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Abstract 

N-linked glycosylation is a post-translational protein modification that occurs in all three 

domains of life. Methanococcus maripaludis archaellin proteins are known to be glycosylated by 

a tetrasaccharide composed of N-acetylgalactosamine, a di-acetylated glucuronic acid, a modified 

mannuronic acid with an attached threonine, and a novel terminal sugar. Disruption of the N-

glycosylation pathway has consequences for archaella assembly and function. Genes located in 

two adjacent operons were targeted for study based on their annotations and proximity to 

mmp0350, which encodes a known acetyltransferase involved in biosynthesis of the second sugar 

of the tetrasaccharide. Mutants carrying deletions of mmp0351, mmp0352, or mmp0353 

synthesized archaellins of lower apparent molecular weight compared to wild type archaellins, 

and are likely modified with only a 1-sugar glycan. These deletion strains were also non-

archaellated. Deletion of mmp0357 resulted in archaellated cells whose archaellins were modified 

with a 2-sugar glycan as suggested by Western blotting and confirmed by mass spectrometry of 

purified archaella. Based on their gene annotations, M. maripaludis genes mmp0350, mmp0351, 

mmp0352, mmp0353, and mmp0357 are hypothesized to be functionally equivalent to the 

Pseudomonas aeruginosa PAO1 wbp gene cluster (wbpABEDI) involved in converting UDP-N-

acetylglucosamine to UDP-2,3-diacetamido-2,3-dideoxy-D-mannuronic acid for formation of 

lipopolysaccharide O5-specific antigen. This hypothesis is strongly supported by the successful 

cross-domain complementation of the final step of the P. aeruginosa pathway. 
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Chapter 1 

Introduction 

N-linked glycosylation is a post-translational modification common to the three domains 

of life. The obligate anaerobe Methanococcus maripaludis is both archaellated and piliated, and 

the subunits of these structures are modified at multiple positions by an N-linked glycan (19, 

117). The M. maripaludis archaellin glycan is composed of N-acetylgalactosamine (GalNAc), a 

di-acetylated glucuronic acid [GlcNAc(3NAc)A], a modified mannuronic acid 

[ManNAc(3NAm)A6Thr] and a novel terminal sugar [(5S)-2-acetamido-2,4-dideoxy-5-O-

methyl-α-L-erythro-hexos-5-ulo-1,5-pyranose] (62). The M. maripaludis pilin glycan is a 

branched pentasaccharide whose core tetrasaccharide is identical to the archaellin tetrasaccharide. 

The additional sugar is a hexose residue that branches off the first sugar of the glycan (GalNAc) 

(93).  

 The archaellin tetrasaccharide is assembled by a series of specific glycosyltransferases on 

a dolichol lipid carrier (67); the glycan is then flipped across the cytoplasmic membrane and 

subsequently transferred onto archaellin proteins by the oligosaccharyltransferase AglB. AglB 

and three of the four glycosyltransferases involved in assembly of the M. maripaludis archaellin 

glycan have been identified (116). However both the flippase and the first glycosyltransferase, 

which would be responsible for transferring GalNAc onto the dolichol lipid carrier, remain 

unidentified. 

 Of the genes reported to be involved in N-linked glycosylation in M. maripaludis, most 

are involved in glycan assembly or in minor modifications of individual sugars (such as 
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acetyltransferases or methyltransferases). It is known that AglXYZ and AglU modify the third 

sugar, with the formation of an acetamidino group and transfer of a threonine moiety, 

respectively, while AglV transfers a methyl group onto the fourth sugar (29, 55). These five genes 

all have biosynthetic roles, however none are involved in biosynthesis of the basic sugar 

structures themselves. With an aim to identify genes involved in the biosynthetic pathways 

needed for generation of these basic sugars, the sequenced genome of M. maripaludis S2 was 

scanned for potential clusters of genes to target for deletion. Two clusters situated immediately 

downstream of mmp0350 were the focus of this study. mmp0350 was previously identified as an 

acetyltransferase involved in modifying the second sugar (117), and many of the genes 

immediately downstream of mmp0350 also had annotations which suggested involvement in 

sugar biosynthesis or glycan assembly. Thus, mmp0351 to mmp0359 were targeted for in-frame 

deletion; deletion strains were investigated for defects in N-linked glycosylation using techniques 

such as Western blotting, electron microscopy, and mass spectrometry. 

In this work, several genes were assigned novel roles in the biosynthesis of sugar residues 

that are assembled into the M. maripaludis archaellin N-linked tetrasaccharide. In particular, the 

enzymes encoded by mmp0350, mmp0351, mmp0352, and mmp0353 account for the stepwise 

biosynthesis of the second sugar [UDP-GlcNAc(3NAc)A] from UDP-GlcNAc. The inclusion of 

mmp0357 to the end this pathway results in the biosynthesis of UDP-ManNAc(3NAc)A, the 

precursor of the third sugar [ManNAc(3NAm)A6Thr] of the M. maripaludis archaellin 

tetrasaccharide. These five M. maripaludis genes encode a biosynthetic pathway that is 

functionally equivalent to the WbpABEDI pathway involved in UDP-ManNAc(3NAc)A 

biosynthesis for O5-specific antigen in Pseudomonas aeruginosa PAO1 (68, 124).  
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Chapter 2 

Literature Review 

2.1 Archaea: the third domain of life 

In the late 1970s, analysis of small subunit ribosomal RNA led Carl Woese to propose a 

phylogenetic tree of life with the kingdoms Urkarya, Eubacteria, and Archaebacteria (129). 

Woese later proposed that the highest taxonomic level be called a domain, with the three domains 

of life being Eucarya, Bacteria, and Archaea (130). In particular, the third domain was named 

Archaea, rather than Archaebacteria, in order to emphasize that Archaea are distinct from 

Bacteria. Archaea are no more related to Bacteria than they are to Eukarya, and archaeal traits 

include their unique 16S rRNA, cell walls that lack murein, and ether-linked membrane lipids 

(128, 130). 

The term “extremophiles” was formerly used to colloquially refer to Archaea, as early 

isolates of archaeal species occupied environments that were radical in terms of their pH, 

temperature, salinity, pressure, anaerobiosis, or combinations of such (27). However, genetic 

identification via culture-independent methods such as 16S rRNA sequencing following PCR 

amplification of extracted environmental DNA (102) has revealed a vast array of Archaea in 

diverse “non-extreme” environments such as the rumen, soil, freshwater silt, and ocean water (14, 

26, 27, 47, 102). Though most archaeal species have not been grown in pure culture, the ones that 

are routinely grown in laboratory culture are limited mainly to methanogens, moderate and 

extreme halophiles, thermophiles, hyperthermophiles, and thermoacidophiles (72). The study of 

these organisms has, among other important discoveries, increased our understanding of unique 
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metabolic pathways and biochemical adaptations, as well as provided insight into the evolution of 

life on Earth (18). 

Methanogenesis is the biological production of methane, and is the namesake biological 

process of methanogens. The phylum Euryarchaeota contains all methanogens, a group of strictly 

anaerobic Archaea that inhabit a variety of environments and which all derive energy from the 

reduction of simple carbon substrates to methane. Methanogens’ habitats include the human 

gastrointestinal tract, geothermal springs, the bovine rumen, and marine and freshwater 

sediments, to name a few (47, 75). Though methanogens are a diverse group of organisms, the 

substrates that they are able to utilize as their sole carbon source are rather limited: CO2, simple 

compounds containing methyl groups (i.e. mono-, di-, or tri-methylamines), and acetate.  Most 

methanogens use H2 as the primary electron donor in the reduction of CO2 to methane; these 

hydrogenotrophs utilize the unique cofactors methanofuran, tetrahydromethanopterin, and 

coenzyme M to shuttle the C-1 moiety in the reduction of CO2 to methane at the various 

reduction steps (28, 75). 

Methanococcus maripaludis is a mesophilic, obligate anaerobe originally isolated from 

salt-marsh sediment in South Carolina (56). It is a hydrogenotrophic methanogen with an optimal 

growth temperature of  ~38˚C and a relatively short generation time of 2 hours (56). The genome 

of M. maripaludis is completely sequenced (43), and multiple genetic tools are available, 

including methods for high efficiency transformation (114), in-frame deletion (85), and 

complementation (74, 85). These attributes collectively make M. maripaludis a model organism 

for genetic studies in Archaea (72). 
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2.2 Archaeal surface appendages 

Archaea possess a variety of surface appendages; some of them resemble bacterial forms 

while others are completely unique (48). As a whole, archaeal surface appendages have been 

implicated in multiple functions such as motility, surface adhesion, cell-to-cell contact, cell 

aggregation, and biofilm formation (44, 54, 90, 104).  Several archaeal surface appendages are 

“type IV pili-like” due to their similarities to bacterial type IV pili assembly and processing of 

major subunits (6, 98). Type IV pili assembly requires a conserved platform protein, an ATPase 

for polymerization of type IV pilins, and a prepilin peptidase. In P. aeruginosa, PilC, PilB, and 

PilD, respectively, fulfill these roles (15). Prior to their incorporation at the base of the growing 

pilus, pilins are synthesized as preproteins; their N-terminal class III signal peptides are cleaved 

by a dedicated prepilin peptidase (signal peptidase III, PilD) (95). The ATPase activity of PilB is 

thought to drive the addition of pilin subunits at the base of the type IV pilus; its association with 

the platform protein PilC is essential for pilus assembly (108). Type IV pili often have a second 

ATPase, PilT, that removes pilin subunits from the pilus base; this results in retraction of the 

pilus. The extension and retraction of pili by PilB and PilT can result in a form of surface 

translocation called twitching motility (15).  

The two most studied “type IV pili-like” archaeal surface appendages are pili and 

archaella, formerly called archaeal flagella (49). PilB and PilC homologues have been identified 

in loci involved in these structures; archaellins and pilins are also synthesized with class III signal 

peptides whose cleavage is executed by PilD-like archaeal homologues (37, 91, 105, 111). 
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2.2.1 Pili 

Pili are a common surface structure in Archaea, and though their existence was observed 

in electron microscopy studies in the 1970s (30, 122), less is known about pili than archaella. 

Aspects of the genetics, structure, and function of pili have been studied in Sulfolobus 

acidocaldarius, and to a lesser extent in M. maripaludis.  S. acidocaldarius possesses two types 

of type IV-like pili that mediate UV-induced cell aggregation (UV-inducible pili of Sulfolobus; 

Ups pili) and surface adhesion (archaeal adhesive pilus; Aap pili) (41, 115).  Other Sulfolobus 

species, such as Sulfolobus tokodaii and Sulfolobus solfataricus, only have Ups pili (4).  

In S. acidocaldarius, genetic studies revealed the ups operon encodes UpsA and UpsB, 

two pilin-like proteins that have class III signal peptides, UpsE, a PilB-like ATPase, UpsF, a 

PilC-like integral membrane protein, and UpsX, a predicted cytoplasmic protein (115). 

Expression of the ups operon is induced upon UV-irradiation of S. acidocaldarius cells, and 

results in the formation of pili that mediate cell aggregation and DNA transfer. The UV-induced 

DNA transfer following Ups pili-mediated aggregation increases cell fitness by facilitating 

homologous recombination for the repair of DNA double-strand breaks in UV-damaged cells (4). 

The aap locus is similar to the ups operon in that it encodes two type IV pilin-like proteins, AapA 

and AapB, a PilB-like ATPase, AapE, and a PilC-like integral membrane protein, AapF (41). Aap 

pili mediate surface attachment of S. acidocaldarius cells, and have a role in biofilm formation 

(42). The Sulfolobus prepilin peptidase PibD is responsible for processing Ups prepilins and Aap 

prepilins, as well as pre-archaellins (7, 35, 41). 

M. maripaludis pili consist mainly of the glycoprotein EpdE, as well as several minor 

pilins (EpdA, EpdB, EpdC, and EpdD) that are required for wild type piliation (86, 93). The 

pilins are synthesized as prepilins, and requisite cleavage of their class III signal peptides is done 
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by the signal peptidase EppA. Unlike PibD in Sulfolobus, which processes prepilins and pre-

archaellins, EppA specifically processes prepilins in M. maripaludis (106). Further type IV pili-

like components of M. maripaludis pili have been identified, including an PilB-like ATPase, 

EpdL, and two PilC-like membrane proteins, EpdJ and EpdK, and all of these are required for 

piliation (87). Pili, but only in combination with archaella, mediate surface attachment of M. 

maripaludis to solid surfaces (54). 

2.2.2 Archaella 

Archaella are the most widely-studied filamentous archaeal surface appendage, and have 

been identified in all of the main groups of Archaea, including hyperthermophiles, 

thermoacidophiles, halophiles, and methanogens (49, 50, 91). Archaella mainly function as 

swimming organelles, though additional functions have been demonstrated in certain species 

including Pyrococcus furiosus and M. maripaludis. The archaella of P. furiosus are involved in 

motility, adhesion to solid surfaces, and formation of cell-to-cell contact. A stable co-culture of P. 

furiosus and Methanopyrus kandleri was grown in laboratory conditions; P. furiosus cells were 

observed to establish direct adherence to M. kandleri cells via archaella (104). Archaella are also 

necessary for surface adhesion of M. maripaludis cells, however cells must also have pili. M. 

maripaludis archaella form bundles as they leave the cell surface; individual and bundled 

archaella have both been observed to mediate M. maripaludis attachment to solid surfaces. 

Mutant stains lacking either archaella or pili do not adhere to surfaces (54). 

Even though archaella and bacterial flagella are both rotating structures composed of a 

hook and filament, archaella are not homologous to bacterial flagella and are actually a type IV 

pilus-like structure (5, 53, 91, 105). The diameter of the archaellar filament is typically 10 – 14 
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nm (110); density maps of archaellar filaments from Halobacterium salinarum and Sulfolobus 

shibatae revealed solid central cores (23, 24). This solid core highlights the structural differences 

between archaella and bacterial flagella. The bacterial flagellar filament is wider, with a typical 

diameter of 20 nm, and a 2 nm central channel is continuous through the filament, hook, and 

basal body structure. Flagella assembly utilizes the continuous central channel in a flagella-

specific type III secretion system in which flagellins pass through the hollow structure and are 

incorporated at the distal end under the flagella capping protein (21, 53, 76, 91).  The lack of a 

central channel in archaella dismisses the possibility of assembly occurring in a similar fashion to 

bacterial flagella. Additionally, no homologues any bacterial flagella genes, including ones 

responsible for the bacterial flagellar rod, hook, and switch proteins, have been found in Archaea 

(96, 103). 

 Most known archaella-associated genes are located in a single fla operon that can contain 

up to 13 genes; variations in this fla operon have been identified in archaellated Archaea 

throughout the entire domain.  The first few genes, typically 2 – 5, in the fla operon encode 

archaellin proteins (FlaA and/or FlaB), and are followed by a set of conserved fla-associated 

genes that encode proteins of mostly unknown functions (FlaC to FlaH), a PilB-like ATPase 

(FlaI), and a PilC-like integral membrane protein (FlaJ) (19).  Euryarchaeota and Crenarchaeota 

differ in their number of fla-associated genes; in particular, Crenarchaeota lack flaC, flaD, and 

flaE (48, 70). The fla operon of the crenarchaeal Sulfolobus also contains FlaX, a unique protein 

that is known to associate with FlaI and FlaH (9, 70). Archaellins are synthesized with class III 

signal peptides; the pre-archaellin signal peptidase is typically encoded outside of the fla operon 

(11, 12). 



