required at various steps in the procedure as previously 

described [51]. M. maripaludis cells harbouring complementation plasmids were grown in nitrogen-free 

medium supplemented with 10 mM of either L-alanine or NH4Cl as sole nitrogen source, and containing 
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2.5 µg/mL puromycin for plasmid selection [53]. Escherichia coli TOP10 cells (Invitrogen Inc.), used for 

molecular cloning steps, and E. coli BL21 (DE3) pLysS cells [54], used for protein overexpression, were 

grown at 37°C with shaking in Luria-Bertani (LB) medium with 100 µg/mL of ampicillin for plasmid 

selection when required. Strains used in this study are listed in Table 6.1. 

6.3.2. Isolation of genomic DNA for sequencing 

A mutant deleted for the oligosaccharyltransferase gene aglB was isolated using the primers and 

procedure previously reported [35]. After restreaking for purity, genomic DNA was isolated using a 

DNeasy® Blood and Tissue kit (Qiagen Inc.) following the procedure for Gram negative bacteria as 

outlined in the manufacturer’s protocol, with minor modifications. Western blot analysis using anti-FlaB2 

specific antibodies confirmed this mutant at this stage produced non-glycosylated FlaB2 and electron 

microscopy revealed that the cells were non-archaellated, as reported earlier [35]. This mutant, designated 

ΔaglB, was then transferred daily (0.2 mL into 10 mL Balch medium III) until no FlaB2 could be detected 

in western blots. This culture was then streaked for single colonies and several were picked and retested 

for the lack of FlaB2 production by western blots. One isolate, designated ΔaglB-1, was used for genomic 

DNA isolation, as outlined above.  

6.3.3. Genome sequencing of ΔaglB and ΔaglB-1 

Sequencing of ΔaglB and ΔaglB-1 genomic DNA was performed at McGill University and 

Génome Québec Innovation Centre, Montreal, Canada, on the Illumina MiSeq sequencing platform 

(Illumina) using the TrueSeq DNA sample preparation kit (Illumina). This generated 2 X 250 paired-end 

reads generating approximately 1000-fold coverage. Paired-end reads were selected to a level of 90-fold 

coverage for reference-mapping to the reference genome. 

6.3.4. Reference-mapping of ΔaglB and ΔaglB-1 to the reference genome 

The completed genome of M. maripaludis S2 [55] was obtained from National Center for 

Biotechnology Information (NCBI, Genbank accession number NC_005791) and used as the reference 

genome. The paired-end reads of the genomes of the mutants ΔaglB and ΔaglB-1 were each mapped to  
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Table 6.1 Strains and plasmids used in this study. 

Strains or plasmids  Description References 

M. maripaludis strains  

Mm900 M. maripaludis S2 Δhpt [51] 

ΔaglB  Mm900 ΔaglB in which FlaB2 was still expressed  [35]; This study 

ΔaglB-1 
Mm900 ΔaglB in which the expression of FlaB2 had 
stopped  

This study 

ΔaglO Mm900 ΔaglO in which FlaB2 was still expressed [35] 

ΔaglO-1 
Mm900 ΔaglO in which the expression of FlaB2 had 
stopped 

This study  

Δagl19 Mm900 Δagl19 in which FlaB2 was still expressed [36] 

Δagl19-1 
Mm900 Δagl19 in which the expression of FlaB2 had 
stopped 

This study 

ΔflaK Mm900 ΔflaK in which FlaB2 was still expressed [23] 

ΔflaK-1 
Mm900 ΔflaK in which the expression of FlaB2 had 
stopped 

This study  

Δmmp1134-35 Mm900 Δmmp1134 Δmmp1135 This study 

Δmmp1137 Mm900 Δmmp1137 This study 

Δmmp1718 Mm900 Δmmp1718 This study 

Δmmp1719 Mm900 Δmmp1719 This study  

E. coli strains   

TOP10 

F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 nupG recA1 araD139 Δ(ara-leu)7697 
galE15 galK16 rpsL(StrR) endA1 λ- 

 

Invitrogen 

BL21 (DE3) pLysS 
F- ompT gal dcm lon hsdSB(rB

- mB
-) λ(DE3) 

pLysS(cmR)  
[54]  

Plasmids    

pCRPrtNeo 
hmv promoter-hpt fusion plus Neor cassette in 
pCR2.1Topo; Ampr 

[51] 

pKJ1209  
pCRPrtNeo harboring the in-frame deletion of 
mmp1134-1135 

This study 

pKJ1188 
pCRPrtNeo harboring the in-frame deletion of 
mmp1137 

This study 

pKJ1219 
pCRPrtNeo harboring the in-frame deletion of 
mmp1718 

This study 

pKJ1231 
pCRPrtNeo harboring the in-frame deletion of 
mmp1719 

 

pHW40 nif promoter-lacZ fusion plus Purr cassette; Ampr [53] 

pKJ1217 
pHW40 harboring mmp1718 with a C-terminal His-
tag 

This study 
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pET-23a+ T7 promoter for overexpressing in E. coli; Ampr Qiagen Inc. 

pKJ1225 
pET-23a harboring mmp1718 with a C-terminal His-
tag 

This study 

  



159 
 

the reference genome using the MOSAIK software package version 2.1.73 [56]. The BAM files generated 

from the reference-mapping step were sorted and indexed using the samtools program [57]. Differences 

between ΔaglB and ΔaglB-1 and the reference genome were generated using the ‘mpileup’ module of the 

samtools program, and parsed using the pileup2fasta program (https://code.google.com/p/nash-

bioinformatics-codelets/downloads/detail?name=pileup2fasta_v1-4.pl). Compared with the sequence of 

the ΔaglB strain, two mutations were identified in ΔaglB-1 strain, one within mmp1134 and the other 

within mmp1718.  

6.3.5. In-frame deletion of transcriptional activator gene candidates  

In-frame deletion of transcriptional activator gene candidates mmp1134 and mmp1718, as well as 

mmp1137 and mmp1719 was conducted as previously described [20, 51]. Since 99% identity is shared 

between mmp1134 and its neighboring gene mmp1135 (Basic Local Alignment Search Tool [BLAST]), 

[58]), the deletion of mmp1134 alone using the homologous recombination method [51] was considered 

to be problematic. Thus, both mmp1134 and mmp1135 were chosen for deletion to generate mutant 

Δmmp1134-35. Single transformant colonies from the in-frame deletion protocol were screened by PCR 

using primers that would amplify across the target gene region. Primers used for in-frame deletion and 

screening are listed in Table 6.2.  

6.3.6. Western blot analysis of FlaB2  

Whole cell lysates of wild type and various M. maripaludis mutant strains were separated by 15% 

SDS-PAGE [59] and then transferred onto an Immobilon-P membrane (Millipore, Bedford, MA) [60]. 

Chicken anti-FlaB2 specific primary antibodies were used for detection of archaellin FlaB2 [61]. 

Horseradish peroxidase conjugated rabbit anti-chicken immunoglobulin Y antibodies were used as 

secondary antibody (Jackson ImmunoResearch Laboratories). Blots were developed using an enhanced 

chemiluminescence kit (Millipore Inc.) following the manufacturer’s instructions.  
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Table 6.2 Primers used in this study. 

Primers  Sequence  

Restriction 
site 
incorporated 
(underlined) 

In-frame deletion primers 

1134-35-del-P1 AGTCGGATCCGATGAGATTCACTCGAGATAC BamHI 

1134-35-del-P2 GACTGGCGCGCCTTTCACTGCATCTGCTTTCATG AscI 

1134-35-del-P3 AGTCGGCGCGCCCGTTCCTGAAGAGGATGAACTTG AscI 

1134-35-del-P4 GACTGGATCCTTCCGTTGCACAGGAGCTTTG BamHI 

1137-del-P1 CCGGATCCCATCGATTCTGTATAACCAGTCG BamHI 

1137-del-P2 TTGGCGCGCCTGTCAACCATTACAGAATAGCC AscI 

1137-del-P3 TTGGCGCGCCTGTCCCGCAATTATTTTAGAACAG AscI 

1137-del-P4 GGGGATCCCGTTCCTGAAGAGGATGAACTTG BamHI 

1718-del-P1 ATGCGGATCCTGCAGTTGACGAAGATGATG BamHI 

1718-del-P2 ATATGGCGCGCCTTGTTCAGAGACCTAATTATCGTTG AscI 

1718-del-P3 ATATGGCGCGCCGATTCTGCCGATAACTGGTGA AscI 

1718-del-P4 GCATGGATCCCTACGATACAGTTATCTCCAAG BamHI 

1719-del-P1 AGTCGGATCCCTTCTCTGCACGTCTTCATG BamH1 

1719-del-P2 GACTGGCGCGCCGGAATCTGGAACATATCATTC AscI 

1719-del-P3 AGTCGGCGCGCCTTCAGAAGAGTCAGGATTGTC AscI 

1719-del-P4 GACTGGATCCCAGAACCTGTTGTAACATAGG BamHI 

Sequencing primers for in-frame deletions 

1134-35-seq-For GTGATGTTGAAGCTAGAACTTC  

1134-35-seq-Rev CATTCCAACTTCCATGCATTCC  

1137-seq-For CCATTATACTAAATAATGTATAACG  

1137-seq-Rev AATTTGCGAGTGAAAGTTGATC  

1718-seq-For TGGATACGGTAAGTTCCATCG  

1718-seq-Rev CAACTTCGAGAATAGTGTCTCC  

1719-seq-For TACTCTACGAGAAAGTTCTG  

1719-seq-Rev TATGCAGAAGATGATGAAGG  

RT-PCR primers  

19-18-For GTTGACCAATCCAAGTTCAATC  

19-18-Rev TCAATCCGCTACTGAAGAAG  

18-17-For GACTACTTGCGTTAGCTTTGC  

18-17-Rev CCTTTCAGAACTTTCTCGTAGAG  

17-16-For TCAATAGCCATCCTGCTTCC  

17-16-Rev GCACGATTACGTGTTATGCATC  

16-15-For CAACTGCATTTGATTCGTTAC  

16-15-Rev ACTCTTGTTGCAGCACAGTC  

15-14-For AGAACCAAATGCTGCAGAAG  

15-14-Rev GTAACGAATCAAATGCAGTTG  

qPCR primers 

B2-qPCR-For GCTGCAATAGACATGAATCAGG  

B2-qPCR-Rev GACCAGTTTACAGTTGTAGTGTTG  
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1718-qPCR-For AGTAAAATCTGACCCTAGCAACG  

