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Abstract 

illetlimiococcrrs rdtor is a mesop hilic arc haeon wit h tlagella cûmposed of 

flagellins that are initially made as pretlagellins. with 1 I to I l  amino acid leader peptides 

that are cleaved prior to incorporation into the growing filament The cnzyniatic activity 

responsible for cleava-e of the leader peptide was dernonstrated in a svstem based u n  ari 

111  ~ / r )  type IV prepilin peptidase assa- Pretlagellin substratr for use in the detrctiori ot' 

pretlagellin-specific peptidase activity was prepared by overespression of .\l i d i ~ s *  

FlaB I or FlaBl pretlagellin in l~~.scliri.iclii~c coli and combined 111 i w o  uith iiirtlianugcii 

membrane ( as enzvnie source). Peptidase activitv was demonstratrd in imni~iiiobiott iiig 

experinients using ant i-tlagcllin antibody to detect unprocrssed and processcd tlügel lin 

subunits Correct processing of the pretlagellin to the mature fla-_elliii \vas slio\i,ri 

directly by coniparison of the N-terniinal sequences of the two flagellin sprcirs For tlx 

conditions tested. Al. i.o/tcis FlaB2 pretlagellin peptidase activity was niasiinal near 40  (' 

pH 8.5 and in  the presence of O 4  M KCI with O 3*,0 (vol/vol) Triton X- l O0 and did iiot 

require the addition of  acidic phospholipids (which is an essential coniponent «f  tlie 

prepilin assay ). Pretlagellin peptidase activity was observed in the menibranes o f  several 

tlagellated methanogens. including mesophiles (hl.  i*oltcrr. ~\~letlrci~ioc~oc~~!/.~* i w m ~ i t r .  

!Llrth~~riococccrs niuriptr1irdi.s and iLlrthtutococcc~.s cleittw ). a t hermop hi le (hk ilririrocbocib~ts 

thernrolithorrophicrcs) and a h y pen hermop hi le (Methiinococcir.s . jcrrirui.vchii). No 

pretlagellin peptidase activitv was obsewed in the membranes of hfrhtiococoi . ,  i C ~ ~ : , , t J i r . v .  

.2.lethcoiogrriii,rn cciritrci or i\~ethtiuciile~r.s mtzrisr~igri This contribut ion represents the 

tirst report of a preflagellin peptidase. 
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C hapter 1. Introduction 

The domain Archaea 

The urkingdoms. eubacteria, urkaryotes and archaebactena wert first proposed by 

Woesr and Fox in the 1970s based mainly on cornpansons of small subunit (SSU) rRNA 

srquencr data (Woesr and Fox 1977), and later renamed the Bacteria, the Eucarya and 

: l x  .\rchaea (Wocsc ct al. 1990). The Xrîhaca drc a group or  pliqlogsii~tiçally disiiiici 

microorganisms, divided into two kingdoms (Figure l), the Euryarchaeota (comprising 

rnethanogens. extreme halophiles and some hyperthemophiles) and the Crenarchaeota 

(initially thought to include only hyprrthermophiles, but now known to include many. as 

yet ~inciiit~ired. non-thermophilic species [Pace 19971). 

Originally the Domain Archaea was thought to consist mainly of organisms 

ibiind in unusual or extreme environni~ii:~ (Table 1) .  such as extreme halophiles. which 

are able to yrow in saturating concentrations of NaCl; the methanogrns. whicli require 

extremely anaerobic conditions for growth and rnethane production; and the sulfur- 

dependent thermophiles, which arc capable of growth at high temperatures and, ofien. 

highly acidic conditions (Jarrell et al. 1999). However. low-tcmperature crenarcliaçota 

have recently been discovered that grow under the less extreme conditions favored by 

most bactena, including rnesophilic (temperatures usually between 20 and 35°C) and 

even psyctirophilic (temperatures usually below 15°C) environments. The sources of 

these microbes include freshwater sediments (MacGregor et al. 1997; Schleper et al. 

1997) and subsurface ocean waters (Fuhrman et al. 1993; DeLong 1997). These findings 

support the notion that, although ofien found in extreme environments, the Archaea are 

truly ubiquitous and may be present in habitats previously thought to be too "normal." 