 

 

 

9 

  Archaella are considered a type IV pili-like appendage due to the N-terminal amino acid 

sequence similarity of archaellins to type IV pilins, processing of pre-archaellins by a prepilin-

like signal peptidase, and the requirement of a PilB and PilC homologue for archaella assembly 

(98). FlaK/PibD is the pre-archaellin peptidase, and its activity as a signal peptidase is required 

for archaella assembly (11, 12, 92). FlaK contains two aspartic acid residues that are also present 

at conserved sites in the active site of PilD, the type IV prepilin peptidase in P. aeruginosa (11, 

12, 95, 106). Removal of the signal peptide from pre-archaellins is required for their 

incorporation into the archaellar filament (11). In contrast, bacterial flagellins are never 

synthesized with signal peptides (53). The assembly of archaellins into an archaellar filament 

requires the ATPase FlaI and the inner membrane platform protein FlaJ (36, 111). A complex of 

FlaI with FlaH and FlaJ, as well as FlaX in Sulfolobus, forms the archaellar motor complex (10, 

105). The ATPase activity of FlaI powers both archaella assembly and rotation (99), with 

archaellins being incorporated at the base of the growing archaellum. The ATP-driven rotation of 

the archaellar filament is again different from what is found in bacterial flagella, where flagella 

rotation is driven by the proton motive force or a sodium gradient (53).  

 The post-translational modification of proteins by glycans at select asparagine residues, 

called N-linked glycosylation, is widespread throughout Archaea with nearly all sequenced 

Archaea possessing the critical terminal enzyme for the process, the oligosaccharyltransferase 

AglB (60, 77). The archaellins of Methanococcus voltae, M. maripaludis, Haloferax volcanii, and 

S. acidocaldarius bear unique, species-specific N-linked glycans (62, 82, 113, 118). In these four 

species, defects in N-linked glycosylation affect the motility of archaellated cells. When 

compared to wild type cells, mutants’ decreased motility correlates with the degree of glycan 

truncation that is the result of impaired archaellin glycosylation  (20, 81, 113, 116). If the defect 
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is severe, such as in the deletion of aglB which results in completely non-glycosylated 

archaellins, assembly of archaella does not occur (20, 116). aglB deletion strains have been 

generated in Haloferax and Methanoccocus, however not in Sulfolobus where deletion of aglB is 

lethal (2, 116). 

 The current model of archaella assembly, including sugar biosynthesis and glycan 

assembly, in M. maripaludis is depicted in Figure 2.1. 

2.3 N-linked glycosylation in the three domains 

The post-translational modification of proteins with glycans is widespread across the 

three domains of life, with the two most common types being O-linked and N-linked 

glycosylation (69). N-linked glycosylation was initially studied in eukaryotes using 

Saccharomyces cerevisiae as a model organism (71). In Bacteria, the N-linked glycosylation 

pathway has been identified in species belonging to the class ε-proteobacteria, however direct 

study of N-linked glycosylation has been mainly limited to work done in Campylobacter jejuni 

and in Escherichia coli cells functionally expressing the C. jejuni pathway (94, 120).  Compared 

to Bacteria, N-linked glycosylation is more widespread in Archaea with 166 out of 168 sequenced 

archaeal genomes containing one or more putative aglB genes encoding the archaeal 

oligosaccharyltransferase (60). 

 The N-linked glycosylation pathways amongst the three domains are thematically similar, 

but the commonalities in process are combined with domain-specific components. In general, 

glycan assembly occurs on membrane-associated lipid carriers with specific glycosyltransferases 

catalyzing the sequential addition of sugar residues.  This initial glycan assembly occurs with the  
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Figure 2.1: A model of assembly for M. maripaludis archaella, including archaellin 

glycosylation. Prior to archaellins’ incorporation into the archaella, archaellins are modified by an 

N-linked tetrasaccharide. The archaellin tetrasaccharide is assembled on the cytoplasmic face of 

the cytoplasmic membrane on dolichol lipid carriers by a series of Agl glycosyltransferases from 

sugar precursors. The assembled glycan is then flipped across the cytoplasmic membrane, and 

transferred onto archaellins by the oligosaccharyltransferase AglB. The signal peptide on 

archaellins is then removed by FlaK, and these glycosylated archaellins are added to the growing 

archaella via the ATPase activity of FlaI, which interacts with the membrane platform protein 

FlaJ. Adapted from Jarrell et al., 2013 (48). 
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glycan on the inner face of the membrane; the glycan is then flipped across the membrane prior to 

its transfer onto target proteins. An oligosaccharyltransferase catalyzes the transfer of the 

assembled glycan onto select asparagine residues found within a glycosylation sequon (84). Each 

domain has been observed to have unique aspects of this generalized N-linked glycosylation  

pathway, and a comparison of the three domains’ N-linked glycosylation pathways is summarized 

in Table 2.1 (31, 51, 69, 121). 

2.3.1 Archaeal N-linked glycosylation 

N-linked glycosylation is widespread amongst Archaea: to date, bioinformatic analysis of 

all complete archaeal genomes (168 in total) has identified only two species, Aeropyrum pernix 

and Methanopyrum kandleri, which lack putative oligosaccharyltransferases (60, 77). The 

archaeal pathway of N-linked glycosylation has commonality to both the eukaryotic and bacterial 

pathways. For example, the archaeal glycosylation sequon is Asn – X – Ser/Thr, the same as the 

eukaryotic sequon, but the archaeal oligosaccharyltransferase AglB is a single protein, like the 

bacterial PglB (79). Furthermore, even though both eukaryotes and archaea utilize dolichol lipid 

carriers, eukaryotic dolichol lipid carriers have α-saturated isoprene units whereas Archaea, such 

as Haloferax and Methanococcus, have isoprene units saturated at the α and ω positions (64, 67). 

Even higher degrees of saturation have been observed in S. acidocaldarius with dolichol 

molecules containing isoprene units saturated at α, ω, and internal positions (38).  A unique 

aspect of archaeal N-linked glycosylation is the variation observed in the linking sugar. The 

eukaryotic and bacterial oligosaccharyltransferases require the linking sugar to have a C-2 

acetamido group (107, 119), however archaeal glycans that utilize a non-acetylated linking sugar, 

such as a hexose, have been identified in species such as H. volcanii (31). 
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Table 2.1: Comparison of N-linked glycosylation across the three domains of life 

Trait Eukarya Bacteria Archaea 
Model genus 
or species 

Saccharomyces cerevisiae Campylobacter jejuni Haloferax, Methanococcus, 
Sulfolobus 

Abbreviations Alg 
Asparagine-linked 
glycosylation 

Pgl 
Protein glycosylation 

Agl 
Archaeal glycosylation 

Lipid carrier Dolichol-PP, dolichol-P Undecaprenol-PP Dolichol-PP, dolichol-P 

Linking sugar GlcNAc Di-acetyl bacillosamine, 
HexNAc 

GalNAc, GlcNAc, glucose, 
other hexoses 

Site of glycan 
assembly 

Cytoplasmic face of the 
ER membrane 

Cytoplasmic face of the 
cytoplasmic membrane 

Cytoplasmic face of the 
cytoplasmic membrane 

Flippases Rft1, though conflicting 
biochemical data 

PglK (ATP dependent) AglR; others remain 
unidentified 

Oligosaccharyl 
transferase 

Multimeric complex, 
STT3 catalytic subunit 

PglB (STT3 
homologue) 

AglB (STT3 homologue) 

Glycosylation 
sequon 

Asn–X–Ser/Thr 
(X ≠ Pro) 

Asp/Glu–Z–Asn–X–
Ser/Thr 
(Z, X ≠ Pro) 

Asn–X–Ser/Thr 
(X ≠ Pro) 
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While the overall process of N-linked glycosylation is conserved amongst archaeal species, the 

diversity of archaeal glycan structures mirrors the range of environments in which the Domain 

Archaea thrives (31, 100). N-linked glycans have been found to modify a variety of archaeal 

surface structures including the proteins that associate into archaella, pili, and S-layer (70, 93, 97, 

113, 118). The effects of mutations that result in truncated glycans have been observed in H. 

volcanii, S. acidocaldarius, and M. maripaludis. The wild type strains of these species are 

archaellated and motile; deletions that result in archaellins modified by truncated glycans were 

observed to be less motile than wild type cells, or even non-archaellated (81, 113, 116). In H. 

volcanii and S. acidocaldarius, the importance of N-linked glycosylation is further highlighted by 

the retarded growth rates in high salt media exhibited by cells with S-layer proteins modified by 

truncated glycans (81, 113). 

The study of N-linked glycan biosynthesis and assembly in Archaea has been mainly 

limited to model organisms in which genetic tools are available. The majority of work on archaeal 

N-linked glycosylation has been conducted in the genera Haloferax and Methanococcus, and to a 

much lesser extent in Sulfolobus (31, 72). agl (archaeal glycosylation) designations are given to 

genes involved in archaeal N-linked glycosylation (20), and a database of agl genes has been 

compiled at http://lifeserv.bgu.ac.il/wb/jeichler/aglgenes/ (33). 

2.3.2 N-linked glycosylation in Haloferax volcanii 

H. volcanii is an extreme halophile whose S-layer glycoproteins are modified by two 

distinct N-linked glycans when cells are grown at different salinities (39). S-layer glycoproteins 

from H. volcanii grown at 3.4 M NaCl are modified by a pentasaccharide composed of a hexose, 

two hexuronic acids, a methyl ester of hexuronic acid, and a mannose (2). The first four sugars of 
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this glycan are sequentially added to a dolichol phosphate carrier by the glycosyltransferases 

AglJ, AglG, AglI, and AglE (1, 57, 132). This tetrasaccharide is then flipped across the 

cytoplasmic membrane, and then transferred onto S-layer proteins at Asn-13 and Asn-83 by AglB 

(2). The final sugar, mannose, is added onto a separate dolichol lipid carrier by AglD (2), and is 

flipped across the cytoplasmic membrane by AglR (58). This mannose residue is then added to 

the tetrasaccharide, which is already linked to the S-layer protein at this point, by the 

glycosyltransferase AglS (25). Several genes involved in biosynthesis of the second, third, and 

fourth sugars of the H. volcanii pentasaccharide have also been identified. aglF encodes a 

glucose-1-phosphate uridyltransferase involved in the biosynthesis of the third sugar (hexuronic 

acid), aglM, encodes a UDP-glucose dehydrogenase involved in the biosynthesis of the second 

and third sugars (both hexuronic acids), and aglP, which encodes a methyltransferase that adds 

the methyl group to the fourth sugar (hexuronic acid) (78, 132, 133). The biosynthesis and 

assembly of the H. volcanii S-layer pentasaccharide by known Agl proteins is shown in Figure 

2.2. 

 When grown at lower salinity (1.75 M NaCl), H. volcanii S-layer proteins are 

glycosylated at Asn-13, Asn-83, and Asn-498. Asn-498, which is not glycosylated when cells are 

grown at high salinity (3.4 M NaCl), is modified by a novel tetrasaccharide composed of a 

sulfated hexose, two hexoses, and a rhamnose (39). This “low salt” tetrasaccharide is assembled 

by a distinct set of glycosyltransferases, as dolichol lipid carriers bearing the low salt 

tetrasaccharide were isolated from ΔaglI and ΔaglE cells grown in low salt (59). S-layer 

glycoproteins from ΔaglB cells grown in low salt also remained modified at Asn-498 by the low  
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Figure 2.2: Model of N-linked glycosylation pathway of H. volcanii for the biosynthesis and 

assembly of the pentasaccharide that modifies S-layer glycoproteins. The dolichol-linked 

tetrasaccharide is assembled by a series of glycosyltransferases and then flipped across the 

cytoplasmic membrane. The oligosaccharyltransferase AglB then transfers the tetrasaccharide 

onto S-layer proteins. The final sugar (mannose) is on a separate dolichol lipid carrier and is 

flipped by AglR, independently from the tetrasaccharide. AglS transfers the mannose onto the 

protein-linked tetrasaccharide to complete assembly of the S-layer pentasaccharide. Based on 

Eichler et al., 2013 (32). 
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salt tetrasaccharide, indicating that AglB is not involved as the oligosaccharyltransferase for the 

low salt tetrasaccharide (59). The lack of AglB involvement is curious, given that AglB is the  

only STT3 homologue detected in H. volcanii  (60).  Deletions of agl5 to agl15, a large gene 

cluster distinct from the cluster involved in assembly of the high salt glycan, affected sugar 

biosynthesis and assembly of the low salt glycan, though the precise actions of the encoded 

proteins are currently unknown (59). 

2.3.3 N-linked glycosylation in Methanococcus maripaludis 

The M. maripaludis archaellins FlaB1, FlaB2, and FlaB3 are modified by an N-linked 

tetrasaccharide at multiple sites: three sites in FlaB1, four sites in FlaB2, and two sites in FlaB3. 

The archaellin N-linked tetrasaccharide is composed of N-acetylgalactosamine [GalNAc], a di-

acetylated glucuronic acid [GlcNAc(3NAc)A], a modified mannuronic acid 

[ManNAc(3NAm)A6Thr] and a novel terminal sugar [(5S)-2-acetamido-2,4-dideoxy-5-O-

methyl-α-L-erythro-hexos-5-ulo-1,5-pyranose] [Fig. 2.3] (62). GalNAc links the oligosaccharide 

to the Asn residue on target proteins. M. voltae is a species closely related to M. maripaludis that 

also has archaellins modified by an N-linked glycan, however M. voltae utilizes GlcNAc as its 

linking sugar (118). The second sugar in M. maripaludis is 2,3-diacetamido-2,3-dideoxy-α-D-

glucuronic acid, and is a derivative of GlcNAc. The third sugar is a mannuronic acid that bears an 

acetyl group at C-2, an acetamidino group at C-3, and a threonine group at C-6. The novel 

terminal sugar was the first reported naturally occurring diglycoside of an aldulose (62). The 

pilins of M. maripaludis also undergo N-linked glycosylation, and are modified by a branched 

pentasaccharide whose core tetrasaccharide is identical to the archaellin tetrasaccharide. The  
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(A) 

 
 
 
(B) 

 
 
 

Figure 2.3: Structure of the M. maripaludis archaellin N-linked glycan. Adapted from Kelly et 

al., 2009 (62). 

(A) The specific glycosyltransferases (AglO, AglA, AglL) and oligosaccharyltransferase 

(AglB) responsible for archaellin glycan assembly in M. maripaludis. 

(B)  Previously known gene products involved in sugar biosynthesis in M. maripaludis.  
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additional sugar is a hexose residue, and it branches off the first sugar of the glycan (GalNAc) 

(93). 

Assembly of the M. maripaludis archaellin glycan occurs on dolichol lipid carriers, with 

the assembled glycan initially facing into the cytoplasm (67). Of the four glycosyltransferases 

required for assembly of the tetrasaccharide, three of them have been identified. aglO 

(mmp1079), aglA (mmp1080), and aglL (mmp1088) encode the specific glycosyltransferases 

responsible for transfer of the second, third, and fourth sugars, respectively, onto the dolichol 

lipid carrier (116). The oligosaccharyltransferase AglB is encoded by mmp1424; it transfers the 

glycan onto select asparagine residues within the glycosylation sequon in target proteins. M. 

maripaludis cells remain archaellated as long as archaellins bear at least a 2-sugar glycan. Thus, 

ΔaglL and ΔaglA cells are archaellated, as their archaellins carry 3- and 2-sugar glycans, 

respectively. Strains with archaellins modified by 1-sugar glycans, such as ΔaglO, or completely 

non-glycosylated archaellins, such as ΔaglB, are non-archaellated. M. maripaludis strains with 

truncated glycans have archaellins of decreased apparent molecular weight compared to wild type 

archaellins when analyzed by Western blotting (116). 