1718-qPCR-Rev CTACGGTCTTCCCATAAGTTGTC  

slp-qPCR-For GGTACTGAAGCATACGAAGGAG  

slp-qPCR-Rev GCTACAACTTTACCGTCTTTTAAGAG  

Complementation primers 

1718-Nsi-For TACGATGCATGGGATCAGAAGACATGATAT NsiI 

1718-Mlu-Rev GACTACGCGTTTAATGATGATGATGATGATGATGCCAGTT
ATCGGCAGAATCGTAG 

MluI 

Expression primers 

1718-Nde-For GCTACATATGGGATCAGAAGACATGATATTTATAAATC NdeI 

1718-Xho-Rev GCATCTCGAGCCAGTTATCGGCAGAATCGTAG XhoI  

EMSA experiments 

P1-For* TTTATAGATTCTGGATGTTCAAATGC  

P1-Rev* ATCAAGGTACCAATTCCAGAAGC  

P2-Rev* GCACTTGTTTTGGCATATGGTG  

P3-For* CACCATATGCCAAAACAAGTGC  

P4-Rev* GCGTGATAATAATGATAGGATC  

P5-For* GATCCTATCATTATTATCACGC  

P6-For** TTTTAATAGTAATATTATTATGAATTAAATGGATTATATTC
GTTTTTTGCATGTGTT 

 

P6-Rev** AACACATGCAAAAAACGAATATAATCCATTTAATTCATA
ATAATATTACTATTAAAA 

 

P7-For** ATTCGTTTTTTGCATGTGTTTGTGTAGGTTAGCACTTTTTT
CGCTAAATTTACCTACA 

 

P7-Rev** TGTAGGTAAATTTAGCGAAAAAAGTGCTAACCTACACAA
ACACATGCAAAAAACGAAT 

 

P8-For** TTTCGCTAAATTTACCTACATAATCATATACATAACTACA
TACCAAACCAAATACAG 

 

P8-Rev** CTGTATTTGGTTTGGTATGTAGTTATGTATATGATTATGTA
GGTAAATTTAGCGAA 

 

* PCR was performed to amplify EMSA probes P1-P5 using these primers. The combination of primers 

used for the amplification of each probe is listed in Table 6.3. 

**The forward and reverse primers in each primer pair are reverse complementary DNA strands and then 

were annealed to double strand DNA and used as probes P6-P8 in the EMSA experiments. The 

combination of primers used for the annealing of each probe is listed in Table 6.3.  
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6.3.7. Complementation studies 

mmp1718 with a C-terminal hexahistidine tag (His-tag) was amplified by PCR using primers 

1718-Nsi-For and 1718-Mlu-Rev (Table 6.2) and subsequently cloned into the M. maripaludis shuttle 

vector pHW40 under the control of an inducible nif promoter [53], creating plasmid pKJ1217. This 

plasmid was transformed into various M. maripaludis mutants bearing either an in-frame deletion of 

mmp1718 (Δmmp1718) or spontaneous mutations within mmp1718 (ΔaglB-1, ΔaglO-1, ΔflaK-1, and 

Δagl19-1) using a PEG-based method for complementation studies [62]. Transformants were cultured in 

nitrogen-free medium supplemented with either 10 mM L-alanine (nif promoter on) or 10 mM NH4Cl (nif 

promoter off) in the presence of 2.5 µg/mL puromycin for plasmid selection [53].   

6.3.8. Reverse transcriptase (RT)-PCR analysis  

To determine if mmp1719 to mmp1714 were co-transcribed, RT-PCR was performed using a 

One-Step RT-PCR kit (Qiagen Inc.) according to the manufacturer’s protocol with primer pairs that 

amplify across the intergenic region between each pair of neighboring genes from mmp1719 to mmp1714 

(Table 6.2). Total RNA used for template was isolated from an overnight culture of Mm900 using a High 

Pure RNA Isolation Kit (Roche Inc.) with an additional DNase digestion step (TURBO DNA-free™ Kit, 

Ambion). PCR amplifications using the same primer pairs were also performed using either the purified 

RNA sample as template to rule out the possibility of genomic DNA contamination of the RNA template, 

or Mm900 genomic DNA as template to confirm the amplicon size and primer specificity. 

6.3.9. qPCR analysis of flaB2 transcription  

Total RNA was isolated from overnight cell cultures of Mm900, the Δmmp1718, ΔaglB-1 and 

Δagl19-1 mutants, as described above. One hundred micrograms of purified RNA from each strain were 

converted into a cDNA library using an iScript cDNA synthesis kit (Bio-Rad Laboratories, Inc.) 

following the manufacturer’s instructions. Primers (Table 6.2) were designed to amplify specific gene 

fragments from flaB2 (amplicon size 137 bp), mmp1718 (amplicon size 155 bp) and slp (mmp0383, 

encoding the major S layer protein [49], amplicon size 149 bp). A 25-fold dilution of the cDNA library 

was used for amplifying flaB2 and mmp1718, while a 125-fold dilution was used for slp. The abundance 
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of the target genes flaB2 and mmp1718, and the reference gene slp, was analysed in a 20 µL qPCR 

reaction containing 10 nmol of each gene specific primer, 5 µL cDNA library dilution and 1X SsoFast™ 

EvaGreen® supermix (Bio-Rad Laboratories, Inc.) according to the manufacturer’s protocol.  

6.3.10. Overexpression and purification of MMP1718 

mmp1718 was amplified by PCR using primers 1718-Nde-For and 1718-Xho-Rev (Table 6.2) and 

cloned into pET-23a creating a gene fusion with a C-terminal His-tag (pKJ1225). This plasmid was 

transformed into E. coli BL21 (DE3) cells for overexpression of MMP1718. Purification of the His-

tagged protein was accomplished via Ni2+-affinity chromatography of the soluble fraction using the 

manufacturer’s protocol (Ni-NTA agarose: Qiagen Inc). The purity of the final eluted protein was 

analysed by SDS-PAGE and protein concentration was measured using the bicinchoninic acid assay 

(BCA) method [63] with BCA Protein Assay Reagent (Pierce, Rockford, IL). Aliquots containing 150 ng 

protein/µL were stored at -20oC in the presence of 20% (v/v) glycerol until use.  

6.3.11. Electrophoretic mobility shift assay (EMSA) 

Specific binding of MMP1718 to the fla promoter region was measured using an EMSA kit with 

SYBR® Green and SYPRO® Ruby stains (Life Technologies) as per the manufacturer’s protocol. In each 

reaction, 0.4 pmol DNA probe and 48 pmol purified MMP1718 were added into the reaction mixture in 

the presence of 1X binding buffer. After incubation at room temperature for 30 min, 1X loading buffer 

was added into the reaction and then 10 µL of the mixture were loaded onto a 6%, 12% or 18% non-

denaturing polyacrylamide gel, depending on the probe size. Following electrophoresis at 120 V in 0.25X 

TBE buffering system at 4oC, the gel was stained with SYBR® Green. Where indicated, 5 times amount 

(weight) of competitive DNA (sonicated salmon sperm DNA) was added into the binding reaction to 

confirm the specific binding of MMP1718 and the probe. A total of 8 probes were used in the EMSA 

experiments, as listed in Table 6.3. Probes P1-P5 were PCR amplified using primers listed in Tables 6.2 

and 6.3, and subsequently purified following agarose gel electrophoresis (0.8% w/v agarose) using  
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Table 6.3 EMSA probes used in this study. 

Name Span* Size Primers used for amplification or annealing 

P1 -348 to 162 510 bp P1-For and P1-Rev 

P2 -348 to -38 311 bp P1-For and P2-Rev 

P3 -59 to 162 221 bp P3-For and P1-Rev 

P4 -348 to -192 157 bp P1-For and P4-Rev 

P5 -213 to -38 176 bp P5-For and P2-Rev 

P6 -191 to -135 57 bp P6-For and P6-Rev 

P7 -154 to -97 58 bp P7-For and P7-Rev 

P8 -116 to -60 57 bp P8-For and P8-Rev 

*Relative to transcription start site (TSS) of the fla operon.  
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PureLink® Quick Gel Extraction Kit (Life Technologies). Probes P6-P8 were chemically synthesized as 

complementary primer pairs (Tables 6.2 and 6.3) and then annealed to double strand DNA.  

6.3.12. Electron microscopy 

Cells were collected from an overnight culture by a brief centrifugation, resuspended in 2% (w/v) 

NaCl and placed on 200-mesh carbon-coated copper grids. Cells were allowed to adhere for 1 min, briefly 

washed with 2% (w/v) NaCl and stained with 2% (w/v) phosphotungstic acid, pH 7.0. Samples were 

viewed using a Phillips CM-10 transmission electron microscope operating at 80 kV equipped with a 

SIS/Olympus Morada 11-megapixel charge-coupled device (CCD) camera under standard operating 

conditions.  

6.4 Results  

6.4.1.    Expression of FlaB2 had stopped in non-archaellated mutants 

Many gene deletions that lead to non-archaellation of M. maripaludis have been reported, 

including ones in the genes of the fla operon and flaK but also ones affecting glycosylation of the 

archaellins, such as ΔaglO, ΔaglB or Δagl19 [35]. FlaK is the pre-archaellin peptidase that is responsible 

for cleaving the signal peptide from the archaellins, an essential step for archaella assembly [22]. A 

deletion in any agl gene (involved in N-glycosylation modification of the archaellins) that results in non-

glycosylated archaellins (aglB, encoding the OST) or in a glycan truncated from the wild type 

tetrasaccharide length to a monosaccharide (e.g., aglO, encoding the GT for the second sugar, or agl19 

whose product is involved in the biosynthesis of the second sugar) also results in cells unable to assemble 

archaella. In such mutants, archaellin FlaB2, detected initially after isolation of the mutant, was not 

detected by western blotting experiments after subsequent transfers. As shown in Figure 6.2, the amount 

of FlaB2 detected in a mutant carrying a deletion in aglB was similar to that detected in wild type cells, 

although the apparent molecular weight of FlaB2 was smaller than wild type FlaB2 since the en bloc 

transfer of N-glycan onto FlaB2 was interrupted [35]. However, after several subcultures in Balch 

medium III, it was not possible to detect FlaB2 from this mutant by western blotting (Figure 6.2). To  
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Figure 6.2 Western blot analysis showing the cessation of FlaB2 expression in ΔaglB-1 mutant. After 
the initial isolation of the ΔaglB mutant, FlaB2 was detected in western blots with a smaller apparent 
molecular weight compared to that from wild type (WT) cells due to the block of N-glycan transfer onto 
FlaB2 by deleting the OST gene aglB. After several rounds of sub-culturing, the expression of FlaB2 was 
not detected, and this version of the original ΔaglB mutant is designated as ΔaglB-1. 
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distinguish the same strain producing, and subsequently not producing FlaB2, the mutant derived from 

the original ΔaglB strain, in which FlaB2 was no longer detected in western blots was designated as strain 

ΔaglB-1. Similar observations were made in the case of the ΔaglO, Δagl19 and ΔflaK mutants, as 

subcultures derived from these mutants also eventually stopped expressing FlaB2 (data not shown), and 

these non flaB2-expressing derivatives are designated as ΔaglO-1, Δagl19-1 and ΔflaK-1, respectively. To 

explain this observation, it was postulated that a secondary mutation(s) occurred during subsequent 

transfers of the initial isolates that resulted in cessation of transcription of the fla operon [35], presumably 

resulting in energetic savings under conditions where archaella cannot be assembled. These mutations did 

not occur in the 500 bp immediately upstream of the fla promoter region [64] but may be in gene(s) 

encoding activator(s) for the fla operon. 