EURYARCHAEOTA 

+ Ha!obactenum 

œ u ~ I ~ ~ ~ ~ ~ ~ ~  Methanopianus + 
Methenospirtllurn + - N B ~ , ~ O ~ O C O C C U S  

Me!henosarcina - + Archaeoglobus 

- Methanobactenum 

CRENARCHAEOTA + Methano thermus 

$- Desulfurococcus 

Pyrodict~um $I. 

Figure 1 .  Phylogenetic tree of the Archaea demonstrating the ubiqiiitous nature of 

tlagellation throughout this domain. including niembers of the Crenarchaeota and 

Euryarchaeota. +, flagellated, -, not tlagellated Updated from Jarrell et a l  ( 1996b). 



Table 1. Environmentai extremes inhabited by archaea 

Extreme kature Natural habitat 
--- - . ---- - - - -- - -  - - -  

Temperature Deep-sea hydrothermal vents. 
Hot springs, Volcanic areas 

PH Soltàtaric springs 

Salt Dead Sea, Great Salt Lake, 
salterns 

-4naerobiosis Rumen. srwage digesters. 
swamps 

Salt-pH Soda lakes 

Temperature-pH Acidic hor springs. coai refuse 
piles 

Anaerobiosis-Salt Great Salt Lake sediment. 
saline cvanobacterial mats 



This vast array of environrnents in which archaea flourish. from one extreme to 

the oiher. have intrigued scientists for the past 20 years. In this time, the known membew 

of the -4rchaea have been greatly expanded, mainly by the isolation of organisms that 

extend the limits of life on both the temperature and pH scales. 

Thrrrnophilic archaea grow optimally at temperatures between 50°C and 70°C. 

Thcy are predominantly sulfur ouidizing, can be aerobes or ancerobes and occur 

cornmonly in hot springs. terrestrial solfataric fields, marine volcanic vents and in dcep- 

sea hydrothermal vents (Aravalli et al. 1998). Representative species include 

.Ileth~r~rococc~is tl~er!jtoiithotrop/lictrs. which grows between 30 and 70°C with an 

optimum at 6j°C (Huber et al. 1982) and Thernioplnsnici uciilopldirnc. which jrows 

optimally at 60°C and pH 1 .S to 2.0. Interestingly, Thernroplnsmri spp. lack a cell wall. 

The glycan chahs of their cytoplasmic membranes are directed towards the outside of the 

cells. formilig a &cocalyx. which may panly function as a cell wall (Kdnis 1988). 

Hyperthemophilic archaea grow optimally at temperatures >80°C. In fact, Pv-olohrts 

jiimirii g o w s  optimally at 106OC, but c m  grow at 113'C and even survive I hour of 

autoclwing at 1 2 1 O C  (Blochl et al. 1997). By contrast. the most thermophilic bactcria are 

members of the genera Therniotogn and Aquije-r, which grow optimally at approximately 

85°C. 

Methanogens are obligate anaerobes that generate energy From methanogenesis. 

the production of methane from substrates including C02/H2 and acetate. Representative 