 A number of genes in M. maripaludis have been identified as being involved in 

biosynthesis of the archaellin glycan. For example, aglX, aglY, and aglZ (mmp1081 – 1083) are 

involved in formation of the acetamidino group that modifies the third sugar of the archaellin 

glycan (55). aglU (mmp1084) encodes a threonine transferase that modifies the third sugar, and 

aglV (mmp1085) encodes a methyltransferase involved in biosynthesis of the fourth sugar (29). 

These biosynthetic genes are all clustered with the glycosyltransferases in the gene region of 

mmp1079 – mmp1088. However one biosynthetic gene was identified outside of this heavily-
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studied gene cluster. mmp0350 is annotated as an acetyltransferase, and its deletion affected 

biosynthesis of the second sugar residue, a di-acetylated glucuronic acid [GlcNAc(3NAc)A] 

(117). 

 In vitro biochemical studies using overexpressed proteins have implicated several 

additional genes in the biosynthesis of sugars likely to act as precursors of those found in the M. 

maripaludis archaellin glycan (88), however genetic studies have not been conducted to confirm 

the roles of these genes. All M. maripaludis genes that are known to be involved in sugar 

biosynthesis or glycan assembly, via genetic studies, have been summarized in Figure 2.3. 

2.4 Aim of this study 

The main goal of this work was to identify genes involved in sugar biosynthesis or 

assembly of the M. maripaludis archaellin N-linked glycan and assign specific roles to gene 

products when possible. mmp0350 was previously identified as an acetyltransferase involved in 

biosynthesis of the second sugar residue of the M. maripaludis archaellin glycan. Many of the 

genes immediately downstream of mmp0350 are annotated as either putative glycosyltransferase 

or genes deemed likely to be involved in sugar biosynthesis [Table 2.2]. Therefore, the gene 

region of mmp0351 to mmp0359 was targeted for study. 

The gene orientations of mmp0350 to mmp0359 suggested the presence of two operons, 

with mmp0350 to mmp0354 being co-transcribed, and mmp0355 to mmp0359 being also co-

transcribed but from the opposite strand [Fig. 2.4]. The potential operon structures were 

investigated using reverse transcriptase polymerase chain reaction (RT-PCR). The genes 

mmp0351 mmp0359 were then investigated for involvement in sugar biosynthesis or glycan 

assembly using established methods which included in-frame deletion (85), Western blotting, 
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electron microscopy, and mass spectrometry of purified archaella (116). Several genes were 

determined to be involved in sugar biosynthesis, and further experiments were designed to 

elucidate these genes’ specific functions in M. maripaludis.   
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Table 2.2: M. maripaludis genes targeted for deletion in this work 

Gene Annotation Conserved motif/comment 

mmp0350* Putative acetyltransferase Putative CoA binding site 

mmp0351 Predicted pyridoxal phosphate-
dependent aminotransferase 

Pyridoxal 5’-phosphate binding site; single 
predicted catalytic lysine residue 

mmp0352 Putative oxidoreductase Oxidoreductase family with NAD+-binding domain 

mmp0353 UDP-glucose/GDP-mannose 
dehydrogenase-related protein 

UDP-glucose/GDP-mannose dehydrogenase family 
with NAD+-binding domain 

mmp0354 Putative oligosaccharide 
transporter 

LPS biosynthesis protein; Wzx-like (flippase) 

mmp0355 Conserved hypothetical protein “no putative conserved domains,” limited to 
methanogens; absent in other M. maripaludis 
strains 

mmp0356 Glycosyltransferase, group 1 Sequence aligns with putative group 1 
glycosyltransferases across a wide range of Archaea 

mmp0357 UDP-N-acetylglucosamine 
2-epimerase 

Glycosyltransferase 1 UDP-GlcNAc 2-epimerase 
family 

mmp0358 Glycosyltransferase, family 1  “uncharacterized protein conserved in Archaea” 

mmp0359** Glycosyltransferase, family 2 Dolichol-phosphate mannose/dolichol-phosphate 
glucose –like synthase 

 

* deletion strain was previously generated by D.J. VanDyke 
** deletion strain was previously generated by J. Wu 
 

 

 

 

 

 



 

 

 

23 

 

 

 

 

 

Figure 2.4: Depiction of the M. maripaludis genes targeted for deletion in this study. The 

orientation and short intergenic regions suggest the co-transcription of mmp0350 to mmp0354, as 

well as the co-transcription of mmp0355 to mmp0359. 
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Chapter 3 

Materials and Methods 

3.1 Strains and growth conditions 

Methanococcus maripaludis, Escherichia coli, and Pseudomonas aeruginosa strains 

utilized in this study are described in Table 3.1. 

 M. maripaludis strains were grown anaerobically at 37˚C under a pressurized atmosphere 

of CO2/H2 (20:80) in Balch medium III (8). Methanococcus McCas medium (127) and solid 

McCas medium containing 20 g/L Noble agar (Difco™) were used during M. maripaludis 

Mm900 transformation. Neomycin (1 mg/mL, Sigma-Aldrich Canada, Oakville, ON) and 8-

azahypoxanthine (250 µg/mL, Acros Organics, New Jersey, USA) were used for selection as 

needed. M. maripaludis complementation strains were grown anaerobically in nitrogen-free 

medium (63), supplemented with either L-alanine (10 mM) or NH4Cl (10 mM) as the lone 

nitrogen source. Puromycin (2.5 µg/mL, Sigma-Aldrich) was used for complementation plasmid 

selection after M. maripaludis transformation. 

E. coli strains were grown at 37˚C in Luria-Bertani (LB) broth (Sigma-Aldrich) with 

shaking (110 rpm) or on LB plates containing 15 g/L agar (Acros Organics), supplemented with 

ampicillin (100 µg/mL, Sigma-Aldrich) for selection as needed. 

 P. aeruginosa strains were grown at 37˚C in LB broth with shaking (125 rpm) or on LB 

plates containing 15 g/L agar. Medium was supplemented with gentamicin (50 µg/mL, Sigma-

Aldrich) and carbenicillin (200 µg/mL, Sigma-Aldrich) for selection as needed. 
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Table 3.1: Strains used in this study 

Strain Characteristic(s) Source/reference 
M. maripaludis   

Mm900 M. maripaludis S2 Δhpt J.A. Leigh 
Δmmp0350 M. maripaludis Mm900 Δmmp0350 (117) 
Δmmp0351 M. maripaludis Mm900 Δmmp0351 This study 
Δmmp0352 M. maripaludis Mm900 Δmmp0352 This study 
Δmmp0353 M. maripaludis Mm900 Δmmp0353 This study 
Δmmp0354 M. maripaludis Mm900 Δmmp0354 This study 
Δmmp0355 M. maripaludis Mm900 Δmmp0355 This study 
Δmmp0357 M. maripaludis Mm900 Δmmp0357 This study 
Δmmp0359 M. maripaludis Mm900 Δmmp0359 J. Wu 
   

E. coli TOP10 F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacΧ74 recA1 araD139 Δ(ara-leu) 7697 galU galK 
rpsL (StrR) endA1 nupG λ- 

Invitrogen 

   
P. aeruginosa   

PAO1 Wild type, O5 serotype K. Poole 
ΔwbpA P. aeruginosa PAO1 ΔwbpA; GmR J. Lam 
ΔwbpI P. aeruginosa PAO1 ΔwbpI; GmR J. Lam 
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3.2 Plasmids 

The plasmids used for transformation of M. maripaludis and P. aeruginosa strains are 

described in Table 3.2. 

pCRPrtNeo is a non-replicative plasmid, and is used to introduce in-frame deletions into 

M. maripaludis Mm900. This plasmid contains a neomycin resistance cassette as well as the hpt 

gene (85). 

 pHW40 is used for complementation of M. maripaludis deletion strains, and contains a 

puromycin resistance cassette. Transcription of the cloned gene is under control of the nitrogen 

fixation (nif) promoter; the cloned gene is transcribed when complemented M. maripaludis strains 

are grown in nitrogen-free media supplemented with alanine in the absence of ammonia. 

Transcription of the cloned gene is repressed in the presence of ammonia (74). 

 pWLG40 is a another vector that can be used for M. maripaludis complementation; it 

also contains a puromycin cassette.  However, cloned genes are constitutively expressed from the 

hmv promoter (73). 

pUCP18 and pUCP19 are Escherichia – Pseudomonas shuttle vectors; cloned genes are 

expressed from the lac promoter. Their multiple cloning sites are in opposite orientations; thus 

cloned genes are only expressed when in pUCP18. 

3.3 DNA manipulations 

Restriction enzymes were obtained from Fermentas (Ottawa, ON) and New England 

Biolabs (Whitby, ON); digests were conducted according to the manufacturers’ protocols. DNA 

ligations were performed using a Rapid DNA Ligation Kit (Thermo Fisher Scientific, Burlington, 

ON). Plasmid DNA was isolated from E. coli cells using a QIAprep Spin Miniprep Kit (Qiagen,  
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Table 3.2: Plasmids used in this study 

Plasmid Characteristic(s) Source 
 
pCRPrtNeo 

 
hmv promoter-hpt fusion with NeoR cassette cloned into 
pCR2.1TOPO; AmpR 

 
J.A. Leigh 

pKJ1057 In-frame deletion of mmp0351 in pCRPrtNeo This study 
pKJ1059 In-frame deletion of mmp0352 in pCRPrtNeo This study 
pKJ980 In-frame deletion of mmp0353 in pCRPrtNeo This study 
pKJ600 In-frame deletion of mmp0354 in pCRPrtNeo D.J. VanDyke 
pKJ1148 In-frame deletion of mmp0355 in pCRPrtNeo This study 
pKJ703 In-frame deletion of mmp0356 in pCRPrtNeo J. Wu 
pKJ978 In-frame deletion of mmp0357 in pCRPrtNeo This study 
pKJ1182 In-frame deletion of mmp0358 in pCRPrtNeo This study 
   
pHW40 nif promoter-lacZ fusion with NeoR cassette; AmpR J.A. Leigh 
pKJ1099 mmp0351 complement in pHW40 This study 
pKJ1101 mmp0352 complement in pHW40 This study 
pKJ1161 mmp0353 complement in pHW40 This study 
pKJ1021 mmp0357 complement in pHW40 This study 
   
pWLG40 hmv promoter-lacZ fusion with NeoR cassette; AmpR J.A. Leigh 
pKJ1107 epdE-FLAG in pWLG40 D.B. Nair 
   
pKJ1125 His-tagged P. aeruginosa-version of mmp0353 in pUC57* GenScript 
pKJ1190 His-tagged P. aeruginosa-version of mmp0357 in pUC57* GenScript 
   
pUCP18 E. coli – P. aeruginosa shuttle vector, derived from pUC18, AmpR K. Poole 
pKJ1170 His-tagged P. aeruginosa-version of mmp0353 in pUCP18 This study 
pKJ1195 P. aeruginosa-version of mmp0353 (without His tag) in pUCP18 This study 
pKJ1196 His-tagged P. aeruginosa-version of mmp0357 in pUCP18 This study 
   
pUCP19 E. coli – P. aeruginosa shuttle vector, derived from pUC19, AmpR K. Poole 
pKJ1172 His-tagged P. aeruginosa-version of mmp0353 in pUCP19 This study 
pKJ1203 P. aeruginosa-version of mmp0353 (without His tag) in pUCP19 This study 
pKJ1198 His-tagged P. aeruginosa-version of mmp0357 in pUCP19 This study 

 
 

* His-tagged P. aeruginosa-versions of mmp0353 and mmp0357 were synthesized using P. 
aeruginosa codon preferences, and ordered from GenScript (New Jersey, USA).  
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Toronto, ON). When necessary, DNA was purified after restriction digests and polymerase chain 

reaction (PCR) amplification using a QIAquick PCR Purification Kit (Qiagen). DNA fragments 

were isolated from gels using a PureLink® Quick Gel Extraction Kit (Invitrogen, Burlington, 

ON).  All kits were utilized according to the manufacturers’ protocols. 

DNA samples were electrophoresed through 0.8% [wt/vol] agarose gels, supplemented 

with ethidium bromide, in TAE buffer (40 mM Tris-HCl, pH 8.0, 0.1% glacial acetic acid, 1 mM 

EDTA), and visualized using UV light. Sequencing of plasmids and DNA samples were 

conducted by ACGT Corporation (ACGT Corp, Toronto, ON). 

3.4 Polymerase chain reaction (PCR) 

The primers utilized for polymerase chain reaction (PCR) were obtained from IDT 

(Integrated DNA Technologies, Coralville, IA, USA). A standard 50µL PCR reaction consisted 

of: 41 µL dH2O, 5 µL 10X ThermoPol Reaction Buffer (New England Biolabs), 1 µL dNTP mix 

(10 mM), 1 µL each of forward and reverse primers (500 ng/µL), 1 µL DNA template, and 0.5 

µL Vent DNA polymerase (New England Biolabs). PCR reaction tubes were placed into a 

Mastercycler epgradient S (Eppendorf Canada, Mississauga, ON) set to the following program: 

94˚C for 5 minutes; 30 cycles of 94˚C for 30 seconds, primer annealing temperature for 30 

seconds, and 72˚C extension time based on 1 kb extension per minute; and 72˚C for 10 minutes 

for the final extension. Annealing temperatures varied depending on the predicted Tm of the 

primer pairs used; Tm values were estimated based on 4˚C per G/C and 2˚C per A/T. 

3.5 Reverse transcriptase polymerase chain reaction (RT-PCR) 

 RNA was isolated from an overnight culture of M. maripaludis Mm900 using a High 

Pure RNA Isolation Kit (Roche, Mississauga, Ontario), and then treated to a second DNase 
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digestion step using a TURBO DNA-free kit (Ambion, Burlington, Ontario) according to the 

manufacturers’ protocols. This RNA was then used as template for RT-PCR. Primers for RT-PCR 

[Table 3.3] were designed to amplify across each of the intergenic regions between mmp0350 – 

mmp0354, and mmp0355 – mmp0359. All reactions were conducted using a One-step RT-PCR kit 

(Qiagen) according to the supplied protocol. Standard PCR amplifications (as described in 3.4) 

using two different templates were performed for each RT-PCR primer pair. PCR was conducted 

using whole cells as template to confirm amplicon sizes. PCR was also conducted using the 

purified RNA as template as a control against DNA contamination of the RNA. 

 RNA was also isolated from an overnight culture of P. aeruginosa ΔwbpA + 

pUCP18_PA353nt, and P. aeruginosa ΔwbpA + pUCP19_PA353nt using the same methods as 

described above. RT-PCR primers [Table 3.3] were designed to amplify an intragenic region of 

PA353. RT-PCR and PCR using the RT-PCR primers was conducted as described above. 