6.4.2.   Comparative analysis of ΔaglB and ΔaglB-1 genomes  

Using the sequenced genome of M. maripaludis S2 from NCBI (GenBank accession number 

NC_005791) [55] as the reference genome, differences between the ΔaglB and ΔaglB-1 genomes were 

identified using the samtools program and parsed using the pileup2fasta program. Two mutations within 

in the ΔaglB-1 mutant were identified which were not present in the ΔaglB mutant. The first was a 118 bp 

deletion located between bp 1124602-1124720, within the mmp1134 gene. The second was a single 

nucleotide (T) deletion. This deletion was located at bp 1654605, within the mmp1718 gene (an A 

deletion at 69 bp from the start codon of mmp1718 located on the negative strand). 

6.4.3.    In-frame deletion of transcriptional activator gene candidates  

The two genes harbouring spontaneous mutations, mmp1134 and mmp1718, were considered as 

candidates of the transcriptional activator of the fla operon. MMP1134 is annotated as a lactamase or 

flavoprotein but also in BLAST searches has high sequence similarity to putative PAS/PAC sensor 

proteins. Proteins containing PAS/PAC domains are widely distributed in the three domains of life. In 

prokaryotes, these proteins typically act as the sensor in two-component regulatory systems. PAS 

domains have been found to sense a variety of stimuli, including oxygen, ligands, light and redox 
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potential [65] and a role in redox sensing has been attributed to the PAS domain of the transcriptional 

regulator Bat in Halobacterium sp. NRC-1 [66]. MMP1718, annotated as a conserved hypothetical 

archaeal protein, contains putative DNA-binding sites and belongs to the helix-turn-helix (HTH) 

xenobiotic response element (XRE) family of transcriptional regulators. A number of homologues of 

MMP1718, annotated as transcriptional regulators, were also found by BLAST.  

In addition to mmp1134 and mmp1718, two other genes, mmp1137 and mmp1719, were also 

selected for in-frame deletion. MMP1137 is annotated as an Lrp-like transcriptional regulatory protein 

belonging to the AsnC family and such Lrp-like proteins are known to be involved in the regulation of fla 

genes in S. acidocaldarius [67]. Although no deletion or mutation was found in mmp1137 per se, its 

genomic location is in the immediate vicinity of the large deletion in mmp1134 in ΔaglB-1, which led us 

to consider the possibility that its production may have been affected. mmp1719 encodes a conserved 

hypothetical protein and is located upstream of mmp1718 in the same orientation on the negative strand, 

although a 155 bp intergenic region is found between these two genes. This gene was of interest since it 

has been reported that mmp1719, though not mmp1718, was co-regulated with the fla operon 

(http://baliga.systemsbiology.net/cmonkey/enigma/mmp/cmonkey_4.8.8_mmp_1661x58_11_Oct_11_16:

14:07/).  

Analysis of mmp1134 showed that it had 99% similarity with its neighboring gene mmp1135, 

thus complicating any attempt at deletion of only mmp1134 using homologous recombination 

methodology [51]. In addition, the 94% identity between these two proteins might also lead to functional 

compensation of MMP1134 by MMP1135 in the Δmmp1134 mutant. Thus, instead of deleting mmp1134 

alone, a region that spans mmp1134 and mmp1135 was chosen for the in-frame deletion, leaving a small 

piece at the 5’ end of mmp1134 and the 3’ end of mmp1135 that is still in-frame. Mutants carrying 

deletions in each of mmp1134-35, mmp1137, mmp1718 and mmp1719 were obtained as determined by 

PCR screening of transformant colonies following the mutagenesis protocol (Figure 6.3). PCR products  
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Figure 6.3 PCR confirmation of the in-frame deletion of mmp1134-35, mmp1137, mmp1718 and 
mmp1719. Sequencing primer pairs amplifying across the in-frame deletion region of mmp1134-35, 
mmp1137, mmp1718 and mmp1719 were used for PCR amplification using either wild type cells (WT) or 
the corresponding in-frame deletion mutants. Products obtained from each deletion mutant were smaller 
than those obtained from wild type cells using the same primer pair due to the deletion of the 
corresponding targeted gene.  
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obtained from each mutant using primer pairs that could amplify across the corresponding in-frame 

deletion region were smaller than those obtained from Mm900 cells using the same primer pairs, 

indicating the successful deletion of corresponding genes. PCR products from each mutant were of the 

size predicted for each gene deletion and subsequent sequencing of the PCR products confirmed that the 

deletion created was in-frame.  

6.4.4.   Western blot analysis of archaellin FlaB2 in Δmmp1134-35, Δmmp1137, Δmmp1718  

and Δmmp1719 mutants 

If one of the deletions created above was in a gene encoding a transcriptional activator necessary 

for the fla operon, then the expression of FlaB2 should be prevented in the corresponding deletion mutant. 

Accordingly, the amount of FlaB2 was first detected in whole cell lysates from each in-frame deletion 

mutant by western blotting and compared to wild type cells (Figure 6.4A). No difference was observed in 

the abundance of FlaB2 in Δmmp1134-35, Δmmp1137 or Δmmp1719 mutants compared to the wild type 

cells. However, no FlaB2 was detectable in the Δmmp1718 mutant, consistent with mmp1718 encoding a 

transcriptional activator of the fla operon. 

6.4.5.   Transcription of flaB2 was dramatically reduced in the Δmmp1718 mutant  

To determine if the transcription of flaB2 in the Δmmp1718 mutant was also decreased, qPCR 

was performed with primers specifically amplifying flaB2, mmp1718 as well as slp (mmp0383) as the 

reference gene [49] using purified RNA isolated from a Δmmp1718 mutant and wild type cells as 

templates. As shown in Figure 6.4B, the transcription of mmp1718 was not detected in the Δmmp1718 

mutant, as expected. Most interestingly, however, the transcript of flaB2 from Δmmp1718 was almost 

non-detectable compared with that of Mm900 cells (over 200 fold less relative to wild type). These results 

further support the contention that MMP1718 is a transcriptional activator of the fla operon. 
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Figure 6.4 Evidence from western blotting and qPCR experiments suggests that MMP1718 is the 
transcriptional activator of the fla operon. A. Western blot analysis of the expression of FlaB2 from 
Δmmp1134-35, Δmmp1137, Δmmp1718 and Δmmp1719. The expression of FlaB2 was not changed in 
Δmmp1134-35, Δmmp1137 and Δmmp1719 deletion mutants compared to that from wild type cells (WT), 
but was not detected in the Δmmp1718 mutant. B. qPCR analysis of flaB2 transcription level in 
Δmmp1718, ΔaglB-1 and Δagl19-1 mutants. The transcription level of flaB2 in each strain was 
normalized to the reference gene slp, and reported relative to the Mm900 wild type cells (WT). The error 
bars are standard errors of the means from three independent determinations, each performed in triplicate.  
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6.4.6.  ΔaglO-1, Δagl19-1 and ΔflaK-1 mutants harboured the same mutation within 

mmp1718 as found in the ΔaglB-1mutant 

If MMP1718 is a transcriptional activator of the fla operon, then it is possible that spontaneous 

mutations have also occurred in mmp1718 in the ΔaglO-1, Δagl19-1 and ΔflaK-1 mutants as in the ΔaglB-

1 mutant, thus explaining the cessation of FlaB2 expression in these mutants. To investigate this 

possibility, mmp1718 from ΔaglO-1, Δagl19-1 and ΔflaK-1 was PCR amplified and sequencing of the 

PCR products revealed that all three strains carried the same mutation in mmp1718 that was found in the 

ΔaglB-1strain, i.e., all harboured an A deletion at 69 bp from the start codon of mmp1718 that led to a 

reading frame shift.  

6.4.7.   Transcription of flaB2 was dramatically reduced in ΔaglB-1 and Δagl19-1 mutants  

The abundance of the flaB2 and mmp1718 transcripts in the ΔaglB-1 and Δagl19-1 mutants were 

also measured using qPCR. As seen with the Δmmp1718 mutant, the transcript level of flaB2 in these two 

mutants was negligible compared with that from wild type cells (~100-fold less than wild type for 

Δagl19-1 mutant and over 200-fold less than wild type for ΔaglB-1 cells) (Figure 6.4B).  

6.4.8.    Complementation of the Δmmp1718, ΔaglO-1, ΔaglB-1, Δagl19-1 and ΔflaK-1 mutants 

restored FlaB2 expression 

To determine if deletion of mmp1718 or the single base deletion in mmp1718 was the sole 

contributor to the loss of FlaB2 production in Δmmp1718, ΔaglO-1, ΔaglB-1, Δagl19-1 and ΔflaK-1 

mutants, complementation studies were carried out. In keeping with the use of a C-terminal His-tagged 

version of MMP1718 in subsequent EMSA experiments, His-tagged mmp1718  was cloned into the 

shuttle vector pHW40 under the control of the nif promoter for use as the complementation vector.. 

Transformants receiving this plasmid were cultured in nitrogen-free medium supplemented with 10 mM 

of either L-alanine (nif promoter on) or NH4Cl (nif promoter off) in the presence of 2.5 µg/mL puromycin 

for plasmid selection. The amount of FlaB2 in these complemented cells was analyzed by western blot, as 

shown in Figure 6.5. In each case, expression of FlaB2 was restored under alanine growth conditions. 

FlaB2 from the Δmmp1718 complementation under alanine growth conditions migrated the same as  
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Figure 6.5 Western blot analysis of the expression of FlaB2 from Δmmp1718, ΔflaK-1, ΔaglO-1, 
Δagl19-1 and ΔaglB-1 mutants each carrying a vector expressing mmp1718 under the control of the 
nif promoter. The expression of FlaB2 was restored in the complemented cells cultured in alanine 
conditions (nif promoter on), but remained non-detectable in NH4Cl conditions (nif promoter off), as in 
the corresponding mutant alone.  
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FlaB2from wild type cells. Similar results were obtained when complementing Δmmp1718 with the same 

shuttle vector pHW40 carrying a wildtype mmp1718 (data not shown), indicating that the C-terminal His-

tag did not interfere the function of MMP1718.  Note that the apparent molecular weight of FlaB2 varied 

in each of the ΔflaK-1, ΔaglO-1, Δagl19-1 and ΔaglB-1 complemented strains. The apparent molecular 

weight of FlaB2 was larger than wild type in the ΔflaK-1 complemented cells, as the signal peptide 

removal from archaellins was prevented due to the deletion of the signal peptidase gene flaK [21, 68]. The 

apparent molecular weight of FlaB2 from ΔaglB-1 complemented cells had the smallest apparent 

molecular weight as non-glycosylated FlaB2 was present in this mutant, while FlaB2 from ΔaglO-1 and 

Δagl19-1 complementations ran as a slightly larger molecular weight protein than that from the ΔaglB-1 

mutant, as in both of these mutants a monosaccharide N-glycan is now attached onto FlaB2 [35, 36]. In 

NH4Cl growth conditions, no FlaB2 production was detected in lysates of any of the complemented 

mutant cells.  