genera include Methanobacterium, Methanococctrs, Methanogerziunr and 

~~~etherharioc~tlleiis. They are ubiquitous organisms found in a vanety of environrnents rich 

in organic matter, including aquatic sediments, the rumen of animals, sewage sludge 



digesters. human oral cavities and at deep-sea yeothermal vents. Methanogens are otien 

of ecological signiticance (e.g.. anaerobic digesters use methanogens to degrade sewage 

sludge to H:, CO: and acetate). Some of the best-studied methanogens are members of 

the genus iL!eth~~~~ococcrrs. 

obligately anaerobic methane-producing archaea have been isolated froni salt ninrsh. 

marine and estuarine sediments The! are niotile by means of tutts of tlagrlla and specics 

grow optiniall y at temperatures ranying from mescphi lic to estrrniel y thern~oplii lic 

Table 2 surnmarises some =eneral c haracterist ics of the di tyerenr .\ / e ~ i ~ t ~ ~ t ) ~ * ~ ) ~ n ~ ~ ~ . \ .  spp . 

including mesophiles (i\leihciiwc*occ.in iwlr~rc. .LIctli t~io~~o~~c~r~.s ~ J / I L ~ L > .  . L / C J / ~ ~ ~ ) I O L . O C . < I I \  

I I  and .L/e~hci~xoc*c.ir.r i l  1, a t hernio p h i l c ( .I / L J I / I ~ ~ I I ~ L W L  L I I . )  

t l ~ n n ~ o i i l h o ~ o [ ~ / ~ ~ ~ ~ ~ ~ . s )  arid hypenherrnophiles ( . l~lt ' t l i~~cllroc~oc~c~~~.s ~ I I I I  and 

!Lfrthti~rclcoccr,s jgw I L S )  

Perhaps the best-studied organism of the .Lferlrcniococor.s genus is .Lf. iuhie.  a 

mesophilic, marine coccus. The genome of this methanogenic archaeon consists of one 

circular double-stranded DNA rnolecule of approximately 1900 kb (Sitzmann and Klein 

1991). Cell envelopes consist of a hexagonally arrançed S layer external to the plasma 

membrane. Thesç S layer protein subunits have a molecular weight of apprusiniately 

76,000 (Jarrell and Koval 1989). The insertion of a tlagellum into t h i j  unusual t ~ p e  of 

envelope, characteristic of many archaea, is expected to be different iiom that observed 





in the multilayered envelopes of bacteria. In M. voltae, a polar membrane-like structure 

is usually found associated with the flagellar insertion point. These structures consist of a 

bar-like an3y of stalks and knobs arising from the inner surface of the plasma membrane 

and extrnding into the cytoplasm approxirnately 20 nm (Koval and Jarrell 1987). 

The arc haeal tlwe Hum 

All of the major subgroupings of archaea. including methanogens. extremc 

haiophilss, and sulfur-dependent thennophiles and hyperthermophiles. have members 

that possess flagella (Figure 1 [p. 21) that look superficially like bacterial flagella (Jarrell 

et al. 1996b). Surptisingly, even members of the genus Tlrernroplnsrmi, a 

tlieimoacidophile thlit lacks a ceIl wall. are flagellated. However. recent evidence has 

indicrited ihat the archasal flagellum is a unique motility structure. distinct froni that of 

bactcria in composition and likely assembly (Baylry and Jarrell 1998: Jarrell et al. 

1996b). Four pieces of evidence support this hypothesis. First. there is no sequence 

sirnilarity between archaeal flagellins and bacterial flagellins. Surprisingly. archaeal 

tlagellins instead share sequence similarity and a hydrophobie N-terminal region with 

type IV pilins (Faguy et al. 1 994a). which includes pilins from Pseirtlomo~rcis cierirginosii. 

Neisseria goaorrhoene, Neisseria nieningiditis, Morarella bovis. Dichelobwter ( formerly 

Bac~eroides) riosod~rs and Vibrio cholerae. The pilin subunits of this family are 

synthrsized as secretory preccrsors (prepilins) with short. basic. N-terminal leader 

peptides (Strom and Lory 1993). Furthenore, one gene, $uI, located immediately 

downstream of the flagellins in M. voltae and possibly cotranscribed with the flagellin 

genes, encodes a protein homologous to PilT, a nucleotide binding protein of type IV 



pilus gene families (Bayley and Jarrell 1998). Second, archaeal flagellins are oRen 

glycosylated (Table 3). In halobacteria this modification has been shown to occur outside 

the cytoplasmic membrane (Sumper 1987), a location difficult to reconcile with the 

bacterial mode of flagella assembly where the flagellins pass rhrough the hollow filament 

and emerge for incorporation at the distal tip (Jones and Aizawa 1991 ). The thinner 

diameter of the archaeal flagellar filament (10 io 15 nm [Koval and Jarrell 19871) 

compared to the bacterial structure (approximately 20 nm [Macnab and DeRosier 19881) 