3.6 E. coli cloning and transformation 

Plasmid cloning steps were performed using One Shot® TOP10 E. coli chemically 

competent cells (Invitrogen). Transformation of plasmids into One Shot® TOP10 E. coli cells was 

conducted according to the standard procedure recommended by Invitrogen. In summary, One 

Shot® TOP10 E. coli cells are stored at -80˚C, with each tube containing a 50 µL aliquot of cells. 

One 50 µL aliquot of E. coli cells was incubated with plasmid DNA on ice for 20 min. The cell-

plasmid mixture was then heat shocked at 42˚C for 30 seconds and placed on ice for 2 minutes. 

250 µL SOC media was added, and cells were left to recover at 37˚C with shaking (110 rpm) for 

1 hour. Transformants were plated on LB plates supplemented with ampicillin (100 µg/mL) and 

grown overnight. 
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Table 3.3: Primers used for RT-PCR 

Primer Sequence (5’ to 3’) 
  
350-351_RT-For GCAATGATCGGATCCGGATCGG 
350-351_RT-Rev CGACGTCTAAAGCCGTTGTCC 
351-352_RT-For CGGGTATTCATTATCCAATTCCGG 
351-352_RT-Rev CGTTGGAACAACAATACTGACTGC 
352-353_RT-For GGTACGAAAGGAATTGCTTATCTGG 
352-353_RT-Rev CCACCATTTGGTTGATATCCACG 
353-354_RT-For CCATTATGTGACGAATTAGATGC 
353-354_RT-Rev CCGCAATATACGCCACAAATGC 
  
355-356_RT-For CCACTATGGATGAATGTTGCTG 
355-356_RT-Rev GGTCATTAGACATTTGATATGC 
356-357_RT-For GGATGGGTGGAATATATTGGTTGG 
356-357_RT-Rev CCATCGGGCTTGAAGTATACTGTTGG 
357-358_RT-For CGATAGTACGTCATTTATGGTATGGTTC 
357-358_RT-Rev CCTGCAAGGGCTCCTGCAATCG 
358-359_RT-For GGAAGCTGATCTAGTAATTGGTTC 
358-359_RT-Rev GTAGCTCGCAATACATCTGAAGG 
  
PA353_RT-For CGAGCTGGTGAGCAAGAACGTGG 
PA353_RT-Rev GGCCCTTGATGGTCAGCTCCACG 
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pCR®2.1TOPO® vector was used for cloning of PCR products into One Shot® TOP10 E. 

coli cells. PCR products were generated using Vent polymerase; Taq polymerase was then used to 

add 3’-A overhangs to the PCR products. Taq-tagged PCR products were then cloned into 

pCR®2.1TOPO® using a TOPO® TA Cloning® Kit (Invitrogen) according to the manufacturer’s 

instructions.  2 µL of TOPO®/PCR product mixture was then immediately transformed into One 

Shot® TOP10 E. coli cells. Transformants were plated on LB-ampicillin plates spread with X-gal 

(40 µg/mL, Thermo Fisher Scientific) in order to differentiate between transformants containing 

empty TOPO vector (blue colonies) or TOPO vector with insert (white colonies). Single colonies 

were patched, and screened for the target insert via restriction digest. 

3.7 Construction of M. maripaludis in-frame deletions  

 In-frame deletion constructs for M. maripaludis Mm900 were made using methods 

described by Moore and Leigh (2005). PCR primers were designed to amplify ~1kb DNA 

fragments located upstream (primers P1 and P2) and downstream (primers P3 and P4) of the 

targeted gene [Table 3.4]. The upstream fragment included the gene’s start codon; the 

downstream fragment included the gene’s stop codon. AscI restriction sites were added to internal 

primers (P2 and P3), so that AscI ligation of the upstream and downstream fragments resulted in 

a large internal in-frame deletion of the target gene. BamHI or XbaI restriction sites were added 

to the external primers (P1 and P4) in order to ligate the ~2 kb deletion construct into pCRPrtNeo. 

pCRPrtNeo constructs were cloned in E. coli and screened as described above. 

3.8 Preparation of M. maripaludis cells for screening via PCR 

 M. maripaludis cells must be washed prior to being used as template for PCR as 

components of Balch medium III interfere with the PCR reaction. 1 mL of cells was pelleted by  
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Table 3.4: Primers used to construct in-frame deletions 

Primer Sequence (5’ to 3’) Restriction site 
(underlined) 

   
0351-P1 TCGGATCCGGATCGGTTGTTACCAAAGACG BamHI 
0351-P2 TCAGGCGCGCCGAGCTTGTGCAGCATCCTCGAT AscI 
0351-P3 TATGGCGCGCCCCAGTGCATCCTTCTGTATCTTTAG AscI 
0351-P4 CTAGGATCCTAACCCATCTAATCCAGTAACTAACG BamHI 
   
0352-P1 TCAGGATCCATAATTGCAGTTCACCTCTATGG BamHI 
0352-P2 ATCGGCGCGCCCAACAATACTGACTGCATC AscI 
0352-P3 GTAGGCGCGCCCAGCCGTTAGTTACTGGATTAG AscI 
0352-P4 TCAGGATCCTGCCATATAATCATTTAATTCCCTTGC BamHI 
   
0353-P1 ATGCGGATCCCGTGGAGGTGTTAATTAATG BamHI 
0353-P2 ATGGCGCGCCATTCGTTCATTTTTAACCTCCTG AscI 
0353-P3 ATGGCGCGCCAGGGTTATTAAAGTTGGAAATT AscI 
0353-P4 GCATGGATCCCGATTCAACAAATTCATTTCC BamHI 
   
0355-P1 GCTCTAGACCGATGTTATAATTAGGGTG XbaI 
0355-P2 ATGGCGCGCCACTGAGTATATATGTAGCC AscI 
0355-P3 TAGGCGCGCCAGATCAACTCACATATGGGTGG AscI 
0355-P4 GCTCTAGATATGGTCGTACTTACTTGG XbaI 
   
0357-P1 ATGCGGATCCCAGGATTTGGAGTTTACGATGC BamHI 
0357-P2 ATGGCGCGCCGCCTTGCACCAACGATAGTTAC AscI 
0357-P3 ATGGCGCGCCCCTGCATCTGAAACATACAATTA AscI 
0357-P4 GCATGGATCCATCAGCAACATTCATCCATAGTGG BamHI 
   
0358-P1 CGGGATCCTGCATATAATGAAGAATTAACTATCG BamHI 
0358-P2 TGGCGCGCCATGCATCGTAAACTCCAAATCC AscI 
0358-P3 AGGCGCGCCCAAACCATGACAACAGAAGCTGC AscI 
0358-P4 GCGGATCCGGAATCATACATTACATCTCCGAC BamHI 
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centrifugation (1 min at 13k rpm). To wash cells, the supernatant was discarded, the pellet was 

resuspended in 1 ml sterile 2% [wt/vol] NaCl, and then cells were re-pelleted (1 min at 13k rpm). 

This wash step was then repeated. The final pellet was resuspended in 0.5 mL sterile 2% NaCl, 

and 1 µL was used immediately as template for PCR. 

3.9 M. maripaludis transformation 

 M. maripaludis transformations were done according to the anaerobic polyethylene 

glycol method as described by Tumbula et al. (114). In brief, 5 mL of an overnight culture of M. 

maripaludis, grown in Balch medium III, was subcultured into 10 mL of fresh media, and 

allowed to grow for 1-3 hours at 37˚C so that cells would enter log phase. 5 mL of culture was 

pelleted via centrifugation 5000 rpm (JA-20 rotor, 10 min, 20˚C); this was done in sealed tubes to 

maintain anaerobic conditions. The supernatant was removed, and the pellet was resuspended in 5 

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

MgCl2•6H20, 0.02% cysteine-HCl, 1 mM dithiothreitol, and 0.00001% resazurin). Cells were re-

pelleted by centrifugation at 3000 rpm (JA-20 rotor, 20 min, 20˚C). In a Forma anaerobic 

chamber, the supernatant was removed, the pellet was resuspended in 375 µL of TB, and 5 µg of 

plasmid DNA was added to the cell suspension. After an addition of 225 µL polyethylene glycol 

(TB with 40% [wt/vol] PEG 8000), cells were incubated for 1 hour at 37˚C without shaking to 

facilitate plasmid uptake.  5 mL of Balch medium III was added; cells were harvested by 

centrifugation (3000 rpm with JA-20 rotor, 20 min, 20˚C).  Once the supernatant was removed, 

pelleted cells were resuspended in fresh Balch medium III, and left to recover overnight without 

selection. 
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After overnight recovery, transformants were subcultured into Balch medium III with 

neomycin, thereby selecting for cells that had integrated the non-replicative pCRPrtNeo deletion 

construct into their chromosome. Cells were then subcultured into McCas medium with neomycin 

selection, followed by a subsequent transfer into McCas medium without selection. McCas 

medium must be used instead of Balch medium III as the yeast extract present in Balch medium 

III interferes with the later step of 8-azahypoxanthine selection (85). The removal of selection 

allows for recombination of pCRPrtNeo out of the chromosome; this second recombination event 

results in either the wild type or deletion sequence being left in the target gene. Cells are then 

plated on solid McCas medium containing 8-azahypoxanthine, as cells that still harbor 

pCRPrtNeo are sensitive to this base analog due to inclusion of the hpt gene in pCRPrtNeo. 

Plated cells were then left to grow for 7 days. Single colonies were picked, grown in Balch 

medium III, and screened by PCR to detect deletion mutants [Table 3.5]. Deletion mutants were 

re-streaked on solid Balch medium III to ensure purity and single colonies were again screened 

for the deletion by PCR. 

3.10 Construction of M. maripaludis complementation vectors 

 Deletion strains were complemented using pHW40 for expression of the cloned wild type 

gene. The wild type version of each respective gene was amplified from M. maripaludis Mm900 

cells using forward and reverse primers synthesized to add NsiI and MluI restriction sites to the 

start and end of the gene [Table 3.6]. The gene complement was then ligated into NsiI/MluI-

digested pHW40. 

Gene sequences were screened for naturally occurring NsiI and MluI restriction sites, and 

any such sites were removed via site directed mutagenesis (SDM) using the primers also listed in  
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Table 3.5: Primers used to screen and confirm M. maripaludis deletion mutants 

Primer Sequence (5’ to 3’) 
  
0350_seq-For TTTAAAACGTCACTTTCTTCG 
0350_seq-Rev CAATCATTCCGCTTTTTAAC 
  
0351_seq-For GGACAACGGCTTTAGACGTCGC 
0351_seq-Rev CGATCCTTATTCATATCTGAAAGCC 
  
0352_seq-For CCAGTGCATCCTTCTGTATCTTTAGATG 
0352_seq-Rev CCAATTACGTTAATTCCGTATTCAGC 
  
0353_seq-For CGATGACGACAAGAATCGCA 
0353_seq-Rev TATACGCCACAAATGCAGTG 
  
0354_seq-For ATTTAAACACTTGGACTTTG 
0354_seq-Rev TTTAGGACCGTTATTGAAC 
  
0355_seq-For CGATATTTAGTTGATATTCATGATTCC 
0355_seq-Rev GGTATTGTCCCAACCGGACAATGC 
  
0356_seq-For TCTCCTGTCGGATACCTAG 
0356_seq-Rev GGTTCCTGTTGTAGTTATGG 
  
0357_seq-For GAGCAACTTCATAGAGCTTG 
0357_seq-Rev GGCTTGAAGTATACTGTTGG 
  
0358_seq-For CCACAGTATATGCCAAACCATCTG 
0358_seq-Rev CCATACCATAAATGACGTACTATCG 
  
0359_seq-For CACTATTGCAATACTGAGTCC 
0359_seq-Rev CAATACATCTGAAGGTAGTG 
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Table 3.6: Primers used to construct gene complements 

Primer Sequence (5’ to 3’) Restriction 
site 
(underlined) 

   
351_comp-For CCCATGCATGATACCTATTGCAAAACC NsiI 
351_comp-Rev CCCACGCGTTAATTAACACCTCCACG MluI 
   
352_comp-For CCCATGCATGTTAAAAGTGGCAGTTGTGG NsiI 
352_comp-Rev GGGACGCGTTAATTACCGTTAGAGCTTTTCAAAGC MluI 
352_SDM-For* GGATTAGATGGGTTAAATGCGTTAGAAACCGCAATTTATGC - 
352_SDM-Rev* GCATAAATTGCGGTTTCTAACGCATTTAACCCATCTAATCC - 
   
353_comp-For CCCATGCATGAACGAATTAGGAAATTTAAAAATTGCAG NsiI 
353_comp-Rev CCACGCGTTATTTCAAATTTCCAACTTTAATAACCCTAAATCC MluI 
   
357_comp-For CCCATGCATGAAAATAGTAACTATCGTTGG NsiI 
357_comp-Rev CCACGCGTTCACAAATTCCTCAAAACTTCAAC MluI 
357_SDM-For* CTTAGAAAATATAATAAATGCCTTTATTGAAAGTAACG - 
357_SDM-Rev* CGTTACTTTCAATAAAGGCATTTATTATATTTTCTAAG - 

 

* the nucleotide indicated in red was used by SDM to remove internal NsiI restriction sites 
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Table 3.6. PCR products were sent for sequencing after SDM to verify that the internal restriction 

site had been removed, and that the overall amino acid sequence was maintained. 

pHW40 gene complement constructs were transformed into their respective M. 

maripaludis deletion strains. Puromycin (2.5 µg/mL) was used to select for transformants. 

Puromycin selection was maintained as cells were grown in nitrogen-free media supplemented 

with alanine or NH4Cl. 

3.11 Archaella isolation and mass spectrometry 

Archaella were isolated from M. maripaludis Δmmp0357 for mass spectrometry analysis 

using the protocol described by Bardy et al. (13). 8 L of M. maripaludis culture was harvested via  

centrifugation (6000 rpm using a JA-10 rotor, 15 min, 20˚C), then resuspended in 70 mL of 10 

mM Tris-HCl (pH 6.8) containing 2% NaCl, 0.28% MgCl2 and 0.35% MgSO4. This resuspension 

was distributed into glass centrifuge tubes in 9 mL aliquots. OP-10 non-ionic detergent (10% 

stock) was added to a final concentration of 1% [vol/vol] to aid in cell lysis and archaella release 

from the membrane. DNase-RNase was added to reduce viscosity, and tubes were incubated at 

room temperature for 30 min with periodic inversion. Samples were then centrifuged at 6000 rpm 

for 15 min (JA-20 rotor, 20˚C). 1 mL of a solution of 1 M NaCl containing 20% [wt/vol] 

polyethylene glycol (PEG8000) was added to every 9 mL of supernatant, and incubated on ice for 

1 hour in order to precipitate archaella. After centrifugation at 7000 rpm for 20 min (JA-20 rotor, 

4˚C), the pellets were resuspended in distilled water, and loaded onto a potassium bromide (KBr) 

gradient (0.5 g/mL). The loaded KBr gradient was centrifuged at 35 000 rpm for 18 hours using a 

SW-41 rotor. A white band corresponding to isolated archaella was recovered from the gradient 

and washed by diluting it with dH2O and centrifuging again (24 000 rpm for 1.5 hours using a 
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SW-28 rotor). The final pellet of isolated archaella was resuspended in dH2O, and used for SDS-

PAGE and Western blotting. 