6.4.9.   In-frame deletion of mmp1718 interfered with archaellation  

Since the Δmmp1718 cells produced no flaB2 transcript or FlaB2 protein, the cells were expected 

to be non-archaellated [20], a result confirmed by electron microscopy, and in sharp contrast to wild type 

cells which possess abundant archaella on the cell surface (Figure 6.6A). When the Δmmp1718 mutant 

was complemented with mmp1718 in trans, archaellation was restored when complemented cells were 

cultured under alanine growth conditions (Figure 6.6B). Under NH4Cl growth conditions, cells remained 

non-archaellated (data not shown). These results are fully consistent with the western blotting results of 

Figure 6.5. 

6.4.10. mmp1718 is co-transcribed within gene cluster mmp1714-1719 

According to the M. maripaludis S2 genome sequence in GenBank, mmp1718 is encoded on the 

negative strand in the same direction as mmp1714-1719, with short intergenic regions between 

neighboring genes from mmp1714-1718 (14 bp between mmp1714 and mmp1715, 10 bp between 

mmp1715 and mmp1716 (hmdII), 53 bp between hmdII and mmp1717, 4 bp between mmp1717 and  
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Figure 6.6 Electron microscopy images showing that complementation restores archaellation in the 
Δmmp1718 mutant. No archaella were observed on the cell surface of the Δmmp1718 mutant, while both 
wild type cells and the Δmmp1718 mutant carrying the complementation vector cultured under alanine 
condition were archaellated.  
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Figure 6.7 mmp1714 to mmp1719 form an operon. A. A scheme showing the gene region from 
mmp1713-1720. Black lines underneath the genes represent the predicted amplicons obtained from RT-
PCR. B. RT-PCR confirmation of the co-transcription from mmp1714 to mmp1719. Standard PCRs using 
Mm900 genomic DNA (DNA lanes) and the respective RT primers which amplify the intergenic regions 
were performed for amplicon size confirmation and specificity. RT-PCR (RT lanes) was run using total 
RNA extracted from Mm900 cells subjected first to reverse transcription with the same RT primers. The 
RT lanes which have bands at the same size as the DNA lanes indicate the co-transcription of the 
according genes. Standard PCRs were also performed using total RNA that did not undergo reverse 
transcription as template (RNA lanes) to rule out possible DNA contamination of the RNA sample. 
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mmp1718), and a larger gap of 155 bp between mmp1718 and mmp1719. Both mmp1713 and mmp1720 

are encoded on the positive strand, in the opposite orientation to mmp1714-1719. To determine if 

mmp1714-1719 were co-transcribed, RT-PCR was performed using primers which amplified across the 

intergenic region between each pair of neighboring genes (Figure 6.7A). As shown in Figure 6.7B, using 

purified RNA from Mm900 as template and subjected to a reverse transcriptase step, amplicons of the 

predicted sizes were obtained from all of the reactions (RT lanes), i.e. RT-PCR using primers which could 

amplify the intergenic region between mmp1714 and mmp1715 (298 bp), mmp1715 and hmdII (479 bp), 

hmdII and mmp1717 (458 bp), mmp1717 and mmp1718 (336 bp), mmp1718 and mmp1719 (495 bp). In 

contrast, no amplicon was obtained in PCRs using the same corresponding primer pair and purified 

Mm900 RNA as template but omitting the reverse transcriptase step (RNA lanes), indicating that the 

RNA isolation was not contaminated with genomic DNA. Amplicons obtained from PCRs using Mm900 

genomic DNA as template (DNA lanes) were the same size as the amplicons obtained from 

corresponding RT lanes using the same primer pairs, demonstrating that these primer pairs were specific.  

6.4.11. MMP1718 binds upstream of the fla promoter at multiple sites 

To examine if MMP1718 is directly involved in the regulation of the fla operon, EMSAs were 

performed using purified MMP1718 and various DNA probes that spanned both upstream and 

downstream of the fla promoter. Figure 6.8A shows the DNA sequence of the fla promoter region and the 

location where the probes used in EMSA experiments start and end are marked. Table 6.3 summarizes the 

location and size of the 8 probes used in this study. The identity of the transcription start site (TSS, 

marked as 1 in Figure 6.8A and Table 6.3) of the fla promoter was kindly provided by Dr. John A. Leigh 

(Washington State University) based on transcriptome analysis (personal communication). MMP1718, 

whose amino acid sequence is shown in Figure 6.8B, carrying a C-terminal His-tag was heterologously 

overexpressed in E. coli BL21 (DE3) and purified via Ni2+-affinity chromatography (Figure 6.8C). 
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Figure 6.8 MMP1718 binds to DNA fragments from the fla operon. A. DNA sequence of fla promoter 
region (-348 bp upstream of the TSS to 162 bp downstream of the TSS). The TSS is labeled as 1, while 
the translation start codon of flaB1 is located at nt 103. DNA sequence between the TSS to the start codon 
of flaB1 is bold; DNA sequence after the translation start codon of flaB1 is bold capitalized; the putative 
TATA box and BRE are boxed; three 10-bp reverse repeat consensus sequences are highlighted in grey.). 
B. Amino acid sequence of MMP1718. C. SDS-PAGE analysis of the purification of His-tagged 
MMP1718 overexpressed in E. coli BL21 (DE3) using a Ni2+-affinity column. Lane 1, Non-induced E. 
coli BL21(DE3) whole cell lysate; Lanes 2 and 3, pellet and supernatant respectively, from induced E. 
coli BL21(DE3); Lane 4, flowthrough of lane 3 supernatant loaded onto the Ni2+-affinity column; Lane 5, 
wash; Lanes 6, 7 and 8, column eluted with increasing gradient of imidazole from 200 mM to 400 mM. D. 
Titration of the P1 probe with a gradient of MMP1718 with or without of non-specific competitor DNA 
as indicated. E. EMSA results using P2-P8 as probes, respectively, for detection of the binding of 
MMP1718. In each lane, 0.4 pmol DNA probe with or without the presence of 48 pmol purified 
MMP1718 as indicated in the figure. F. A DNA sequence logo based on the three consensus sequences 
found upstream of the fla promoter [78]. 
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Initially, EMSAs were performed with probe P1 (obtained by PCR) that spanned the fla promoter 

region from -348 to 162 and a range of MMP1718 concentrations (Figure 6.8D). Multiple protein-DNA 

complexes began to appear when 200 ng (16 pmol) of protein was incubated with 0.4 pmol probe P1. 

Meanwhile, the free probe band became fainter with increased protein concentration and was not detected 

of 600 ng. These results indicate that MMP1718 could bind to the fla promoter region. Furthermore, when 

excess non-specific DNA competitor (salmon sperm DNA) was added into the assay, the slowest 

migrating shifted band was still detected on the gel, indicating that the binding of MMP1718 to the fla 

promoter is specific (Figure 6.8D).  

To narrow down the MMP1718 binding site, the P1 probe was divided into four pieces: P2 (-348 

to -38) and its two sub-fragments P4 (-348 to -192) and P5 (-213 to -38) all of which are located upstream 

of the TSS, and P3 (-59 to 162) that is mainly located downstream of the TSS. As shown in Figure 6.8E, 

EMSA experiments demonstrated a shift using P2 and P5 as the probe, but not with P3 or P4, indicating 

that the binding site of MMP1718 upstream of the fla promoter lies within the region delineated by the P5 

probe.   

Three smaller probes located within the P5 sequence, P6 (-191 to -135), P7 (-154 to -97) and P8 

(-116 to -60), were used in subsequent EMSA experiments (Figure 6.8E). A MMP1718-dependent probe 

shift was observed using both P7 and P8 as probes, but not with P6. One shifted band was shown using 

P7 as probe, while two shifted bands were shown using P8 as probe, suggesting the possibility of three 

binding sites for MMP1718 in the fla promoter region. Analysis of the sequence covered by the P7 and P8 

probes revealed the presence of three copies of a 10 bp repeat highlighted in Figure 6.8A, the first two 

form an inverted repeat separated by 22 bp while the third copy is a direct repeat of the second and 

located 10 bp downstream of the second copy. A sequence logo was generated based on these three 

repeats, as shown in Figure 6.8F.  
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6.5 Discussion  

Swimming is an important mechanism to allow microorganisms to cope with changes in their 

environment. In the third domain Archaea, archaella are the organelles responsible for this activity [2]. In 

M. maripaludis, genes involved in archaella assembly are mainly located in the fla operon under the 

control of the fla promoter (Figure 6.1) [14, 19, 20]. In this contribution, we have identified and 

characterized the first euryarchaeotic transcriptional activator of archaella assembly, MMP1718, from M. 

maripaludis.  

Under our routine culture conditions, wild type M. maripaludis cells were well-archaellated 

(Figure 6.6). In the Δmmp1718 mutant, however, no archaella were observed. Consistent with the electron 

microscopic observations, FlaB2 was not detected in lysates of the Δmmp1718 mutant by western blot and 

the transcription of the archaellin gene flaB2 was reduced to a negligible level as measured in qPCR 

experiments. Complementation of the Δmmp1718 mutant with mmp1718 provided in trans restored these 

phenotypes, indicating that the deletion of this gene is the sole contributor to all the observed defects. 

MMP1718 is 110 amino acids in length and annotated as a member of the HTH-XRE family of 

transcriptional regulators. HTH is the most abundant DNA-binding structure in archaeal transcriptional 

regulators [69]. Furthermore, no signal peptide was found using MMP1718 as a query in several signal 

peptide prediction servers including TargetP 1.1[70] or PSortb [71], indicating that this protein is likely 

located in the cytoplasm.  

Analysis of the DNA sequence of the P7 and P8 probes, the two smallest probes shifted in EMSA 

experiments, revealed the presence of three 10-bp consensus sequences, including a forward repeat 

TTGTGTAGGT located between -135 and -126, and two repeats which are reverse complement to the 

forward repeat. The first one is ACCTACATAA located between -103 and -94 and the other one is 

AACTACATAC located between -84 and -75 (Figure 6.8A). Interestingly, in the EMSA experiments, 

one shifted band was seen with probe P7, and two shifted bands were seen with probe P8, consistent with 

the findings that the forward repeat is located within P7, while the two reverse repeats are located within 
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P8. These results suggest that these three consensus sequences might be the MMP1718 binding sites 

upstream of the fla promoter. The three 10-bp consensus sequences are highly conserved, although one of 

two nucleotides can be found at position 2, 8 and 10 (Figure 6.8F). Upstream of the Mcc. jannaschii fla 

operon, a pair of 10 bp direct repeats were also noted, separated by three nucleotides 

(GTGTGGGGGAattGTGGGGGA) [19]. These were suggested to possibly be a regulatory component 

but this hypothesis has not been further investigated. Clearly there is no conservation in the sequence of 

the repeats of the two methanogens.  