may preclude passage of the flagellins through a central core. Rather. the archaeal 

flagellum niay be assemblrd in a rnanner more similar to that of type 1 pili (in whicl- new 

pilins are addeci at the base [Lowe ei al. 19871). which, although not demonstrated. is 

likeiy the basic mechanism in the assembly of type IV pili (Mattick and Alm 1995). 

Third. analyses of the completely sequenced genomes of the flagellated archara have 

failsd to revsal genes similx to any of the genes that rncode structiiral proteins of the 

bacterial tlagellum. indicating that the structural components of the archaeal flagelliini 

are distinct (Faguy and Jarrell 1999). FinaIly, the assembly of archaeal flagella requires 

the posttranslational cleavage of a short ( 1  1 or 12 amino acids) leader peptide (Baylcy 

and Jarrell 1998: Kalmokoff and Jarrell 1991) from the precursor form of the flagellin 

monomer (preflagellin) before its incorporation into the qowing filament. Bacterial 

flagellins are not made with leader peptides (Jones and Aizawa 1991). It should bc noted 

that Braharnsha and Greenberg (1989) reported the identification of a 37.5 kDa 

"flagellin" in Spwocliaetn mrantia with a putative signal sequencc and signal peptide 

cleavage site, however, this "flagellin" shows no homology to other bacterial flagellins 

(Brahamsha and Greenberg 1989). Instead, this molecule represents a flagellar sheath 





protein and not a tlagellin. Together these data susgest that archaeal tlagella ma' be 

assembled in a rnanner more similar to type IV pili than to bacterial tlagella. 

P ~ Y  sical characteristics of the archaeal flaqel lum 

Puritjed arcliaeal flagellai- filaments are generally 10 to 15 nm in diameter (Koval 

and JarreIl 1957) and composed of multiple tlagellins rathrr tlian a single tlazrliin 

species common to most bacterial flagella. although a tèw bacterial specirs are coniposed 

of multiple tlagellins (Wilson and Beveridge 1993. Jones and .+lizawn 1991. Slacnab 

1990) Xluch thinner tilaments ( 3  to 5 iini in diameter) have been obsrrwd in tlageliar 

preparations of the halophile . l i r i ~ - o t ~ o h c z c t e ~ . ~ ~ ~ t ~ ~  r m t g d r  incubatcd under drcreasins 

NaCl concentrations (Polosina et al 1998) These thin tilnn~ents have been ternitid 

protofilarnents and it has been susgested that these are intermediates in the dissociation 

of tlagellar filaments. Sirnilar thin filaments have ais0 bren obsemrd upon Ion,- 1' terrn 

storage of ot her archaeal flagella preparations. sucli as t hcse from 1 heiriiopLl.s/ritr spp 

(Faguy et a l  1996). 

The structure of archaeal tlaçeilar filaments cornposed of glycosylated tlagellins 

has been shown to be sensitive to treatment witli Triton X-100. a detergent çomrnonly 

used for the isolation of basal-body-hook-filament complexes from bacteria H o ~ i  ewr.  

even electron microscopy of detergent-resistant tlagella filanients has yet to reveal any  

ring-like or other basal body substructures charactenstic of bacterial tlagella. Instead. 

knob-shaped structures have been identified on tlaçel la isolated from met hanogens and 

other archaea by phase separation with Triton X- 1 14 (Kaimokoff et al. 1985) or dete-ent 

treatment of envelope fragments (Faguy et al. 1994b). These structures possibly only 



represent the portion of the basal structure resistant to detegent treatment. In 

Halohncterittm suli~iantm (formarly H. halobium), the flagellar bundle is inserted into a 

differentiated polar cap structure (Kupper et al. 1994), which may be analagous to the 

polar membrane-like structure descnbed previously for hl. voltne (Koval and Jarrell 

1987). 

-4rchaeal flagellin gene families 

Previously, in M i.olioe, 4 flagellin genes WuA, jlaBI. jltrB2 and J i B - J )  encoded 

by two transcriptional uoits (Figure 2) were identified (Kalmokoff and Jarrell 199 1 ). One 

transcriptional unit contains onlyfluA; the other, polycistronic transcriptional rinit (of at 

leasi 5.4 kb in length). containingfTaBf,jkaBt,flaBj and a number of presumed flayella 

accessory genes, initiates at jlaB1 and extends to at least the end offloG (Bayle): et al. 

1999: Kalmokoff and Jarrell 1991). Transcription ofjc1.4 appears io be low and the 

mRNA transcript coding for the gene products downstrearn of FlaBZ appears to be short- 