A sample of the isolated archaella was sent to Dr. S. Logan (National Research Council, 

Ottawa) for mass spectrometry analysis as described by Kelly et al. (62). In brief, the archaella 

purified from Δmmp0357 cells were first separated by 15% SDS-PAGE and then stained with 

Coomassie blue. The archaellin band was excised and treated to an overnight in-gel tryptic 

digestion. This archaellin digest was analyzed 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). 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 data sets were searched for glycopeptide MS/MS spectra, which were 

then interpreted by hand. 

3.12 SDS-PAGE and Western blotting 

 Whole cells lysates were prepared by pelleting 1 mL of overnight culture, re-suspending 

pellets in equal volumes of spent media and 2x protein electrophoresis sample buffer (ESB; 125 

mM Tris-HCl, pH 6.8, 2% SDS, 20% glycerol, 4% 2-mercaptoethanol, 0.002% bromophenol 

blue) and then boiling these samples for 5 min. Samples were electrophoresed through 12.5% 

polyacrylamide gels containing sodium dodecyl sulfate (SDS) (66). Semi-dry blotting was used to 

transfer protein onto Immobilion-P membrane (EMD Millipore Corp., Massachusetts, USA), as 

previously described (112). 
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 M. maripaludis archaellin Western blots were incubated with polyclonal chicken 

antibody to M. maripaludis FlaB2 (55) as 1˚Ab at a dilution of 1:5000. Horseradish peroxidase-

conjugated rabbit anti-chicken IgY (Jackson ImmunoResearch Laboratories, Inc., Pennsylvania, 

USA) was used as 2˚Ab at a dilution of 1:20000. 

 P. aeruginosa His-blots were incubated with His-probe polyclonal rabbit IgG (Santa Cruz 

Biotechnology, Texas, USA) as 1˚Ab at a dilution of 1:1000. Horseradish peroxidase-conjugated 

goat anti-rabbit (Bio-Rad, Mississauga, ON) was used as 2˚ Ab at 1:20000. 

3.12.1 Western blotting for M. maripaludis pilin 

 To examine flippase and glycosyltransferase candidates for involvement in M. 

maripaludis pilin glycan assembly, deletion strains were transformed with pWLG40 carrying 

epdE-FLAG. EpdE is the major pilin; the FLAG tag facilitates Western blotting detection as 

EpdE-specific antibody is not available. 

 Whole cell lysates were separated by 17.5% SDS-PAGE and transferred onto membrane 

as described above (3.12). M. maripaludis EpdE-FLAG Western blots were incubated with 

monoclonal murine ANTI-FLAG® (Sigma-Aldrich) as 1˚Ab at a dilution of 1:10000.  

Horseradish peroxidase-conjugated goat anti-mouse IgG F(ab’)2 fragment (Jackson 

ImmunoResearch Inc.) was used as 2˚Ab at a dilution of 1:40000. 

3.13 P. aeruginosa transformation 

 M. maripaludis genes mmp0353 and mmp0357 were synthesized using P. aeruginosa 

codon preferences by GenScript (New Jersey, USA). The synthesized genes were removed from 

pUC57 by EcoRI/HindIII restriction digest and cloned into pUCP18 and pUCP19; these pUCP18 

and pUCP19 constructs were then transformed into P. aeruginosa strains. 
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Overnight P. aeruginosa cultures were made electrocompetent based on the 10 min 

method described by Choi et al. (22). This method is conducted at room temperature. Cells were 

harvested from 1.2 mL of overnight culture by centrifugation at 13 000 rpm for 1 min. The cell 

pellet in each tube was then washed twice with 250 µL sterile 300 mM sucrose. The final cell 

pellet was resuspended in 80 µL sterile 300 mM sucrose, and immediately used for 

electroporation. 100 ng of plasmid DNA (pUCP18 or pUCP19 constructs) was mixed with 80 µL 

of electrocompetent cells; this mix was then transferred into a pre-cooled 1 mm gap width 

electroporation cuvette (Eppendorf). A 1.8 kV pulse was applied using a Bio-Rad MicroPulser set 

to Bacteria EC-1. 1 mL of room temperature LB media was quickly added, and cells were 

transferred into a sterile 1.5 mL microcentrifuge tube, then left to recover in a horizontal shaker 

(37˚C, 110 rpm) for 2 hours. Recovered cells were plated on LB supplemented with gentamicin 

(50 µg/mL) and carbenicillin (200 µg/mL). 

3.14 Bacteriophage D3 spot test and titration 

For spot tests and titrations, LB plates (1.5% agar) and overlays (0.5% agar) did not 

contain any antibiotics, but were supplemented with CaCl2 (2 mM). 

 Spot testing of P. aeruginosa strains with bacteriophage D3, which is specific for the O5-

specific antigen of P. aeruginosa PAO1 (109), was done according to the methods summarized 

by Kutter (65). 125 µL of overnight P. aeruginosa culture were added a tube of molten LB 

overlay, immediately poured onto an LB plate, and left to set for 20 min. 10 µL of bacteriophage 

D3 (titre 2 x 1010 PFU/mL, obtained from A. Kropinski) was spotted onto the P. aeruginosa 

plates. 10 µL of LB media was spotted as a negative control. Plates were incubated overnight at 

37˚C and then checked for zones of lysis. 



 

 

 

41 

 Titration of bacteriophage D3 with P. aeruginosa strains was conducted using the double 

overlay method described by Adams (3). Bacteriophage D3 was serially diluted to 10-7.  100 µL 

of phage and 125 µL of overnight P. aeruginosa culture were added to a tube of molten LB 

overlay, which was then poured and left to set. Plates were incubated overnight at 37˚C, and 

checked for plaque formation. Plaques were counted from plates that contained 30 – 300 plaques; 

these counts were used to calculate phage titre as plaque forming units per mL (PFU/mL). 

3.15 Isolation, silver staining, and Western blotting of P. aeruginosa LPS 

 P. aeruginosa strains PAO1, ΔwbpI , ΔwbpI + pUCP18_PA357, and ΔwbpI + 

pUCP19_PA357 were grown overnight in LB, with antibiotic selection as needed. 1.2 mL of 

culture was centrifuged at 13 000 rpm for 7 min. Pelleted cells were resuspended in 60 µL SDS 

BME (0.05 M Tris-HCl, pH 7.0, 0.3% SDS, 1% 2-mercaptoethanol); samples were boiled for 5 

min. Samples were incubated with DNase-RNase (room temperature for 30 min), and then 

Proteinase K (Invitrogen; 5 µL of 20 mg/mL) (60˚C for 1 hr). 60 µL of 2x protein ESB was 

added, and samples were boiled for 5 min. 

 For silver staining, LPS samples were electrophoresed through 15% polyacrylamide gels 

for LPS separation (LPS gel; 44:0.8 acryl:bis, 15% resolving gel, 0.0824 M NaCl) (66). Silver 

staining of gels was conducted as described by Hitchcock and Brown (1983). In brief, the LPS gel 

was soaked in fix (60% methanol in 10% acetic acid) overnight, before being soaked in 7.5% 

acetic acid (30 min), and then soaked in 2% periodic acid (30 min). The gel was then washed in 

dH2O for 2 hours prior to staining for 10 min with freshly mixed silver stain (42 mL 0.36% 

NaOH, and 2.8 mL NH4OH into 148 mL dH2O, and ≤ 8 mL 19.4% AgNO3 added dropwise). The 

gel was washed again in dH2O for 30 min before being soaked in developing solution (10% 
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methanol with 10 mg sodium citrate dehydrate, 103 µL 37% formaldehyde) until bands were 

visualized. 

  For Western blotting of P. aeruginosa LPS, LPS samples were electrophoresed through 

LPS gels and transferred onto Immobilion-P membrane (EMD Millipore Corp) as previously 

described by Towbin (112). Blots were incubated with monoclonal MF15-4 (Dr. J. Lam) as 1˚Ab, 

and with horseradish peroxidase-conjugated goat anti-mouse IgG F(ab’)2 fragment (Jackson 

ImmunoResearch Inc.) at 1:40000 as 2˚Ab (17). 

3.16 Electron microscopy 

 Electron microscopy of M. maripaludis strains was conducted using a Hitachi-7000 

electron microscope operating at 75 kV. M. maripaludis strains were grown overnight; cells were 

pelleted and briefly washed with phosphate-buffered saline. Cells were loaded onto Formvar-

coated copper grids and negatively stained with 2% phosphotungstic acid (pH 7.0). Electron 

microscopy was preformed by Dr. S.-I. Aizawa (Prefectural University of Hiroshima, Hiroshima, 

Shobara, Japan). 
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Chapter 4 

Results 

 Previously, the gene mmp0350 was identified as an acetyltransferase involved in 

biosynthesis of the second sugar [GlcNAc(3NAc)A] of the M. maripaludis archaellin glycan 

(117).  Bioinformatic analysis revealed that the genes immediately downstream of mmp0350 are 

likely to be involved in sugar biosynthesis or glycan assembly [Table 2.2] and were therefore the 

focus of this study. 

4.1 Bioinformatic analysis of Mmp0350 to Mmp0359 

The gene annotations of mmp0350, mmp0351, mmp0352, mmp0353, and mmp0357 

suggest various roles in sugar biosynthesis whereas mmp0356, mmp0358, and mmp0359 all 

encode potential glycosyltransferases and mmp354 encodes a potential Wzx-like flippase. Basic 

Local Alignment Search Tool (BLAST; http://blast.ncbi.nlm.nih.gov/Blast.cgi) searches were 

conducted for Mmp0350 to Mmp0359. Mmp0350, Mmp0351, Mmp0352, Mmp0353, and 

Mmp0357 all have high sequence similarity to the P. aeruginosa proteins WbpD, WbpE, WbpB, 

WbpA, and WbpI which are known to act in concert to convert UDP-GlcNAc to UDP-

ManNAc(3NAc)A as part of O5-specific antigen biosynthesis in P. aeruginosa PAO1 [Table 4.1] 

(17, 123, 126). Mmp0356, Mmp0358, and Mmp0359 all belong to glycosyltransferase 

superfamilies. In comparison, a BLAST search using Mmp0354 as query identified a Wzx motif, 

which is also present in the H. volcanii flippase AglR; thus, Mmp0354 is considered a M. 

maripaludis flippase candidate. Finally, a BLAST search of Mmp0355 returned no conserved  
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Table 4.1: Gene annotations and BLAST results for mmp0350 to mmp0359. 

Gene Annotation Conserved motif/comment BLAST results for 
P. aeruginosa Wbp 
proteins  
(% coverage|E-value) 

mmp0350 Putative acetyltransferase Putative CoA binding site P. aeruginosa WbpD 
(82%|1e-59) 

mmp0351 Predicted pyridoxal 
phosphate-dependent 
aminotransferase 

Pyridoxal 5’-phosphate binding 
site; single predicted catalytic 
lysine residue 

P. aeruginosa WbpE 
(94%|8e-66) 

mmp0352 Putative oxidoreductase Oxidoreductase family with 
NAD+-binding domain 

P. aeruginosa WbpB 
(37%|4e-6) 

mmp0353 UDP-glucose/GDP-
mannose dehydrogenase-
related protein 

UDP-glucose/GDP-mannose 
dehydrogenase family with 
NAD+-binding domain 

P. aeruginosa WbpA 
(93%|6e-52) 
 

mmp0354 Putative oligosaccharide 
transporter 

LPS biosynthesis protein; Wzx-
like (flippase) 

- 

mmp0355 Conserved hypothetical 
protein 

“no putative conserved 
domains,” limited to 
methanogens; absent in other M. 
maripaludis strains 

- 

mmp0356 Glycosyltransferase, 
group 1 

Sequence aligns with putative 
group 1 glycosyltransferases 
across a wide range of Archaea 

- 

mmp0357 UDP-N-
acetylglucosamine 2-
epimerase 

Glycosyltransferase 1 UDP-
GlcNAc 2-epimerase family 

P. aeruginosa WbpI 
(100%|5e-118) 

mmp0358 Glycosyltransferase, 
family 1  

“uncharacterized protein 
conserved in Archaea” 

- 

mmp0359 Glycosyltransferase, 
family 2 

Dolichol-phosphate 
mannose/dolichol-phosphate 
glucose –like synthase 

- 
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domains, and a very limited number of hypothetical proteins with significant amino acid sequence 

alignment. The few Mmp0355 homologues are present in a limited group of varied methanogens, 

but surprisingly not in M. voltae or any of the other four M. maripaludis sequenced genomes. 

4.2 mmp0350 – mmp0354 and mmp0355 – mmp0359 each consist of a single operon 

The gene region of mmp0350 to mmp0359 contained two potential operons. The 

orientations and short intergenic regions between each gene within the gene clusters mmp0350 – 

mmp0354 on the one strand and mmp0355 – mmp0359 on the complementary strand suggested 

the presence of two operons. To test this hypothesis, primers were designed to amplify across the 

intergenic regions between adjacent genes within each putative operon [Fig. 4.1A]. RT-PCR of 

RNA isolated from M. maripaludis Mm900 resulted in amplicons of predicted sizes for each of 

the two gene clusters mmp0350 – mmp0354 and mmp0355 – mmp0359 thereby indicating each 

consisted of a single operon [Fig. 4.1B]. No amplification was observed when RNA was not 

subjected to the reverse transcriptase step prior to standard PCR, thereby indicating that the RNA 

samples were not contaminated with DNA. 

4.3 Generation of in-frame deletion strains 

 The genes mmp0351, mmp0352, mmp0353, mmp0354, mmp0355, mmp0356, mmp0357, 

and mmp0358 were targeted for deletion due to their possible involvement in sugar biosynthesis 

or glycan assembly. The other two genes in the region, mmp0350 and mmp0359, were previously 

deleted (117, 131). pCRPrtNeo plasmids carrying the respective in-frame deletion constructs 

were transformed into M. maripaludis Mm900 (wild type) strain using the methods established by 

Moore and Leigh (85). Individual transformants were picked and grown in Balch medium III, 

then screened by PCR. The PCR product lengths obtained from the deletion strains were shorter  
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(A) 

   
 
 
 
(B) 

 
 
 
Figure 4.1: The two operons of mmp0350 – mmp0354 and mmp0355 – mmp0359. 

(A) Depiction of the gene regions targeted for RT-PCR analysis to determine co-

transcription. The black lines indicate the intergenic regions that were targeted for 

amplification. 

(B) mmp0350 – mmp0354 and mmp0355 – mmp0359 are each co-transcribed based on RT-

PCR results. Primer sets were used for standard PCR with Mm900 genomic DNA to 

confirm product sizes (DNA). RT-PCR was done using the same primer sets with 

purified Mm900 RNA to determine co-transcription of genes (RT). A standard PCR 

was also run using the purified RNA as template as a negative control against DNA 

contamination of the RNA (RNA). 
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than those from wild type, and were of the sizes predicted by the length of the deletion constructs 

[Fig. 4.2]. Mutants carrying a deletion of either mmp0356 or mmp0358 could not isolated. In both 

of these cases, more than 100 transformants over several experiments were screened via PCR, and 

all were wild type. 