A basal archaeal promoter is composed of a purine-rich BRE followed by a TATA box centered 

at a distance of 26/27 bp upstream of the TSS [72]. As shown in Figure 6.8A, putative TATA box and 

BRE are found in the fla promoter region, and the three putative binding sites of MMP1718 are located 

upstream of the BRE, in agreement with the observation that archaeal activators usually bind upstream of 

the BRE and help the recruitment of TATA-box-binding protein and transcription factor B [73, 74].  

Interestingly, the same spontaneous mutation in mmp1718 initially found in the genome sequence 

analysis of the ΔaglB-1 mutant was also found in the three other mutants ΔaglO-1, Δagl19-1 and ΔflaK-1, 

all of which no longer made FlaB2. In the genomes of these mutants, the mutation occurs in a 

mononucleotide simple sequence repeat (SSR) region where one A was missing in an octameric repeat of 

As stretching from 69 bp to 76 bp from the start codon of mmp1718. Mutations in a mononucleotide SSR 

are usually caused by slipped-strand mispairing during DNA-polymerase-mediated DNA duplication or 

inadequate DNA mismatch repair pathways [75, 76]. It has been reported that M. maripaludis has the 

highest density of mononucleotide SSRs among 19 archaeal genomes [76]. Thus, the identification of the 

same spontaneous mutation in the mmp1718 gene in ΔaglB-1, ΔaglO-1, Δagl19-1 and ΔflaK-1 strains 

could be explained by this second mutation possibly happening during DNA duplication or repair in this 

mononucleotide SSR region. 
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While MMP1718 of M. maripaludis is the first euryarchaeotic regulator identified to be involved 

in archaella regulation, previously several archaella regulators have been identified in the crenarchaeon S. 

acidocaldarius, including members from the archaella regulation network ArnABCD, ArnR and ArnR1, 

as well as two global regulators AbfR1 and PP2A [2, 39-42]. There is no sequence homology between 

MMP1718 and any of the archaella regulators discovered in S. acidocaldarius [58].  

Repressors ArnA and ArnB could be phosphorylated by ArnC and ArnD [39], suggesting that 

these four proteins might be involved in a hierarchical regulation network. In contrast, as the purified 

MMP1718 used for EMSA experiments was heterologously expressed in E. coli, it seems that the specific 

binding of MMP1718 upstream of the fla operon does not rely on any special modification within its 

original archaea host, although we cannot eliminate the possibility that MMP1718 is fortuitously 

modified by the bacterial host.  

Both ArnR and ArnR1, membrane-bound activators of archaella assembly from S. acidocaldarius, 

are 269 amino acids in length and contain a putative sensory domain at the C-terminus, an HTH DNA 

binding domain at the N-terminus which share 87% sequence identity, and a signal-transducing HAMP 

domain linking the two [40]. The presence of both input and output domains in one protein suggested that 

the two activators are paralogous one-component systems. In MMP1718, a much smaller protein at 110 

amino acids compared to ArnR and ArnR1 and predicted to be cytoplasmic, only an HTH DNA binding 

domain has been found, indicating it is unlikely to be  a one-component system.  

The identification of the involvement of two global regulators in the archaella regulation from S. 

acidocaldarius, the Lrs14 regulator family member AbfR1 and the phosphatase PP2A [41, 42], indicates 

that a complicated regulatory network might be present in this archaeon that affects archaella, pili and 

capsule production. In contrast to Euryarchaeota which have a complete set of bacterial like chemotaxis 

genes, no chemotaxis genes have been identified in crenarchaeotes. Thus, it is likely that crenarchaeotes, 

like Sulfolobus species, may have additional regulatory layers to connect environmental signals and 
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archaella that are not present in euryarchaeotes. There is a clear interplay in the regulation of Aap pili and 

archaella in S. acidocaldarius, presumably to allow the cells to quickly switch between a biofilm state 

(adhesion) and a planktonic state (swimming) [38, 39, 42, 45]. This is not surprising, since in S. 

acidocaldarius, Aap pili play important roles in adhesion while archaella are involved in swimming [45]. 

However, this is not the case in M. maripaludis, where both archaella and Epd pili are required for surface 

adhesion [77]. Thus, it is less likely that regulation of the two organelles follows such an inverse 

relationship in M. maripaludis and, in contrast to S. acidocaldarius [45], deletions in genes that lead to 

non-archaellation do not result in increased piliation or vice versa (Jarrell et al, unpublished data).  

The data presented in this contribution identify MMP1718 as the first transcriptional activator for 

the fla operon in any member of the Euryarchaeota. In keeping with the nomenclature scheme for proteins 

involved in the archaellum regulation network currently used [2, 39, 40], we designate MMP1718 as 

ArnE. 
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General Discussion and Future Perspectives 
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The euryarchaeon M. maripaludis is considered a model organism in the third domain of life – 

Archaea and has been used extensively to study the N-glycosylation pathway, in particular how this 

affects archaella formation [1-3]. In this thesis, using well-defined genetic methodologies in combination 

with other techniques, I mainly focused on making novel contributions to two fields: the N-glycosylation 

pathway and archaella regulation in M. maripaludis.  

7.1. New findings on archaeal N-glycosylation pathway 

7.1.1. Refining the working model of the N-glycosylation pathway in M. maripaludis 

In Chapters 3 and 4, three genes aglU, aglV and aglW, located in two operons neighbouring the 

N-glycosylation gene cluster 1 (Section 2.4.3, Figure 7.1A), were shown to be involved in the threonine 

modification of the third sugar and the biosynthesis of the fourth sugar residue of the archaellin N-glycan 

in M. maripaludis.  

aglU, aglV and aglW. aglU (mmp1084), the threonine transferase, is responsible for the transfer 

of the threonine on the third sugar residue in the archaellin N-glycan after the tetrasaccharide N-glycan 

precursor is synthesized (Chapter 3, [4]). In-frame deletion of this gene resulted in a truncated archaellin 

N-glycan missing the threonine linked to the third sugar residue. An amino acid modification on a glycan 

is not commonly observed and there are very few examples in the literature that identify the enzyme that 

catalyzes this transfer, making AglU an interesting enzyme. Gene products encoded by the other two 

genes, aglV (mmp1085) and aglW (mmp1090), are involved in the biosynthesis of the terminal sugar (5S)-

2-acetamido-2,4-dideoxy-5-O-methyl-α-L-erythro-hexos-5-ulo-1,5-pyranose, a unique sugar found so far 

only in this species [5]. Based on the annotation of AglV as a methyltransferase and the truncated N-

glycan in the ΔaglV mutant that is missing the methyl group on the C5 position in the terminal sugar, we 

conclude that AglV is the methyltransferase involved in the C5 methylation of the unique terminal sugar. 

The in-frame deletion of aglW resulted in a truncated N-glycan missing the terminal sugar and the 

threonine attached to the third sugar residue. With bioinformatics analyses clearly indicating that  
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Figure 7.1 Genes and pathway of the N-glycosylation system in M. maripaludis. A. Three genetic loci 
encode enzymes involved in the N-glycosylation pathway. The new genes identified in this thesis, aglU, 
aglV and aglW, are indicated. B. The new working model of the N-glycosylation pathway, with the 
proteins encoded by the new genes incorporated and shown in red type. 
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MMP1090is a UDP-glucose 4-epimerase, we postulated that an early step in the biosynthesis of this 

unique, terminal sugar in the archaellin N-glycan involves the conversion of UDP-glucose to UDP-

galactose or UDP-GlcNAc to UDP-GalNAc catalyzed by AglW.  

New working model of N-glycosylation pathway in M. maripaludis. A new working 

model incorporating the functions of the newly identified gene products is shown in Figure 7.1B. In this 

updated model, in the cytoplasm, an unidentified GT transfers GalNAc using nucleotide activated-

GalNAc as sugar donor onto a C-55 Dol-P lipid carrier [6] to initiate the N-glycan precursor biosynthesis 

pathway. The nucleotide-activated second sugar is likely to be generated from Fru-6-P via the activities of 

MMP1680, MMP1077 and MMP1076 to form UDP-GlcNAc [7]. After the actions of Agl20, Agl19, 

Agl18 and Agl17, the second sugar donor UDP-GlcNAc3NAcA is finally generated from UDP-GlcNAc, 

and then transferred onto the Dol-P-bound GalNAc by AglO [8, 9]. Using UDP-GlcNAc3NAcA as 

substrate, Agl21 generates UDP-ManNAc3NAcA via C2 epimerization [8]. AglXYZ further add the 

acetamidino group to form UDP-ManNAc3NAmA, which is used as the third sugar donor to form Dol-P 

bound trisaccharide via the action of AglA [9, 10]. A precursor of the terminal sugar is generated via a 

currently unknown set of reactions, one of which involves the activity of AglW utilizing UDP-glucose or 

UDP-GlcNAc as substrate. At some point in the pathway, AglV transfers a methyl group onto the C5 

position in the nucleotide sugar. After the nucleotide sugar is fully synthesized, AglL, the last GT, 

transfers the terminal sugar onto the Dol-P-bound trisaccharide to generate a Dol-P-bound tetrasaccharide 

[9]. This GT clearly does not require the presence of the methyl group for transfer. In the last step of the 

N-glycan precursor biosynthesis, AglU transfers the threonine onto the third sugar residue in the Dol-P-

bound tetrasaccharide to generate the final version of the N-glycan. This fully synthesized Dol-P-bound 

N-glycan precursor is flipped across the cytoplasmic membrane via an, as yet unidentified, flippase and is 

now facing the exterior of the cytoplasmic membrane. Finally, the OST AglB transfers the N-glycan from 

the lipid linked precursor onto the newly synthesized archaellins [9].  
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7.1.2. Comparison of the N-glycosylation pathways in three archaeal model organisms 

In addition to M. maripaludis, N-glycosylation pathways have been well-studied in two other 

model Archaea, Hfx. volcanii and S. acidocaldarius [2, 11-14].  

Hfx. volcanii. In Hfx. volcanii, both S-layer protein and archaellins are modified with a 

pentasaccharide comprising a hexose, two hexuronic acids, a methyl ester of hexuronic acid and a 

mannose with the structure of Man-MetHexA-HexA-HexA-Hex (in which MetHexA is a methyl ester of 

hexuronic acid) [15-18]. The N-glycosylation pathway in Hfx. volcanii begins with the sequential addition 

of nucleotide-activated versions of the first four subunits, i.e. one hexose and three hexuronic acids, to a 

common C55 or C60 Dol-P carrier via the ordered actions of the AglJ, AglG, AglI and AglE GTs [16, 17, 

19, 20]. Then, a methyl group is added onto the hexuronic acid at position four via the methyltransferase 

AglP [21]. At the same time, the AglD GT adds mannose, the final subunit of the N-linked 

pentasaccharide, to a different Dol-P [17, 22]. The Dol-P-bound tetrasaccharide and the Dol-P-bound 

mannose are flipped, the latter by AglR or in a process involving AglR, across the membrane, at which 

point the tetrasaccharide is transferred to target asparagine residues by AglB. Only then is the final 

pentasaccharide subunit, mannose, delivered from its flipped Dol-P carrier to the N-linked tetrasaccharide 

already linked to the target protein by AglS. The current model of Hfx. volcanii N-glycosylation is 

presented in Figure 7.2A. 