lived. .As well. the rare codon usage in FlaB3 would also indicate i t  is produced in niiich 

lower amounts (Kalmokoff and Jarrell 199 1 ). It  is possible that the mRNA may extend 

even further beyond JnG, to include more of the downstream genes, howrver. this has 

yet to be shown. Gene families homologous to the M. voltoe flagellar operon have been 

identified upon investigation of H. sulinanmi (Gerl and Sumper 1988), M. nroripnlirdis, 

M. tl~ern~olithotrophicics (Thomas and Jarrell 1999). the complete genome sequences of 

the flagellated archaea .-lrchneoglobusfitlgidlrs (Klenk et al. 1997). M. jumaschii (Bult et 

al. 1996). P~*rococcus horikoshii (Kawarabayasi et al. 1998) and Aeropynini pernix 

(Kawarabayasi et al. 1999), but not in the nonflagellated methanogen, 



Figure 1. Schematic of the M voltae flagellin gene region. The flagellin genes flaA. 

f l d I .  !Id32 and JuB3 are based on Kalmokoff and Jarrell (1991). Seven additional 

genes were identified by Bayley and Jarrell (unpublished data) and were labeled fTuC 

throughjl~zl. Relative transcriptional stan sites are indicated by "+l." The prociuct of the 

jliil gene (orange) is homologous to PilT of the type IV pilus gene families. 





ibtel/ellrnilobacteri~~~~z tliermonutotrophicii>n (Smith et al. 1997). Characteristics of the 

flagellins and flagellin genes of archaea are given in Table 3. None of the archaeal 

sequences described to date have any significant sequence sirnilarity to bacterial 

tlagellins. However. al1 of the archaeal flagellins have extensive N-terminal homology 

among themselves (Kalmoko ff et al. 1 990). 

N-teminal (Kalrnokoff et al. 1990). transcriptional (Kalrnokoff and Jarrell 199 1 ) 

and mutational (Jarrell et al. 1996a) analyses have provided evidence suggesting that 

jkiBl andfkiB2 code for the major flagellins in M. voltue. Isolated M. voltcie flagellar 

filaments are composed of two tlagellins of moleçular weights 31,000 and 33.000 

(Kalmokoff et al. 1988). The amino acid sequence for each of the cloned flagellins 

predicted from the gene sequences (Kalmokoff and Jarrell 1991 ) contains an additional 

1 I or 12 amino acids not present on the N terminus of the 3 1.000-hfr Hagellin. which 

coritirms that this sequence represents a leader peptide. Similariy. in the rclatcd 

methanogen. .ll. i*trrijiielii, cornparison of the N-terminal sequences obtained from the two 

major flagellins of purified flagellar filaments with the deduced amino acid sequence of 

the cloned genes definitively identified the presence of 12 amino acid leader peptides on 

the flagellins FlaB 1 and FlaB2 (Bayley et al. 1998). The presence o f  leader peptides on 

archaeal flagellins indicated that an enzyrnatic activity must be present in archaeal cells 

to process the preflagellins. Past work (Jarrell et al. 1996a) with a non-flagellated M. 

ifoltae mutant camying a vector insertion in JuB? (which has a polar effect on the CO- 

transcribed downstream genes) has suggested that a preflagellin peptidase may be 

rncoded within the polycistronic transcnptional unit downstream of the flaB flagellin 

genes. 



Examination of the entire flagelia gene region, including flagellin and putative 

flagella accessory genes in M. voltae and the completely sequenced archaeal genomes 

reveal that the region extends approximately 7.5 to 14 kb, depending on the archaeon. 

Flagellin gene clusters Vary with respect to composition and number of genes. suggesting 

that sornr may not be essential or have additional functions. A number of genes are 

conimon to al1 families: /kiHIJ. Interestingly. .-f. jidgitlits lacks the equivalents of 

IlriCDEFG common to M. voltm. M ja~ziltcsclrii, P. Aorikoshii and P. cihixi  (N.B.. P. 

rrb>-zsi lacks a j l a F  equivalent). Aside f'rom FM. which is homologous to the nucleotidc 

binding protein PiIT. the other archaeal proteins encoded by the tlagellin gene families do 

not show any homology to any other proteins in GenBark. These genes likely encodc 

proteins unique to flagellar synthesis, assembly and funciion in the Archaea. 

Archacal flagellin p r i m  seauence analvsis 

N-terminal srquences of tlagellins have been obtained from a variety of ar-h L aca. 

either by direct protein sequencing of puri fied protein or deduced from the gene sequence 

obtained from cloned flagellin genes or from genome sequencing projects. Over rhiny N- 