4.4 Western blot analysis of archaellins from deletion strains 

M. maripaludis strains carrying deletion of genes involved in glycan assembly or glycan 

sugar biosynthesis are known to have archaellins bearing truncated glycans. These truncated 

glycans result in archaellins of decreased apparent molecular weight compared to wild type 

archaellins when analyzed by Western blotting. In particular, archaellins from ΔaglL, ΔaglA and 

ΔaglO have known glycan lengths of 3-, 2- and 1-sugar respectively, while archaellins from 

ΔaglB are non-glycosylated (116). The composition of these truncated glycans has been 

confirmed by mass spectrometry, and archaellins from the novel deletion strains obtained in this 

study were compared to these in Western blotting experiments.  Archaellins from Δmmp0351, 

Δmmp0352, Δmmp0353, Δmmp0354, Δmmp0355, and Δmmp0357 were analyzed by Western 

blotting [Fig. 4.3] for decreased apparent molecular weight. Δmmp0350 and Δmmp0359 were 

already known have archaellins modified by glycans of 1- and 4-sugars, respectively (117). 

Archaellins from Δmmp0351, Δmmp0352, and Δmmp0353 all displayed decreased 

apparent molecular weight in Western blots compared to wild type archaellins, and were of the 

same apparent molecular weight as those from ΔaglO and Δmmp0350. Thus, archaellins from 

these three deletion strains are predicted to bear a 1-sugar glycan. Archaellins from Δmmp0357  
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Figure 4.2: Confirmation of in-frame deletions of targeted genes by PCR. Whole cells from wild 

type (wt) and deletion strains (Δ) were used as template for gene-specific primers. The mmp0350 

deletion strain was previously constructed by D.J. VanDyke; the mmp0359 deletion was 

previously constructed by J.Wu. 

  



 

 

 

49 

 
 

 
Figure 4.3: Western blot analysis of archaellins from deletion strains. Whole cell lysates were 

separated by 12.5% SDS-PAGE; blots were developed with M. maripaludis anti-FlaB2. 

Archaellins modified with known glycans are as indicated for wild type (Mm900), 

glycosyltransferase mutants (aglO, aglA, algL), and the oligosaccharyltransferase mutant (aglB).   
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also were of decreased apparent molecular weight, but corresponded to those from ΔaglA. Thus, 

Δmmp0357 archaellins are predicted to be modified by a 2-sugar glycan. Δmmp0354, Δmmp355 

and Δmmp0359 archaellins all had the same apparent molecular weight as wild type archaellins. 

4.5 Complementation of deletion strains 

Complementation of deletion strains was conducted to show that archaellins’ decreased 

apparent molecular weights were due to the specific in-frame gene deletions, rather than 

downstream polar effects. Complementation plasmids were constructed for mmp0351, mmp0352, 

mmp0353, and mmp0357 as deletion of these genes each resulted in a decrease in archaellin 

apparent molecular weight. These four genes were scanned for naturally occurring internal NsiI 

and MluI restriction sites, as these two restriction sites are used to ligate the cloned genes into the 

complementation plasmid pHW40. Internal NsiI sites were identified in mmp0352 and mmp0357, 

and removed using site directed mutagenesis (SDM). Removal of the NsiI sites without affecting 

the amino acid sequences was confirmed by sequencing. 

Wild type versions of mmp0351, mmp0352, mmp0353, and mmp0357 were cloned into 

pHW40; these complementation plasmids were then transformed into their respective M. 

maripaludis deletion strains. pHW40 is controlled by the nif promoter, thus expression of cloned 

genes from this plasmid is induced by growing M. maripaludis complementation strains in 

nitrogen-free media supplemented with alanine. When complementation strains are grown in the 

presence of ammonia, the nitrogen fixation pathway is not required, however a low level of 

cloned gene expression from pHW40 plasmids may still occur (116). Once complementation 

strains of Δmmp0351, Δmmp0352, Δmmp0353, and Δmmp0357 were generated, their archaellins 

were analyzed by Western blotting [Fig. 4.4]. Δmmp0351, Δmmp0352, and Δmmp0357  
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Figure 4.4: Western blot analysis of archaellins from mmp0351, mmp0352, mmp0353, and 

mmp0357 complementation strains. Whole cell lysates were separated by 12.5% SDS-PAGE; 

blots were developed with M. maripaludis anti-FlaB2. Cells were grown in nitrogen-free media 

supplemented with alanine (nif promoter on) or ammonia (nif promoter off). 
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complementation strains all had archaellins of wild type molecular weight, indicating that 

complementation using the pHW40 constructs restored the glycosylation defects that had been 

introduced using the specific in-frame deletions. 

4.6 Electron microscopy 

The presence or absence of archaella in M. maripaludis deletion strains can be predicted 

from Western blotting results; the minimum archaellin glycan length required for archaellation in 

M. maripaludis is the 2-sugar glycan GlcNAc(3NAc)A-1,3-β-GalNAc (116). Δmmp0354, 

Δmmp0355, and Δmmp0359 had archaellins of wild type molecular weight, indicating that 

deletion of these genes had no effect on the glycan. Electron microscopy showed that Δmmp0354, 

Δmmp0355, and Δmmp0359 cells were archaellated. In contrast, Δmmp0351, Δmmp0352, and 

Δmmp0353 cells were all predicted to be non-archaellated given their archaellins’ apparent 1-

sugar glycan upon Western blotting analysis; electron microscopy confirmed that these three 

strains were non-archaellated. Δmmp0357 archaellins were predicted to be modified by a 2-sugar 

glycan, and thus cells were predicted to be archaellated; this was confirmed by electron 

microscopy [Fig. 4.5]. 

The Δmmp0351 and Δmmp0352 complementation strains were examined by electron 

microscopy to determine if the restoration of archaellin apparent molecular weight to that of wild 

type archaellins was accompanied by a restoration of the wild type archaellated phenotype. Both 

Δmmp0351 and Δmmp0352 complementation strains were archaellated [Fig. 4.6]. The Δmmp0357 

complementation strain was not examined by electron microscopy as the deletion strain remained 

archaellated. 
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Figure 4.5: Transmission electron micrographs of M. maripaludis cells negatively stained with 

2% phosphotungstic acid (pH 7.0). Arrows indicate archaella. Bar is 500 nm. Black coloring of 

cells is artifact. Images courtesy of S.-I. Aizawa (Prefectural University of Hiroshima, Shobara, 

Hiroshima, Japan). 
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Figure 4.6: Transmission electron micrographs of mmp0351 and mmp0352 complementation 

strains. Cells were grown in nitrogen-free media supplemented with alanine (nif promoter on) or 

ammonia (nif promoter off). Cells were negatively stained with 2% phosphotungstic acid (pH 

7.0). Arrows indicate flagella. Bar is 500 nm. Images courtesy of S.-I. Aizawa (Prefectural 

University of Hiroshima, Shobara, Hiroshima, Japan).  
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4.7 Mass spectrometry of Δmmp0357 archaellin glycan 

 Of the archaellated deletion strains, only Δmmp0357 had archaellins of a lesser apparent 

molecular weight compared to wild type archaellins.  The Δmmp0357 archaellins migrated at the 

same apparent molecular weight as archaellins from ΔaglA, which are known to be modified by 

the 2-sugar glycan GlcNAc(3NAc)A-1,3-β-GalNAc (116). Archaella were isolated from 

Δmmp0357 cells using methods described by Bardy et al. (13). Analysis by SDS-PAGE and 

Western blotting confirmed that the lower apparent molecular weight of FlaB2 from purified 

archaella was the same as the FlaB2 detected in whole cell lysates of Δmmp0357 [Fig. 4.7]. Mass 

spectrometry analysis of the purified archaella confirmed that Δmmp0357 archaellins are 

modified with the identical 2-sugar glycan comprised of GlcNAc(3NAc)A-1,3-β-GalNAc 

previously identified in the ΔaglA deletion strain [Fig. 4.8]. 

4.8 mmp0354 and mmp0359 are not involved in archaellin or pilin glycan assembly 

 mmp0354 and mmp0359 were targeted for deletion based on their respective annotations 

as a flippase candidate and as a glycosyltransferase. If mmp0354 encoded the flippase responsible 

for flipping the assembled archaellin glycan across the cytoplasmic membrane, archaellins from 

Δmmp0354 would be expected to be non-glycosylated as the lipid-bound glycan would not be 

available to AglB for transfer onto archaellins.  As a potential glycosyltransferase, mmp0359 was 

deleted in order to determine if mmp0359 is responsible for transferring the first sugar (GalNAc) 

onto the dolichol lipid carrier, as this glycosyltransferase required for glycan assembly has not 

been identified. If this was the case, then archaellins from Δmmp0359 would also be non-

glycosylated and have a molecular weight as those from ΔaglB. However, Western blotting  
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(A)      (B) 

 

Figure 4.7: Purified archaella isolated from Δmmp0357 cells  

(A) Samples of M. maripaludis whole cell lysates and isolated archaella. Whole cell 

lysates from Mm900 (wt) and Δmmp0357, and archaella isolated from Δmmp0357 

cells were separated by 15% SDS-PAGE and stained with Coomassie Blue. Arrow 

indicates location of the protein band in the isolated archaella lane. The relative 

mobility of pre-stained SDS-PAGE low range molecular weight standards (Fermentas) 

are indicated in kDa. 

 

(B) Western blot of whole cell lysates and isolated archaella. Samples were separated by 

15% SDS-PAGE; the blot was developed using M. maripaludis anti-FlaB2.  
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Figure 4.8: Nano-LC-MS/MS analysis of the FlaB2 tryptic glycopeptide from M. maripaludis 

Δmmp0357 mutant strain compared to wild type. The symbols indicate the sugar residues present 

on the major carbohydrate oxonium ions in the MS/MS spectra. The b and y ions that resulted 

from fragmentation of the peptide bonds are also shown. 

(A) The structure of the wild type tetrasaccharide has been previously described (62). 

(B) The glycopeptide from the Δmmp0357 mutant strain was modified with a 

disaccharide composed of the first two sugars of the wild type glycan. 



 

 

 

59 

revealed that archaellins from mmp0354 and mmp0359 were of wild type molecular weight, 

indicating that these genes are not involved in assembly of the archaellin glycan [Fig. 4.9A]. 

 M. maripaludis has a second surface appendage: pili. M. maripaludis pilins are modified 

by a branched pentasaccharide which is the same as the archaellin tetrasaccharide, but with an 

additional hexose group branching off the first sugar residue (93). This hexose residue may reside 

on a dolichol lipid carrier, separate from the assembled tetrasaccharide, and be flipped 

independently from the tetrasaccharide, much in the way that AglR is responsible for flipping the 

final mannose residue that is added to the H. volcanii S-layer glycoprotein (58). Thus, mmp0354 

and mmp0359 were analyzed for involvement in M. maripaludis pilin glycan assembly as a 

flippase and glycosyltransferase for the hexose sugar that forms the branch of the pilin glycan. 

In order to determine if mmp0354 and mmp0359 are involved in pilin glycan assembly, 

Δmmp0354 and Δmmp0359 were transformed with the pWLG40 plasmid carrying FLAG-tagged  

epdE. EpdE-FLAG is used as a reporter for changes in M. maripaludis pilin glycosylation as 

primary antibody against M. maripaludis EpdE is currently unavailable. The apparent molecular 

weight of EpdE-FLAG expressed in Δmmp0354 and Δmmp0359 was of the same apparent 

molecular weight as that expressed in wild type cells when analyzed by Western blotting [Fig. 

4.9B]. Thus, mmp0354 and mmp0359 are not involved in either archaellin or pilin glycan 

assembly. 
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Figure 4.9: mmp0354 and mmp0359 are not involved in assembly of the M. maripaludis 

archaellin or pilin glycan. 

(A) Western blot analysis of deletion strains using anti-FlaB2. Whole cell lysates were 

separated by 12.5% SDS-PAGE. Molecular weights of archaellins in both Δmmp0354 

and Δmmp0359 corresponded to that of wild type, indicating that deletion of either gene 

did not affect archaellin glycan assembly. 

(B) Western blot analysis of wild type and deletion strains expressing EpdE-FLAG. EpdE-

FLAG was used as a reporter protein for pilin glycan molecular weight. Whole cell 

lysates were separated by 17.5% SDS-PAGE; Western blots were developed with anti-

FLAG. No decrease in pilin molecular weight was observed in Δmmp0354 or 

Δmmp0359, indicating that neither gene is involved in pilin glycan assembly.  
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4.9 Mmp0350, Mmp0351, Mmp0352, Mmp0353, and Mmp0357 are equivalent to the P. 

aeruginosa WbpABEDI pathway 

 The apparent 1-sugar glycan of archaellins from Δmmp0351, Δmmp0352, and Δmmp0353 

suggested that these genes, like mmp0350, are involved in biosynthesis of the second sugar 

residue of the M. maripaludis archaellin glycan [GlcNAc(3NAc)A]. The 2-sugar glycan of 

Δmmp0357 archaellins suggested that mmp0357 is involved in biosynthesis of the third sugar 

residue [ManNAc(3NAm)A6Thr]. Based on their gene annotations and BLAST results [Table 

4.1], mmp0350, mmp0351, mmp0352, mmp0353 and mmp0357 were hypothesized to encode a 

biosynthetic pathway that is functionally equivalent to the wbpABEDI-encoded pathway observed 

in P. aeruginosa PAO1 [Fig. 4.10]. In P. aeruginosa, WbpA, WbpB, WbpE, WbpD, and WbpI 

are responsible for the step-wise biosynthesis of UDP-ManNAc(3NAc)A from UDP-GlcNAc (17, 

83, 124). ManNAc(3NAc)A is a component of the O5-specific antigen of P. aeruginosa PAO1; 

mutants in any of the given genes for the WbpABEDI pathway do not produce O5-specific 

antigen (17, 109, 126). In M. maripaludis, mmp0350, mmp0351, mmp0352, and mmp0353 are all 

needed to generate the second sugar, GlcNAc(3NAc)A. ManNAc(3NAc)A is the basis of the 

third sugar of the archaellin glycan; this sugar is later modified by AglXYZ and AglU to result in 

ManNAc(3NAm)A6Thr (29, 55). In order to determine if mmp0350, mmp0351, mmp0352, 

mmp0353, and mmp0357 encode a Wbp-like biosynthetic pathway in M. maripaludis, the first 

(mmp0353) and last (mmp0357) genes were used for cross-domain complementation experiments 

of P. aeruginosa ΔwbpA and ΔwbpI, respectively. 

 Bacteriophage D3 recognizes the O5-antigen in P. aeruginosa PAO1 LPS (109).  P. 

aeruginosa ΔwbpA and ΔwbpI strains are predicted to be insensitive to D3 bacteriophage as these 

strains do not express O5-specific antigen (17). Complementation of ΔwbpA or ΔwbpI with  
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Figure 4.10: Hypothesized biosynthetic pathway of UDP-ManNAc(3NAc)A acid from UDP-

GlcNAc via UDP-GlcNAc(3NAc)A in M. maripaludis. Corresponding wbp genes from P. 

aeruginosa PAO1 are in brackets (17, 124, 126). In M. maripaludis this pathway would account 

for the biosynthesis of the second and third sugar residues of the archaellin tetrasaccharide.   
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M. maripaludis gene homologues were therefore predicted to restore expression of O5-specific 

antigen if the M. maripaludis genes were functionally equivalent; successful complements would 

be sensitive to bacteriophage D3. 