More recently, it was shown that Hfx. volcanii can vary the glycan structure and site of 

glycosylation in the S-layer glycoprotein depending on the salt concentration of the growth medium [23]. 

If the cells are grown in medium containing 3.4 M NaCl, N13 and N83 are both modified with the 

pentasaccharide glycan described above, while N498 is unmodified. However, in medium containing only 

1.75 M NaCl, N498 now becomes glycosylated but with a different glycan, a novel tetrasaccharide, while 

the pentasaccharide is still found attached to N13 and N83, albeit at reduced levels. Although genes 

involved in both N-glycosylation pathways have been defined, the second N-glycosylation pathway seems 

to function without AglB. Since this is the only OST identified in the Hfx. volcanii genome [24], 
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Figure 7.2 Working models of the N-glycosylation pathway in other Archaea. A. Hfx. volcanii. B. S. 
acidocaldarius. Shown are the steps at which various known agl gene products act in the biosynthesis and 
assembly of the N-glycan and the steps for which Agl protein involvement remains to be identified. The 
actual arrangement, size, and shape of the various GTs and AglB and the mechanism by which AglB acts 
are not known. The figure is modified from models presented in Jarrell, Ding et al, 2014 [2].  
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it is presently unclear how the N-glycan synthesized by the second N-glycosylation pathway is transferred 

onto the acceptor glycoprotein. 

S. acidocaldarius. In S. acidocaldarius, both archaellin FlaB and the S-layer protein are N-

glycosylated with a tri-branched hexasaccharide β-Glc-(1-4)-β-6-sulpho-Qui-(1-3)-β-GlcNAc(-α-Man-(1-

6))(-α-Man-(1-4))-(1-4)-β-GlcNAc, where Qui is quinovose [13, 25]. The biosynthesis of the N-glycan, 

apparently first assembled as a lipid-linked hexasaccharide precursor [25], begins on the cytoplasmic side 

of the cell membrane in S. acidocaldarius. Here, one GlcNAc derived from a nucleotide sugar donor is 

transferred onto an unusually short and highly saturated Dol-P lipid carrier [26] by the proposed action of 

AglH, an annotated UDP-GlcNAc-1-P:Dol-P GlcNAc-1-P transferase [2]. Information on the second and 

third steps is lacking, but in the fourth assembly step, Agl3 converts UDP-glucose and sodium sulphite 

into UDP-sulfoquinovose, which is then transferred onto the lipid-linked trisaccharide by an unknown GT 

[27]. In the final steps, the terminal mannose and glucose moieties are transferred onto the lipid-linked 

glycan. The transfer of the final glucose residue is mediated by Agl16, a soluble GT [13]. The fully 

assembled lipid-linked hexasaccharide is then flipped across the cytoplasmic membrane by an 

unidentified flippase and transferred by the OST AglB onto a target protein [11, 14, 24]. Unlike in M. 

maripaludis and Hfx. volcanii, aglB is essential in S.acidocaldarius [14]. The current model of S. 

acidocaldarius N-glycosylation is presented in Figure 7.2B. 

Comparison of the N-glycosylation systems in the three model archaea. Table 7.1 

summarizes the differences and common features shared between the N-glycosylation systems from M. 

maripaludis, Hfx. volcanii and S. acidocaldarius.  

Although dolichol is used as the lipid carrier in the N-glycan precursor biosynthesis in Archaea, 

differences are seen in the dolichols used by these three model archaeal organisms. In M. maripaludis, 

C55 dolichol phosphate is used as the lipid carrier, while Hfx. volcanii uses both C55 and C60 dolichol 

phosphate. In both microorganisms, isoprene units at both α- and ω- ends are saturated [6, 17, 28].  
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Table 7.1 Comparison and features in the N-glycosylation pathways from M. maripaludis, Hfx. volcanii and S. acidocaldarius. 

Organism 
Lipid 

carrier 
Degree of lipid 

carrier saturation 
Glycan structure Target protein(s) 

Linking 
sugar(s) 

OST 
Flippase or 

flippase related 
GTs 

Other N-
glycosylation 

related 
enzymes 

Gene 
organization 

M. maripaludis 
C55 

dolichol 
phosphate 

Saturated at α- 
and ω-position 

isoprenes 

Linear 
tetrasaccharide 

(archaellins) 

or 

branched 
pentasaccharide 

(pilins) 

Archaellins 

Pilins 
GalNAc AglB Unidentified 

AglA 
AglO 
AglL 

AglU 
AglV 
AglW 
AglX 
AglY 
AglZ 
Agl17 
Agl18 
Agl19 
Agl20 
Agl21 

MMP1076 
MMP1077 
MMP1680 

Clustered in 
genome but 

not with aglB 

Hfx. volcanii 
C55/C60 
dolichol 

phosphate 

Saturated at α- 
and ω-position 

isoprenes 

Linear 
pentasaccharide 

or 

linear 
tetrasaccharide 
depending on 

NaCl 

Archaellins 

S-layer protein 

Hex 

sulfated 
Hex 

AglB AglR 

AglD 
AglE 
AglG 
AglI 
AglJ 
AglS 

AglF 
AglM 
AglP 

Clustered in 
genome with 

aglB 

S. acidocaldarius 
C40/C45/C
50 dolichol 
phosphate 

Multisaturated at 
α-, ω-, and 

internal-position 
isoprenes 

Tribranched 
hexasaccharide 

Archaellins 

S-layer protein 

Cytochrome 
b558/566 

GlcNAc AglB Unidentified 
AglH 
Agl16 

Agl1 
Agl2 
Agl3 
Agl4 

Not clustered 

Table is modified from Jarrell, Ding et al, 2014 [2].  
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In S. acidocaldarius, even shorter and more saturated dolichols are used as the lipid carrier, i.e. C40, C45 

and C50 dolichols in which not only α- and ω- ends isoprene units, but also internal-position isoprene 

units are saturated [26]. The highly saturated dolichols used by S. acidocaldarius might be an adaptation 

to the high growth temperatures of this thermoacidophile.  

In M. maripaludis, a linear tetrasaccharide N-glycan decorates the archaellins [5], while a 

branched pentasaccharide derived from the tetrasaccharide is linked to the major pilin EpdE and possibly 

other pilins (Section 2.4.2, [29, 30]). In both N-glycan structures, GalNAc is used as the linking sugar [5, 

29]. Interestingly, in mutants defective in the biosynthesis of the second sugar, the glycan attached to 

pilins consists of only GalNAc without the branched hexose, suggesting the branched hexose is added 

only after the linear tetrasaccharide is completely assembled [8]. In Hfx. volcanii, both N-glycans 

discovered at different NaCl concentrations are linear, with either a hexose or sulfated hexose as linking 

sugar [23]. In S. acidocaldarius, a tribranched hexasaccharide is used as N-glycan linked via a chitobiose 

core (GlcNAc-(1-4)-β-GlcNAc), the lone identified archaeal case that uses a similar linking sugar as 

eukaryotes [25, 27, 31].  

In these three model archaea, a number of enzymes involved in the N-glycosylation pathway have 

been identified, including the OST AglB, several GTs, a series of enzymes involved in the sugar 

biosynthesis pathway, as well as AglR from Hfx. volcanii, the only flippase so far identified in the 

archaeal N-glycosylation pathway. The pathways leading to the biosynthesis of the individual sugars of 

the component glycan is most fully understood in M. maripaludis, in part due to contributions from this 

thesis work. Genes encoding these enzymes are clustered in M. maripaludis and Hfx. volcanii genomes, 

but not in the genome of S. acidocaldarius, hindering progress in the elucidation of additional agl genes 

in this thermoacidophile [2].  
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7.1.3. A minimum level of N-glycosylation of FlaB2 is essential for archaella assembly in M. 

maripaludis 

In Chapter 5, a series of FlaB2 mutants harbouring mutations at the N-glycosylation asparagines 

that result in the loss of one to all four glycosylation sites in all possible combinations were constructed to 

investigate the minimum number of N-glycan modifications in the archaellin necessary for functional 

archaella assembly. We have shown that the requirement for glycosylation for the assembly of functional 

archaella varies depending on the location of the N-glycosylation sites. In the single-site mutations, only 

Q2 and D2 retained the ability to assemble functional archaella. Although archaella were observed on the 

surface of D4, no swarming motility was shown, indicating that archaella in this complemented mutant 

were non-functional. Surprisingly, 5 out of 6 of the double-site N to D mutants (except D1,3) restored 

both archaella assembly and swarming motility, at least to some extent. One out of the 4 triple-site N to D 

mutants, D2,3,4, in which only the first N-glycosylation site was retained, showed swarming motility 

comparable to wild type cells, while the quadruple-site mutant complementation could not assemble 

archaella or swarm. These results indicate that in M. maripaludis, functional archaella could be assembled 

using FlaB2 missing as many as 3 out of 4 N-glycosylation sites, but not using non-glycosylated FlaB2 

[32].  

Similar studies have been published in the other two model archaea, Hfx. volcanii and S. 

acidocaldarius, although, surprisingly, the observations were different from one other and different as 

well from the results published for M. maripaludis. In Hfx. volcanii, elimination of any one of the three 

N-glycosylation sites in the archaellin FlgA1 resulted in a complete loss of motility, although cells were 

not examined for archaella formation [18]. In contrast, in S. acidocaldarius, where there is a single 

archaellin FlaB, eliminating up to 5 of the 6 glycosylation sites had no apparent effect on cell motility or 

archaella structure. When all 6 N-glycosylation sites were eliminated, a 40% loss of motility without any 

apparent difference in the assembled archaella when compared with the wild type cells was observed [33]. 

This was unexpected since it was shown earlier that perturbations in the N-glycosylation pathway had 

significant effects on motility and archaellation in S. acidocaldarius [13] and suggested that these effects 
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are not related directly to N-glycosylation of the archaellins. The authors hypothesized that the roles 

played by N-glycosylation on archaella function may be to bind or tether the archaellum filament to the S-

layer protein via the N-glycans found in high abundance on the S-layer protein to form a functional motor 

complex [33].  

It seems clear that N-glycosylation has different roles in archaella assembly and function in the 

three model organisms. In Hfx. volcanii, elimination of as few as one glycosylation site resulted in non-

motile cells, suggesting that N-glycosylation is critical for functional archaella assembly in this species 

[18]. However, in S. acidocaldarius, where functional archaella were assembled using FlaB missing all 

six glycosylation sites, N-glycosylation does not seem to play any essential role in archaella assembly per 

se [33]. In M. maripaludis, N-glycosylation is essential but a level of glycosylation well below that which 

occurs in wild type cells is sufficient for archaella assembly and function (Chapter 5, [32]). The role 

played by this minimal glycosylation is unknown but it could in theory be important for recognition of 

archaellins by the assembly complex or be required for stability of the assembled filament. Table 7.2 

compares the N-glycosylation site removal studies on archaella assembly and function in the three model 

archaea.  

7.2 Identification of the first euryarchaeal transcriptional activator of the 

fla operon  

7.2.1. ArnE is a transcriptional activator of the fla operon  

Archaea are thought to use a bacterial-type system to regulate a simplified eukaryotic-like basal 

transcription machinery [34]. The archaeal RNA polymerase (RNAP) contains 11-13 subunits depending 

on the species, and shares high homology to the eukaryotic RNAP II [35]. Like the eukaryotic core 

transcriptional machinery, two general transcription factors, TATA-box-binding protein (TBP) and 

transcription factor B (TFB), are minimally required in addition to archaeal RNAP to form the pre-

initiation complex to initiate the transcription [34]. In contrast, bacterial RNAP does not need any general 

transcription factors to initiate transcription but requires promoter-specific σ factors [36, 37].  
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Table 7.2 Effects of N-glycosylation site removal in archaellins on archaella assembly and function in the three model archaea. 

Organism No. of 
archaellins 

Essential 
for 

archaella 
assembly 

No. of N-
glycosylatio

n sites  

Archaellin 
tested in the 

assay 

No. of N-
glycosylation 
site removed 

Effect on 
archaella 
assembly 

Effect on swarming 
motility 

M. maripaludis 

3   

FlaB2 Single- to 
quadruple-site 

Minimum 1 
site is 

essential. 

Minimum 1 site is 
essential.  

Consistent with the 
effect on archaella 

assembly, except the 
archaellated D4 had no 

motility. 

Major: FlaB1 Yes 3 

           FlaB2 Yes 4 

Minor: FlaB3 No 2 

Hfx. volcanii 

2   

FlgA1 Single-site Not tested No motility Major: FlgA1 Yes 3 

Minor: FlgA2 No  Not reported 

S. acidocaldarius 

1   

FlaB Single- to hexa-
site No effect 

Single- to penta-site 
removal: no effect 

Hexa-site removal: 
40% reduced motility FlaB Yes 6 
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A basal archaeal promoter is composed of a purine-rich factor B recognition element (BRE) 

followed by a TATA box centered at a distance of 26/27 bp upstream of the transcription start site (TSS) 

[38]. To initiate transcription, TBP first binds to the TATA box. Then TFB binds to the TBP-DNA 

complex by recognizing the BRE sequence, and also orients the pre-initiation complex [39]. Finally, 

RNAP is recruited and transcription starts [40]. Like higher eukaryotes that carry multiple paralogues of 

general transcription factors, multiple TBPs and TFBs are annotated in some of the archaeal species, too, 

indicating that a higher level of regulation might occur in Archaea [35, 40]. Two TBP genes and 1 TFB 

gene are predicted in the genome of M. maripaludis C5 [35]. 

In Chapter 6, a transcriptional activator of the fla operon, ArnE (MMP1718), was identified and 

characterized from the euryarchaeon M. maripaludis. This is the first such activator for the fla operon in 

any member of the Euryarchaeota. In-frame deletion of arnE resulted in cessation of the expression of the 

reporter protein FlaB2 located in the fla operon, and this could be restored by complementing mmp1718 

in trans. EMSA results showed that MMP1718 could bind to DNA fragments located upstream of the fla 

promoter. Further analysis of these DNA sequences revealed three copies of a conserved 10 bp consensus 

sequence that are postulated to be the ArnE binding sites (Figure 6.8A and F). Interestingly, in several 

independently isolated mutants in which the translation of flaB2 was also stopped, identical mutations in 

arnE were identified, indicating that this might be a mutational hotspot.   

7.2.2. ArnE may control transcription of che genes and mmp1719.  

Chemotaxis allows cells to rapidly adapt to environmental change via sensing a variety of 

environmental stimuli and transducing these signals to the motility apparatus, i.e., flagella in Bacteria. 

This can lead to a change in the direction of filament rotation, leading to a reorientation of the direction of 

swimming of the cell, if necessary [41, 42]. The key components of the bacterial chemotaxis system, as 

well-studied in E. coli, include a variety of chemoreceptors (methyl-accepting chemotaxis proteins 

(MCPs)), the scaffolding protein CheW, a two component CheA/CheY system, as well as other proteins 

involved in methylation (CheR) and demethylation (CheB) of the MCPs and dephosphorylation of CheY-
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P (CheZ) [43, 44]. The MCPs serve as sensors of extracellular stimuli including attractants such as amino 

acids and sugars and/or repellents such as heavy metals. If the cell detects a decrease in concentration of 

an attractant or an increase in the concentration of a repellant, MCPs activates the autophosphorylation of 

CheA indirectly via CheW. Phosphorylated CheA subsequently transfers the phosphoryl group to CheY, 

which can then interact with the flagella motor switch. The binding of CheY-P results in a change in 

flagella rotation from a counterclockwise to clockwise, causing the cells to “tumble”, rather than “run”, 

and leading to a change in their swimming direction and biasing their swimming in favorable directions 

[43, 44].  

The archaeal chemotaxis system is thought to have been introduced into the euryarchaeota 

ancestor by lateral gene transfer from Bacteria, as an analysis of 240 archaeal genomes for chemotaxis 

genes shows that 118 out of 178 species from Euryarchaeota and 2 out 9 species from Thaumarchaeota 

have a chemotaxis system, while no chemotaxis genes were found in the 51 species from Crenarchaeota, 

1 species from Korarchaeota or 1 species from Nanoarchaeota [45]. Chemotaxis (and phototaxis) studies 

in archaea have largely focused on the extreme halophile Hbt. salinarum [46, 47], although early studies 

have shown chemotaxis in various methanogens, including M. voltae [48, 49] and, recently, 

hydrogentaxis was reported for M. maripaludis [50]. Interestingly, while many archaea contain a 

bacterial-like set of che genes, the chemotaxis system must interact ultimately with a very different 

swimming organelle [51]. It has been reported that archaeal chemotaxis systems employ a unique protein, 

called CheF, which is essential for relaying signals from CheY-P to the archaellum motor for switching 

[52, 53]. As in many archaea, cheF is found adjacent to cheY in the M. maripaludis genome [52]. 

In M. maripaludis genome, chemotaxis genes are clustered within two putative operons, 

mmp0922-0929 encoded on the positive strand and mmp0933-0930 encoded on the negative strand. 

Annotated chemotaxis genes in these two putative operons include cheW (mmp0925), cheB (mmp0926), 

cheA (mmp0927), cheD (mmp0928), cheR (mmp0930), cheY (mmp0933), and cheF (mmp0934). 
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Interestingly, the same 10 bp consensus sequence found upstream of the fla promoter is also found 

upstream of mmp0922 and cheY, as well as mmp1719, as shown in Figure 7.3. Furthermore, the 

chemotaxis genes seem to be co-regulated with the fla operon and mmp1719 (http://baliga.systemsbiology. 

net/cmonkey/enigma/mmp/cmonkey_4.8.8_mmp_1661x58_11_Oct_11_16:14:07/). Interactions between 

CheF and FlaCE and FlaD have been found in Hbt. salinarum [54]. These findings suggest that, in 

addition to the fla operon, ArnE might be a transcriptional activator in these two chemotaxis operons. In 

addition, the co-transcription of mmp17141719 (Figure 6.6) and the discovery of the 10 bp consensus 

sequence upstream of mmp1719 indicate that the transcription of mmp1718 might be self-regulated.  

7.2.3. The transcription of arnE might be regulated 

Most of the prokaryotic transcription regulators are single-component systems, which means 

these regulators contain both a stimulus-response domain to sense the environmental stimuli and a DNA-

binding domain to convert the stimulus into adapted gene expression response [40]. Two-component 

systems are also present in Archaea [56, 57]. Since ArnE contains only a DNA-binding domain without 

any sensor domain (Section 6.5), it is unlikely that ArnE belongs to a one-component system. On the 

other hand, it seems that the specific binding of ArnE to the fla promoter region does not need archaeal 

post-translational modifications as the ArnE used in the EMSA experiments was purified from E. coli, i.e. 

ArnE is likely not involved in a two-component system. Furthermore, since the same mutations were 

repeatedly observed within arnE in several mutant strains, such as ΔaglB-1, ΔaglO-1, Δagl19-1 and 

ΔflaK-1, it suggests that arnE might be the only component in the regulation system. Therefore, we 

hypothesize that rather than being involved in a one- or two-component system, the transcription of arnE 

itself might be regulated.  
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Figure 7.3 Consensus sequences located upstream of che and mmp1719 operons. A. A sequence logo 
generated by WebLogo [55] from consensus sequences upstream of fla, che and mmp1719 operons. B. 
DNA sequence upstream of mmp0922. C. DNA sequence upstream of cheY. D. DNA sequence upstream 
of mmp1719. The consensus sequences are highlighted in grey. The open reading frame of each gene is 
capitalized and the DNA sequence upstream of each gene is in lowercase letter. The numbers below the 
sequence are counted from the translation start codon of the respective gene. 
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7.3 Future perspectives 

7.3.1. Identification of new genes in the N-glycosylation pathway in M. maripaludis 

Although a large number of genes have been shown to be involved in the N-glycosylation 

pathway in M. maripaludis, key enzymes are still missing, such as the flippase that is responsible for the 

translocation of the Dol-P linked N-glycan precursor from the cytoplasmic side of the cytoplasmic 

membrane to the exterior face, the GT responsible for the transfer of the first sugar residue onto the lipid 

linked N-glycan precursor, and the GT responsible for the transfer of the branched hexose to complete the 

pilin N-linked pentasaccharide glycan. Finally, while almost complete pathways for the second and third 

sugars are now determined, there are only fragmentary data available for the biosynthesis of the unique 

terminal sugar.  