4.10 Mmp0353 cannot functionally replace WbpA when expressed in trans 

Mmp0353 is annotated as a UDP-Glc/GDP-Man dehydrogenase-like protein, however it 

shares strong sequence similarity along almost its entire length with WbpA, a known UDP-

GlcNAc dehydrogenase (83). In order determine if Mmp0353 could functionally replace WpbA, 

mmp0353 was synthesized using P. aeruginosa codon preferences (herein referred to as PA353) 

since there is a large difference in GC-content between the two organisms (33% in M. 

maripaludis versus 67% in P. aeruginosa). P. aeruginosa ΔwbpA cells were transformed with 

pUCP18_PA353 and pUCP19_PA353; these transformants were screened for their sensitivity to 

bacteriophage D3. 

Bacteriophage D3 was spotted on bacterial lawns of P. aeruginosa PAO1, ΔwbpA, 

ΔwbpA + pUCP18_PA353, and ΔwbpA + pUCP19_PA353. The only difference between pUCP18 

and pUCP19 is the orientation of the cloned gene, which is only transcribed when in pUCP18. A 

zone of cell lysis was only observed on the PAO1 lawn; the ΔwbpA lawn did not contain a zone 

of lysis as expected. The ΔwbpA + pUCP18_PA353, and ΔwbpA + pUCP19_PA353 lawns also 

lacked any visible zones of lysis [Fig. 4.11], indicating that O5-specific antigen expression was 

not restored since bacteriophage D3 could not attach to cells and cause lysis. 

To ensure that PA353 was produced in P. aeruginosa ΔwbpA cells, Western blotting 

using anti-His to detect the C-terminal His-tag in PA353 was attempted, but was inconclusive. 

The possibility of the C-terminal His-tag interfering with the functioning of PA353 in ΔwbpA was  
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Figure 4.11: Spot test plates of P. aeruginosa ΔwbpA strains complemented using PA353 

expressed in trans. Quadrants marked with “K” were spotted with bacteriophage D3 (10 µL of a 

2x1010 PFU/mL stock) that was obtained from A. Kropinski. Quadrants marked with “LB” were 

spotted with Luria-Bertani media as a negative control. 

  

P. aeruginosa PAO1 P. aeruginosa !wbpA  

P. aeruginosa !wbpA + pUCP18_PA353  P. aeruginosa !wbpA + pUCP19_PA353  

P. aeruginosa !wbpA + pUCP19_PA353nt  P. aeruginosa !wbpA + pUCP18_PA353nt  
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ruled out by removing the His-tag via PCR. The “no tag” version of PA353 (PA353nt) was 

ligated into pUCP18 and pUCP19; these plasmid constructs were transformed into ΔwbpA cells. 

The bacteriophage D3 spot test was repeated with P. aerugionsa ΔwbpA + pUCP18_PA353nt and 

ΔwbpA + pUCP19_PA353nt; once again, no zones of lysis were observed [Fig. 4.11]. 

The failure to complement P. aeruginosa ΔwbpA using PA353nt could have been due to 

cells not being able to produce the protein. Primary antibody specific for PA353nt is not 

available, but RT-PCR was used to determine if the gene was being transcribed in ΔwbpA cells. 

RT-PCR was performed using RNA isolated from ΔwbpA + pUCP18_PA353nt as template and 

primers that were designed to amplify an intragenic region of PA353nt. Detection of RT-PCR  

product of the predicted size based on primer location indicated that the unsuccessful 

complementation with P. aeruginosa ΔwbpI with pUCP18_PA353nt was at least not due to an 

absence of PA353nt transcript [Fig. 4.12]. 

4.11  Mmp0357 can functionally replace WbpI when expressed in trans 

 Mmp0357 is actually annotated as a UDP-GlcNAc 2-epimerase, however it was 

hypothesized to be homologous to WbpI, a known UDP-2,3-diacetamido-2,3-dideoxy-α-D-

glucuronic acid 2-epimerase (125), based on high sequence similarity to WbpI over its entire  

length.  mmp0357 was synthesized using P. aeruginosa codon preferences (PA357). P. 

aeruginosa ΔwbpI cells were then transformed with pUCP18_PA357 and pUCP19_PA357; 

transformants were screened for bacteriophage D3 sensitivity. 

Bacteriophage D3 was spotted on bacterial lawns of P. aeruginosa PAO1, ΔwbpI, ΔwbpI 

+ pUCP18_PA357, and ΔwbpI + pUCP19_PA357. Zones of lysis were observed on the 
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Figure 4.12: Detection of PA353nt transcript via RT-PCR. RT-PCR primers were designed to 

amplify an intragenic region of P. aeruginosa-version of mmp0353.  An aliquot of a miniprep of 

pUCP18_PA353nt was used for standard PCR to confirm amplicon size (DNA). RT-PCR was 

conducted with RNA isolated from P. aeruginosa ΔwbpI + pUCP18_PA353nt (RT). Standard 

PCR was conducted using RNA isolated from P. aeruginosa ΔwbpI + pUCP18_PA353nt as 

template; this is a negative control against DNA contamination of the RNA isolation (RNA). 
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P. aeruginosa PAO1 and ΔwbpI + pUCP18_PA357 plates, and not on the ΔwbpI or ΔwbpI + 

pUCP19_PA357 plates [Fig. 4.13]. The zone of lysis observed on the pUCP18_PA357 plate, and 

not on the pUCP19_PA357 plate, indicated that synthesis of O5-specific antigen was restored 

when PA357 was expressed in trans in ΔwbpI cells, which led to D3 attachment and subsequent 

lysis of cells. 

Phage titration using the double overlay method (3) was used to determine if 

bacteriophage D3 efficiency of plaquing was the same in ΔwbpI + pUCP18_PA357 compared to 

wild type (P. aeruginosa PAO1). Plaques were counted on P. aeruginosa PAO1 and ΔwbpI + 

pUCP18_PA357 plates [Fig. 4.14].  The PFU/mL value obtained with P. aeruginosa PAO1 was 

2.07 x 1010; PFU/mL value obtained with ΔwbpI + pUCP18_PA357 was 2.11 x 1010. 

LPS samples from P. aeruginosa PAO1, ΔwbpI, ΔwbpI + pUCP18_PA357, and ΔwbpI + 

pUCP19_PA357 were prepared based on the method described by Hitchcock and Brown (45). 

LPS samples were separated by polyacrylamide gel electrophoresis, and visualized by silver 

staining and Western blotting [Fig. 4.15]. Western blots were developed using MF15-4, a 

monoclonal primary antibody that is specific for O5-specific antigen (17). O5-specific antigen 

was only detected in LPS samples isolated from P. aeruginosa PAO1 and P. aeruginosa ΔwbpI + 

pUCP18_PA357, thus confirming the bacteriophage D3 lysis results and that PA357 functionally 

replaced WbpI when expressed in trans. 

4.12 Summary of M. maripaludis genes studied in this work. 

Table 4.2 summarizes the M. maripaludis genes that were studied in this work. Mmp0350 

to mmp0359 were all targeted for in-frame deletion, and were analyzed by Western blotting and 

electron microscopy. Archaellin glycan lengths are based on Western blotting results.  
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Figure 4.13: Spot test plates of P. aeruginosa ΔwbpI strains complemented using PA357 

expressed in trans.  Quadrants marked with “K” were spotted with bacteriophage D3 (10 µL of a 

2x1010 PFU/mL stock) obtained from A. Kropinski. Quadrants marked with “LB” were spotted 

with Luria-Bertani media as a negative control. 

  

P. aeruginosa PAO1 P. aeruginosa !wbpI  

P. aeruginosa !wbpI + pUCP18_PA357 P. aeruginosa !wbpI + pUCP19_PA357 
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Figure 4.14: Titration of bacteriophage D3 on P. aeruginosa PAO1 and P. aerugionsa ΔwbpI 

expressing PA357 in trans. Both plates shown were of a 10-7 dilution of phage stock. 

  

P. aeruginosa PAO1 P. aeruginosa ΔwbpI + pUCP18_PA357 
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Figure 4.15: Western blot analysis of LPS isolated from P. aeruginosa PAO1 and P. aeruginosa 

ΔwbpI expressing PA357 in trans. 

(A) Silver staining of LPS isolated from P. aeruginosa strains. 

(B) Western blotting of LPS isolated from P .aeruginosa strains. The blot was developed 

with anti-O5-specific antigen (MF14-5). Complementation of P. aeruginosa ΔwbpI using 

PA357 expressed in trans restored O5-specific antigen biosynthesis. 
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Table 4.2: Summary of M. maripaludis genes studied in this work. 

Gene Deleted Effect on 
FlaB2 MW 

Archaellin 
glycan 
length 

Complement Archaellated? 

Deletion Complement 

mmp0350 Yes Yes 1-sugar - No - 

mmp0351 Yes Yes 1-sugar Yes No Yes 

mmp0352 Yes Yes 1-sugar Yes No Yes 

mmp0353 Yes Yes 1-sugar No No ND 

mmp0354 Yes No Wild type - - - 

mmp0355 Yes No Wild type - - - 

mmp0356 No - - - -  

mmp0357 Yes Yes 2-sugar, 
confirmed 
by mass 
spectrometry 

Yes Yes 
 

ND 

mmp0358 No - - - - - 

mmp0359 Yes No Wild type  - - - 

 

ND not determined  
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Chapter 5 

Discussion 

N-linked glycosylation of proteins was long believed to be an exclusively eukaryotic 

trait, however it is now known that this post-translational modification is present in all three 

domains of life (69).  The first non-eukaryotic example of a protein modified by an N-linked 

glycan was the S-layer glycoprotein of Halobacterium salinarum (80). N-linked glycosylation is 

particularly widespread in Archaea (60). Many archaeal proteins, especially externally exposed 

proteins including S-layer proteins, archaellins and pilins, are known to be glycoproteins 

modified by unique glycans (52). Defects in N-linked glycosylation can have profound effects on 

motility, archaellation, and growth in high salt conditions. Concerted genetic studies in a select 

number of Archaea have only recently begun to elucidate archaeal N-linked glycosylation 

pathways.  

The study of archaeal N-linked glycosylation in M. maripaludis has been focused more 

on genes involved in assembly of the archaellin glycan (116), and less so on genes involved in 

sugar biosynthesis. Thus, the aim of this work was to determine if the genes immediately 

downstream of mmp0350 were involved in sugar biosynthesis or archaellin glycan assembly, 

given that mmp0350 was previously demonstrated to be involved, and that the annotations of 

mmp0351 to mmp0359 made them likely candidates for involvement in these processes. Of these 

genes, two (mmp0356 and mmp0358) could not be deleted. Two other genes (mmp0354 and 

mmp0359) were determined to not be involved in either archaellin glycan or pilin glycan 

assembly. However, four genes (mmp0351, mmp0352, mmp0353, and mmp0357) involved in 
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sugar biosynthesis of the M. maripaludis archaellin glycan were identified; in-frame deletion of 

these genes resulted in archaellins bearing truncated glycans. In combination with mmp0350, 

these five genes were hypothesized to encode the stepwise conversion of UDP-GlcNAc to UDP-

ManNAc(3NAc)A in a functionally equivalent biosynthetic pathway to one identified in P. 

aeruginosa PAO1 which generates UDP-ManNAc(3NAc)A as part of O5-specific antigen 

biosynthesis (68). Successful cross-domain complementation of the final step of the P. 

aeurgionsa pathway, catalyzed by WbpI, using the final protein (Mmp0357) of the M. 

maripaludis pathway strongly supports this hypothesis. 

The M. maripaludis archaellin glycan is a tetrasaccharide, and three of the four 

glycosyltransferases responsible for its assembly had been previously identified (116). The 

remaining unidentified glycosyltransferase is responsible for addition of the first sugar (GalNAc) 

to the dolichol lipid carrier to initiate glycan assembly. M. maripaludis pilins are also 

glycosylated; the pilin pentasaccharide is composed of the archaellin tetrasaccharide with an 

additional branched hexose (93). The glycosyltransferase responsible for the hexose is also 

currently unknown. The gene region mmp0350 – mmp0359 contained three genes whose 

annotations suggested that they could be glycosyltransferases: mmp0356, mmp0358, and 

mmp0359. Despite repeated attempts, mutants carrying a deletion of mmp0356 or mmp0358 could 

not be isolated. The inability to delete these genes may be due to the presence of a recombination 

hot spot on one side of the target gene that strongly favored leaving the wild type gene rather than 

the deletion construct after the second recombination event in the deletion protocol. For example, 

while transformants should be an equal mix of wild type and deletion mutants, Moore and Leigh 

reported a single Δalr isolate among 40 screened colonies (85). Alternatively, it should be noted  
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that the M. maripaludis genome contains more putative glycosyltransferases than the four 

required for archaellin glycan assembly, and some of these, such as mmp0356 and mmp0358, may 

be involved in essential processes such as assembly of the glycan found on coenzyme M, an 

essential cofactor for methanogenesis (101), or membrane glycolipids (34). 

mmp0359 was originally targeted for deletion by J. Wu (131) due to its annotation as a 

glycosyltransferase and possible involvement in the assembly of the archaellin glycan. The 

deletion of mmp0359 had no effect on archaellin apparent molecular weight, indicating that 

mmp0359 is not involved in archaellin glycan assembly (131). In this study, mmp0359 was 

evaluated for its possible involvement in assembly of the M. maripaludis pilin glycan as the 

glycosyltransferase responsible for the hexose branch. Unfortunately, primary antibody for 

detection of M. maripaludis EpdE, the major pilin glycoprotein, by Western blotting is not 

available. Thus, defects in glycosylation of EpdE were studied by introducing an epdE-FLAG 

fusion via pWLG40. The FLAG tag allows for detection of EpdE-FLAG with commercial anti-

FLAG primary antibody (Nair, D.B. and K.F. Jarrell, unpublished data). pWLG40 + epdE-FLAG 

was introduced into both wild type and Δmmp0359 cells, and Western blotting revealed no 

apparent change in EpdE-FLAG apparent molecular weight when expressed in Δmmp0359 rather 

than wild type. Thus, mmp0359 is not likely to be involved in pilin glycan assembly as the 

glycosyltransferase for the hexose branch. 

A key enzyme for archaeal N-linked glycosylation is the flippase responsible for flipping 

dolichol-linked sugars across the cytoplasmic membrane (58). This step is essential for glycan 

presentation to the oligosaccharyltransferase, which acts on the external face of the cytoplasmic 

membrane (46). Deletion of a flippase would thus result in non-glycosylated proteins. Within the 
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gene region of mmp0350 to mmp0359, mmp354 was targeted for deletion due to its annotation as 

a putative oligosaccharide transporter. In particular, the presence of the Wzx motif in Mmp0354 

made it a flippase candidate as Wzx homology is present in the known N-linked glycosylation 

flippases AglR of H. volcanii (58) and PglK in C. jejuni (61). Wzx itself is a thought to be a 

flippase necessary for LPS assembly, and responsible for flipping undecaprenol-linked repeating 

units of O-antigenic chain across the inner membrane (16). mmp0733 and mmp1089 are the only 

two other flippase candidates containing the Wzx motif in M. maripaludis. Deletion of mmp0733 

had no effect on archaellin apparent molecular weight (K.F. Jarrell, personal communication). In 

M. maripaludis, mmp1089 is the closest homologue to H. volcanii aglR, and is located in the 

same gene cluster as known agl genes. However, efforts to delete mmp1089 have been 

unsuccessful (116), making it impossible to assess its possible role as a flippase. A mutant strain 

carrying a deletion of mmp0354 was generated and this allowed for an investigation of mmp0354 

involvement in N-linked glycosylation as a flippase. Western blotting of Δmmp0354, however, 

detected no change in the apparent molecular weight of Δmmp0354 archaellins compared to wild 

type archaellins. Therefore, mmp0354 is not believed to be the flippase responsible for flipping 

the assembled lipid-linked archaellin tetrasaccharide. 