Identification of the flippase and GTs. One gene, mmp1089, is considered as the most likely 

flippase candidate by both its genomic location, neighbouring gene cluster 1, and by bioinformatics 

analysis showing that that it belongs to the MATE-like superfamily with an RfbX (Wzx) domain, found 

in known flippases, including AglR (Figure 7.1A, Table 4.3, Section 4.4). In fact, the closest homologue 

of the Hfx. volcanii flippase AglR in M. maripaludis is MMP1089. However, several previous attempts to 

delete this gene have been unsuccessful [9], indicating that this gene might be essential for the survival of 

M. maripaludis. This conclusion is also supported by a recent transposon library study [58]. This is 

unexpected for the flippase since it is already known that the N-glycosylation pathway is not essential for 

survival of M. maripaludis, as exemplified by the viability of an aglB mutant, unable to carry out the 

terminal step in the process. To overcome this obstacle, one possible solution is to introduce a second 

copy of mmp1089 on a plasmid under the control of nif promoter. In-frame deletion of the genomic copy 

of mmp1089 could then be performed in nitrogen-free medium supplemented with L-alanine as sole 

nitrogen source, conditions in which transcription from the nif promoter is induced. In this situation, 

sufficient MMP1089 protein should be made from the plasmid copy of mmp1089 to allow for deletion of 

the genomic copy to generate Δmmp1089::mmp1089 mutant cells. When Δmmp1089::mmp1089 cells are 
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transferred from L-alanine (nif promoter on) medium into a series of nitrogen-free media supplemented 

with a gradient concentration of NH4Cl (where the transcription level of nif promoter should vary), 

multiple FlaB2 bands representing non-glycosylated, partial glycosylated or fully-glycosylated protein 

should be observed in western blots due to the insufficient amount of the putative flippase at an 

appropriate NH4Cl concentration.  

However, it should be noted that M. maripaludis has at least three genes that encode proteins with 

predicted Wzx-like domains: mmp1089, mmp0354 and mmp0896. Deletion of mmp0354 does not affect 

the apparent molecular weight of either archaellins or pilins [8]. In-frame deletion of mmp0896 has not 

been performed yet but it would also be a viable experimental target for the flippase. In addition, the only 

flippase identified in archaea is AglR and it flips only a Dol-P-Man precursor not the Dol-P charged with 

the tetrasaccharide [59]. Thus, the major flippase for the system remains to be identified and it may be 

that it has avoided detection thus far because it is not found by bioinformatics tools based on known 

flippases. It would not be surprising if it were a novel type of enzyme, given the unique cytoplasmic 

membrane lipids of archaea [60]. 

Attempts to identify the first GT have been unsuccessful, as well. Successful isolation of such a 

deletion strain should result in archaellins that have the same apparent molecular weight as those from a 

ΔaglB mutant since in both instances the archaellins will be completely non-glycosylated. Several GT 

gene candidates for this step, i.e. mmp1170 and mmp1423, appear to be essential [9, 58]. Similar 

methodology as mentioned above to isolate deletions in mmp1089 could be used to delete these 

candidates and confirm if any of these genes is encoding the first GT. To identify the GT responsible for 

the branched hexose in the pilin N-glycan, a FLAG-tagged version of the major pilin EpdE already 

constructed [61], could be used as a reporter protein. Several other genes in the M. maripaludis genome 

are annotated as GT genes, including mmp0090, mmp0356, mmp0358, mmp0359, mmp0590, mmp1293 

and mmp1294 or have GT domains without being annotated as a GT (mmp0403). In the case of mmp0358 



207 
 

 

and mmp0359, mutants carrying an in-frame deletion in either gene have already been isolated and each 

deletion strain has shown no effect in regards to the apparent molecular weight of either archaellins or 

pilins compared to wild type cells [8]. In-frame deletions of the other candidate genes could be performed 

and the decrease of the apparent molecular weight of FLAG-tagged EpdE and/or FlaB2 could be detected 

in western blots to examine if these genes are involved in the pilin or archaellin N-glycosylation pathway. 

If a decrease of the apparent molecular weight is observed, pili or archaella could be isolated from the 

mutant and the corresponding N-glycan structure could be determined by mass spectrometry. Table 7.3 

gives a list of flippase and GT candidates that could be considered for in-frame deletion and genetic 

analysis according to the M. maripaludis genome annotation.  

Identification of genes involved in the terminal sugar biosynthesis pathway. Unlike 

the biosynthesis pathways for sugars 2 and 3 of the N-linked glycan in which most of the genes 

involved have been identified, only two proteins, AglV and AglW, identified from Chapters 3 and 4, are 

known to be involved in the generation of the terminal unique sugar. It is expected that a number of genes 

involved in the biosynthesis of this unique terminal sugar are yet to be identified and based on the 

clustering seen for the genes involved in the biosynthesis of the second and third sugars, it is possible this 

is the case for the sugar 4 biosynthetic genes. The M. maripaludis genome could be scanned for clusters 

of genes predicted to encode possible sugar biosynthesis enzymes, such as oxidases, dehydrogenases and 

epimerases. If found, these genes could be targeted for deletion and the effects of such deletions on the 

archaellin N-linked glycan structure determined by mass spectrometry. On the other hand, no phenotype 

was observed in Δmmp1091 or Δmmp1092 mutants, in which the deleted genes are clustered with aglW. It 

is possible that the function of MMP1091 or MMP1092 is compensated by paralogues of the 

corresponding deleted genes. For example, 37% identity (91% coverage) is found between MMP1091 and 

MMP1076 (BLAST, [62]). A Δmmp1091Δmmp1076 double mutant could be generated to determine if 

this enzymatic activity is involved in the N-glycosylation pathway.  
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Table 7.3 M. maripaludis gene products that may be flippase or GT in the N-glycosylation pathway. 

Flippase or 
GT 

candidates 
Annotation 

In-frame deletion 
obtained 

Effect on 
archaellin N-

glycan 

Effect on 
pilin N-
glycan 

Reference 

MMP0354 

Putative 
oligosaccharide 

transporter 
(flippase) 

Yes  None  None [8] 

MMP0896 
Polysaccharide 

biosynthesis 
protein (flippase) 

Attempts 
unsuccessful, 

likely essential  
   

MMP1089 
Polysaccharide 

biosynthesis 
protein (flippase) 

Attempts 
unsuccessful, 

likely essential 
  [9] 

MMP0090 GT, family 1 
Attempts 

unsuccessful, 
likely essential 

   

MMP0356 GT, group 1 
Attempts 

unsuccessful, 
likely essential 

  [8] 

MMP0358 GT, family 1 Yes None  None [8] 

MMP0359 GT, family 2 Yes None None [8] 

MMP0403 

Conserved 
archaeal protein, 
containing GT 

group 1 domain 

Attempts 
unsuccessful, 

likely essential  
   

MMP0590 GT, family 2 
Attempts 

unsuccessful, 
likely essential 

   

MMP1079 
(AglO) 

GT, family 2 Yes 2nd GTase Not tested [9] 

MMP1080 
(AglA) 

GT, group 1 Yes 3rd GTase Not tested  [9] 

MMP1088 
(AglL) 

GT, group 1 Yes 4th GTase Not tested  [9] 

MMP1170 GT, family 2 
Attempts 

unsuccessful, 
likely essential 

  [9] 
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MMP1293 GT, group 1 Yes None Not tested 
Jarrell, 

unpublished 

 

MMP1294 GT, group 1 Yes None Not tested 
Jarrell, 

unpublished 

MMP1423 GT, family 4  
Attempts 

unsuccessful, 
likely essential 

N/A N/A [9] 
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7.3.2. Further in vitro and in vivo characterization of ArnE  

In vivo analysis of the binding of ArnE to the consensus sequences upstream of the fla 

promoter. EMSA results and analysis of the region upstream of the fla operon TSS indicated that ArnE 

was likely recognizing three 10-bp consensus sequences for binding. Mutations in these consensus 

sequences should have significant effects on transcription of the fla operon genes. A variant upstream 

region in which the consensus sequences are mutated can be substituted for the wild type version using 

the “pop in pop out” methodology used for generating in-frame gene deletions [63] and confirmed by 

PCR screening of transformants. The flaB2 transcript abundancy could be quantified in vivo by qPCR 

analysis to determine the effect of mutations in the proposed binding sites. Such mutated consensus 

sequences can also be tested in vitro in EMSA experiments. While in vitro run-off transcription 

experiments with wild type and mutated consensus binding sites is theoretically possible, it has not been 

widely established and since no in vitro transcription kits are available for archaeal systems, such studies 

require the purification of all the individual components in the archaeal transcription machinery, such as 

RNAP complex, TFB, TBP, etc.  

Exploration of the possible interactions between ArnE and the transcription 

machinery. In Archaea, a series of transcription factors are involved in the initiation of transcription, 

including TBP and TBP in addition to the eukaryotic-like RNAP [34, 35]. The archaeal transcriptional 

activators usually bind to sites upstream of the BRE and help in the recruitment of TBP or TFB [40, 64]. 

Our EMSA experiments confirmed the binding of ArnE to the DNA sequence upstream of the BRE of the 

fla operon, likely at multiple sites (Section 6.4.11, Figure 6.8E). Thus, interactions between ArnE and 

TBP or TFB might occur in the transcription initiation of the fla operon, which can be tested in protein 

pulldown assays using a tagged version of ArnE, as successfully reported for other archaeal 

transcriptional activators [65-67]. 

Possible co-regulation of fla, che and mmp1719 operons. In bacteria, it is not uncommon 

for flagella and chemotaxis genes to be co-regulated. For example, in E. coli, numerous MCP-encoding 
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genes are co-regulated with other class III flagella genes including flagellin, through the use of an 

alternate σ factor, FliA [68]. Archaea do not have σ factors [69-71] and M. maripaludis may co-regulate 

the expression of unlinked archaellum and chemotaxis genes through the use of a common transcriptional 

activator. We are not aware of any studies that examine a regulation link of the archaellum genes and 

chemotaxis genes, although clearly it would be beneficial for the cells to do this since the presence of Che 

proteins without archaella would be wasteful.  

MMP1719 is annotated as a conserved hypothetical protein without known homologues detected 

by BLAST. It has been reported that mmp1719, as well as the che genes, are co-regulated with genes in 

the fla operon (http://baliga.systemsbiology.net/cmonkey/enigma/mmp/cmonkey_4.8.8_mmp_ 

1661x58_11_Oct_11_16:14:07/). Furthermore, the 10 bp consensus sequence that might be the 

recognition and binding site of ArnE in the fla operon is also present upstream of mmp1719 and che 

operons (Section 7.2.2, Figure 7.3). These observations point to the possibility that ArnE might be the key 

component in the regulation of mmp1719 and the che operons. This could be determined by qPCR to 

measure the transcription level of mmp1719 and che genes in the ΔarnE mutant comparing with those 

from the wild type cells, and EMSA experiments using purified ArnE and DNA probes containing the 

consensus sequences from mmp1719 and che operons.  

The work in this thesis presents important and novel discoveries on the archaeal N-glycosylation 

pathway, the role of glycosylation in archaellation, as well as regulation of archaellation. This work has 

both filled in gaps in our knowledge about the N-glycosylation pathway in M. maripaludis as well as 

opened up entirely new avenues of research with the discovery of the first transcription factor for the fla 

operon in euryarchaeotes. While the use of a stringent anaerobe like M. maripaludis can be challenging, 

M. maripaludis, considered one of a handful of model organisms for the Archaea, continues to prove 

itself as a useful workhorse for both N-glycosylation and archaellation studies. The future work proposed 

in the thesis should allow researchers to build upon the findings in this work and answer intriguing 



212 
 

 

questions about the unique archaeal motility structure and the role that N-glycosylation plays in its 

assembly and function.   
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