In H. volcanii, the final mannose of the high salt pentasaccharide is found on a separate 

dolichol lipid carrier, independent of the lipid-bound assembled tetrasaccharide (40). This 

dolichol-linked mannose is flipped by AglR, independently from the rest of the glycan (58), and 

is added to the tetrasaccharide that is already linked to S-layer proteins by the glycosyltransferase 

AglS on the exterior of the cell (25). Thus, mmp0354 was investigated for involvement in M. 

maripaludis pilin glycan assembly as a flippase for the branched hexose, as this hexose may be 
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added in a similar fashion as the final mannose in H. volcanii. pWLG40 + epdE-FLAG was 

introduced into wild type and Δmmp0354 cells. Unlike the large change in apparent molecular 

weight expected if mmp0354 was the flippase for the archaellin tetrasaccharide, involvement of 

mmp0354 as the flippase for the hexose group was predicted to have a small decrease in EpdE-

FLAG apparent molecular weight.  However, Western blotting revealed no change in EpdE-

FLAG apparent molecular weight in Δmmp0354 compared to wild type. Therefore, mmp0354 is 

not believed to be a flippase for either the archaellin tetrasaccharide or the hexose branch of the 

pilin pentasaccharide. 

Unlike the rest of the genes in this study, the annotation for mmp0355 provided no hint of 

how this gene could be involved in sugar biosynthesis or glycan assembly. Mmp0355 is predicted 

to be localized to the cytoplasmic membrane based on PSORTb v3.0.2 results 

(http://www.psort.org/psortb/index.html). A BLAST search using Mmp0355 as the query 

sequence revealed no putative conserved domains, and only a very limited number of 

hypothetical proteins which shared significant sequence alignment. The Mmp0355 homologues 

are found in other diverse methanogens (Methanococcoides burtonii, Methanoculleus bourgensis, 

Methanolobus psychrophilus, and Methanocorpusculum labreanum) and one extreme 

thermophile (Thermococcus onnurineus) but are not present in M. voltae or even other isolates of 

M. maripaludis. mmp0355 was, however, targeted for deletion due to its location amongst, and 

co-transcription with, genes involved in sugar biosynthesis or glycan assembly.  One hypothesis 

was that mmp0355 may be involved in biosynthesis of the fourth sugar of the M. maripaludis 

archaellin glycan, as this sugar [(5S)-2-acetamido-2,4-dideoxy- 5-O-methyl-a-L-erythro-hexos-5-

ulo-1,5-pyranose] is novel (62). Deletion of mmp0355 did not affect archaellin apparent 



 

 

 

77 

molecular weight upon Western blotting and is therefore not believed to be involved in sugar 

biosynthesis or glycan assembly under normal growth conditions. However, there was a report in 

which the effects of deleting a cluster of genes involved in biosynthesis of the M. maripaludis N-

linked glycan only became apparent under specific growth conditions (55). A similar result 

remains a possibility for mmp0355. While the process that mmp0355 is involved in is unknown, it 

is non-essential under normal growth conditions, since a mmp0355 deletion strain was 

successfully constructed, but also unique to M. maripaludis S2 as no homologues of mmp0355 

are present in other M. maripaludis isolates (C5, C6, C7, and X1) for which sequenced genomes 

are available. 

The deletion strains of Δmmp0351, Δmmp0352, Δmmp0353, and Δmmp0357 all had 

archaellins of decreased apparent molecular weight compared to wild type archaellins when 

examined by Western blotting. Archaellins from Δmmp0351, Δmmp0352, and Δmmp0353 had the 

same apparent molecular weight as those from Δmmp0350 and ΔaglO, the latter of which is 

known to have a 1-sugar glycan (116). Archaellins from Δmmp0357 aligned with those from 

ΔaglA, which is know to have a 2-sugar glycan (116), and the composition of the predicted 2-

sugar Δmmp0357 archaellin glycan was confirmed via mass spectrometry of purified archaella. 

Δmmp0351, Δmmp0352, and Δmmp0353 cells were all predicted to be non-archaellated based on 

their 1-sugar archaellin glycans, which is known to be insufficient for archaella assembly (116). 

Electron microscopy confirmed that Δmmp0351, Δmmp0352, and Δmmp0353 cells were non-

archaellated. 

Complementation plasmids for mmmp0351, mmp0352, and mmp0353 were constructed 

using pHW40 to confirm that the decreased archaellin molecular weight and loss of archaellation 
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was due to the specific gene deletion, and not due to downstream polar effects. By using pHW40, 

expression of the cloned gene from the nif promoter can be controlled by choice of nitrogen 

source (74). When grown in medium with alanine as the sole nitrogen source, complementation 

of Δmmp0351 and Δmmp0352 cells restored archaellin molecular weight to that of wild type as 

exhibited by Western blotting. Complementation of Δmmp0351 and Δmmp352 also restored cells 

to an archaellated phenotype. Complemented Δmmp0351 and Δmmp0352 cells grown with in 

medium containing ammonia had a partially restored wild type phenotype, when analyzed by 

Western blotting and electron microscopy. The partial restoration of wild type archaellin 

molecular weight of complemented cells grown with ammonia has been observed before (116). 

The nif promoter is not fully repressed even when cells are grown with ammonia (74), and the 

small amount of mmp0351 or mmp0352 transcription that occurs under these conditions may have 

been enough for partial restoration of wild type phenotype since these genes encode biosynthetic 

enzymes that are likely needed in small amounts. While complementation of Δmmp0351 and 

Δmmp0352 both resulted in restoration of archaellin molecular weight to that of wild type, 

complementation of Δmmp0353 did not.  Mmp0353 may interact with other biosynthetic enzymes 

in a cytoplasmic complex. Expression of Mmp0353 in trans from a non-native promoter in 

complemented cells may have resulted in an altered stoichiometry of the complex members, thus 

affecting Mmp0353 stability and function. 

The annotations and BLAST results for mmp0350, mmp0351, mmp0352, mmp0353, and 

mmp0357 led to the hypothesis that these genes encode the steps of a biosynthetic pathway for the 

generation of UDP-ManNAc(3NAc)A from UDP-GlcNAc. An equivalent pathway for UDP-

ManNAc(3NAc)A biosynthesis has been extensively studied in P. aeruginosa PAO1 and 
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Bordetella pertussis (126). In P. aeruginosa, the pathway involves wbpA, wbpB, wbpE, wbpD, 

and wbpI (83, 124, 126). These five genes are involved in biosynthesis of the ManNAc(3NAc)A 

residue found in P. aeruginosa O5-specific antigen. Expression of O5-specific antigen is lost 

when any of wbpA, wbpB, wbpE, wbpD, or wbpI are deleted. Bacteriophage D3 is specific for P. 

aeruginosa O5-specific antigen, thus mutants with deletions within the WbpABEDI pathway 

were predicted to be insensitive to bacteriophage D3. 

 In the hypothesized M. maripaludis Wbp-like pathway, depicted in Figure 4.10, 

Mmp0353 would function as a UDP-GlcNAc dehydrogenase, Mmp0352 and Mmp0351 would 

function as an oxidoreductase and aminotransferase respectively for the addition of an amino 

group at C-3, and Mmp0350 would subsequently replace the C-3 amino group with an acetyl 

group. At this point, the composition of the nucleotide-charged sugar would be UDP-

GlcNAc(3NAc)A.  This would be the substrate for the glycosyltransferase AglO as the second 

sugar residue that is found in the M. maripaludis archaellin tetrasaccharide. The 2-epimerase 

activity of Mmp0357 would then convert UDP-GlcNAc(3NAc)A to UDP-ManNAc(3NAc)A, 

forming the basis of the third sugar found in the M. maripaludis tetrasaccharide. Complete 

appearance of the third residue in the archaellin glycan requires the further actions of AglXYZ, 

AglU, and the glycosyltransferase AglA (29, 55, 116).  Of the five enzymes in this M. 

maripaludis Wbp-like pathway, in vitro study of a His-tagged version of Mmp0352 

overexpressed in E. coli catalyzed the oxidation of UDP-GlcNAc, but not UDP-Glc or UDP-

GalNAc (89), however UDP-GlcNAcA was not tested as a possible substrate. 

In order to investigate if any of the M. maripaludis sugar biosynthesis genes were 

functionally equivalent to those in P. aeruginosa PAO1, wbpA and wbpI deletion strains were  
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obtained from J. Lam (17). wbpA and wbpI encode the enzymes that catalyze first and last steps 

of the WbpABEDI pathway, and deletion of either one interrupts O5-specific antigen 

biosynthesis in P. aeruginosa PAO1.  Cross-domain complementation was conducted to 

determine if Mmp0353 and Mmp0357 could functionally replace WbpA and WbpI, respectively, 

in P. aeruginosa. 

Complementation of P. aeruginosa ΔwbpA with a P. aeruginosa codon version of 

mmp0353 (PA353) was not successful; no zones of clearance were observed when the 

complemented ΔwbpA strains were spot tested using bacteriophage D3. This indicated that O5-

specific antigen biosynthesis was not restored. Thus, PA353 was not functionally interchangeable 

with WbpA, at least when expressed in trans. This may have been due to the P. aeruginosa 

translational machinery not translating PA353. Though RT-PCR of RNA from P. aeruginosa 

ΔwbpA + pUCP18_PA353nt showed that transcription of the gene occurred, antibody against 

PA353nt is not available so translation of PA353nt could not be confirmed. WbpA may function 

in a complex, thus trying to substitute for WbpA with PA353 expressed in trans may have 

prevented its function by altering the typical protein interactions and stability. This unsuccessful 

cross-domain complementation may be due to the same reasons that the M. maripaludis 

Δmmp0353 strain could not be complemented either. 

On the other hand, cross-domain complementation of P. aeruginosa ΔwbpI with a P. 

aeruginosa codon version of mmp0357 (PA357), expressed from the same complementation 

plasmid used for PA353, restored expression of O5-specific antigen as cells were sensitive to 

bacteriophage D3, and O5-specific antigen was detected by Western blotting using antibody 

specific for P. aeruginosa O5-specific antigen. Even though Mmp0357 is annotated as a putative 
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UDP-GlcNAc 2-epimerase, in vitro overexpression studies found no 2-epimerase activity when 

UDP-GlcNAc was used as a substrate for Mmp0357 (88).  Based on cross-domain 

complementation results, the functional substitution of PA357 for WbpI suggests that Mmp0357 

is a UDP-GlcNAc(3NAc)A 2-epimerase. 

Cross-complementation of P. aeruginosa ΔwbpA and P. aeruginosa ΔwbpI has been 

previously described using B. pertussis genes. As with P. aeruginosa, B. pertussis also contains 

the same sugar [ManNAc(3NAc)A] in its LPS and like in this work, several clustered B. pertussis 

wlb genes were hypothesized to encode a biosynthetic pathway for UDP-ManNAc(3NAc)A from 

UDP-GlcNAc that mirrored the P. aeruginosa WbpABEDI pathway (126).  Cross-

complementation of clustered B. pertussis genes (wlbA, wlbC, wlbB, and wlbD) into P. 

aeruginosa deletion strains (ΔwbpB, ΔwbpE, ΔwbpD, and ΔwbpI) restored O5-specific antigen 

expression in all cases. Interestingly, a B. pertussis homologue of P. aeruginosa wbpA was not 

contained in wlb gene cluster, however complementation of P. aeruginosa ΔwbpA with two 

putative UDP-GlcNAc 6-dehydrogenases (WbpO1629 and WbpO3150) located elsewhere in the B. 

pertussis genome did restore O5-specific antigen expression (126). Though unlikely, based on 

this finding, the M. maripaludis gene that may be able to complement P. aeruginosa ΔwbpA 

might not be mmp0353 at all, and rather another dehydrogenase found at a distinct locus in the M. 

maripaludis genome. 

The findings reported in this study significantly add to our knowledge of the biosynthesis 

of the second and third sugars of the N-linked glycan that modifies archaellins and pilins in M. 

maripaludis.  The effects of specific gene deletions were analyzed by Western blotting, electron  
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microscopy, mass spectrometry, and complementation. mmp0351, mmp0352, mmp0353, and 

mmp0357 were determined to be involved in sugar biosynthesis, and are now included in the 

current model of M. maripaludis N-linked glycosylation [Fig. 5.1]. 
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Figure 5.1: The current model of assembly for M. maripaludis archaella, including archaellin 

glycosylation. The roles of Mmp0353, Mmp0352, Mmp0351, Mmp0350, and Mmp0357 account 

for the biosynthesis of the second sugar in the archaellin glycan as well as the precursor of the 

third sugar in the archaellin glycan. Adapted from Fig. 2.1, based on Jarrell et al., 2013 (48). 
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Chapter 6 

Conclusion and Future Directions 

This study has produced data for five genes involved in biosynthesis of the second and 

third sugars of the M. maripaludis archaellin glycan. These genes are hypothesized to encode a 

five step pathway for the conversion of UDP-GlcNAc to UDP-ManNAc(3NAc)A in a similar 

manner that UDP-ManNAc(3NAc)A is synthesized as part of O5-specific antigen in P. 

aeruginosa PAO1. In M. maripaludis, this pathway accounts for the synthesis of the second sugar 

[GlcNAc(3NAc)A] as well as the ManNAc(3NAc)A precursor of the third sugar 

[ManNAc(3NAm)A6Thr] in the archaellin tetrasaccharide.  Cross-domain complementation of 

the last gene in the M. maripaludis pathway into the corresponding P. aeruginosa deletion strain 

restored O5-specific antigen expression, and this result strongly supports the hypothesis that the 

M. maripaludis pathway is equivalent to the one in P. aeruginosa. In summary, the data presented 

in this work provides insight into biosynthesis of the sugars that are later assembled into the M. 

maripaludis archaellin glycan. 

 Although the M. maripaludis genes appear to encode a five-step biosynthetic pathway for 

UDP-ManNAc(3NAc)A, none of these steps have been biochemically proven. Future work 

involving in vitro study of these proteins for substrate specificity could be conducted using 

heterologous expression in E. coli as done by Namboori and Graham (88). Activity assays for the 

five steps in the P. aeruginosa WbpABEDI are also available (83, 123, 126), and may allow for 

the full in vitro reconstitution of the pathway required for UDP-ManNAc(3NAc)A biosynthesis in 

M. maripaludis. 



 

 

 

85 

 This study has presented data on the biosynthesis of the second and third sugars of the 

archaellin tetrasaccharide. The remaining unknown aspects of archaellin tetrasaccharide 

biosynthesis and assembly are now limited to biosynthesis of the fourth sugar in the 

tetrasaccharide and identification of the first glycosyltransferase and the oligosaccharide flippase. 

Attempts to identify the first glycosyltransferase and the oligosaccharide flippase have been on-

going, and the remaining number of untried possible genes is dwindling. In contrast, it is harder 

to identify gene targets that may be involved in biosynthesis of the fourth sugar of the archaellin 

tetrasaccharide as this sugar structure is novel. Since this sugar is a naturally occurring 

diglycoside of an aldulose, insight into its biosynthesis would further our understanding of unique 

sugar biosynthesis in Archaea. 
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