terminal sequences of archaeal flagellins from at least fourteen different organisms are 

now available (Kawarabayasi et al. 1999; Kawarabayasi et al. 1998; Klenk et al. 1997; 

Jarrell et al. 1996b; Bult et al. 1996). These include flagellins fiom members of both 

ôrchaeal kingdoms (the Crenarchaeota and the Euryarchaeota) and include mesophiles. 

thennophiles and hyperthermophiles. These N-termini are conserved and very 

hydrophobic in relation to the remainder of the molecule (Kalmokoff and Jarrell 1991; 

Kalmokoff et al. 1990). This region may be analogous to the conserved N-tennini of 



bacterial type IV pilins. In both cases, this region may play an important role in the 

assembly and/or function of the pilus or flagelluin, respectively. In addition, this highly 

conserved region may play an essential role in the recognition of preflagellin by the 

preflagellin peptidase. It is known in the prepilin system that the +5 glutarnic acid is 

needed for proper methylation of the N-teminal phenylalanine residue by the prepilin 

prptidlise (MacDonald et al. 1993: Stroni and Lory 199 1 ). 

Although glycosylation of bacterial flagellins is extremely rare. many archaeal 

tlagellins are apparently glycosylated (Kalmoko ff et al. 1992). Glycosy lation of H.  

snlitttrrirnr flagellins have been studied extensively. Halobacterial flagella consist of three 

related glycoproteins. N-linked glycosylation occurs at typical Asn-X-ThriSer 

glycosylation sites (Lechner and Weiland 1989). The precise function of the 

glycosylation and the rffect it might have on the properties of the filaments is unknown at 

present. However. i t  was observed that treatment of M. tleitcie with the glycosylation- 

inliibiting mtibiotic bacitracin resiilts in the disappearance of normal flagella (- 11 nm in 

diameter). Instead, thinner appendages (- 7 nm in diamter) are produced (Bayley et al. 

1993). Apparently, a minimum amount of glycosylation is essential for normal tlagellun~ 

assembly. M. deftae is the only member of the Methanococcales for which glycosylated 

flagellins have been demonstrated (Bayley et al. 1993). 

Barteriai type IV pili 

Several bacterial species dis play surface appendages temed piii (or fimbriae). 

These pili are essential io a vanety of functions, including adhesion to host cell surfaces, 

twitching motility, modulation of target ce11 speci ficity and bacteriophage adsorption 



(Soto and Huitsren 1999). Distinct families of pili have been identified based on 

sequence similarities of their major subunits. pilins (Strom and Lory 1993 ). as well as the 

conservation of their assembly and regulatory çomponents (LOF and Strom 19%). 

The type IV pili family includes a heterogeneous group of iaxonomicaily 

unrelated Gram-negat ive organisms, whose pilins may be funher divided into 7 groups. 

Group .A includes pilins tiom P. c i e r . r y @ w . s ~ r ,  pathogeiiic .Veis .ser*ir l  ( e g .  .V. t q o o , i o r . i . l ~ o e ~ l i ~ .  

X. t r i r ~ i i i ~ g / r i ~ l , s ) ,  ; L l o r . t i x e l l ~ ~  h o i i s .  I l .  i i o ~ / o . s t r . s  and I : L . ~ ~ / L ' I - L P  and enteropat hopenic /S.'. 

coh (EPEC) (Strom and Lory 1993). More recently, this class was rspanded to include 

the pili of h,fonndli k i c t r t i t r t ~ c .  .\~k)ri-~x~.llrr tioo,ilii/ir~;fi~~.ieti.s, H ~ ~ i ~ ~ h ~ ~ t ~ t ~ ~ l l t i  ~ t l t ~ i o , - h r l i . s .  

l - . '~kr~r~~lIrr C O ~ - ~ L / L ' I I . S .  . - l ~ ~ r o m o ~ l ~ i . r  / ~ ~ d r o p l ~ ~ / t t  and .\&SOLWCL*II.S . ~ t l t ~ t l i l ~ s  ( .-\lni arid Ilattick 

1997). The pilin subunits of this yroup are synthesized as sesretory precursors (prepilins) 

with short (6 or 7 arnino acids), basic, N-terminal leader peptides. These leader peptides 

are removed by endoproteolyic cleavage between an invariant glycine and phenylalanine 

residue prior to incorporation of the pilin monomers into tinibriae The nmino acid 

sequence homology is most evideni near the aniino terminus of the mature pi l in  Tliis 

domain is characterized by strong hydrophobie aniino acids estendiny tliiny to thirty-tive 

amino acid positions from the mature amino terminus The central segment of the piiin 

monomers are notably less homologous and contain the variable domains rhat constitiitr: 

the antigenic epitopes of these pili. Finally, a second reçion of honiology is located near 

the carboxy terminus. This domain contains a characteristic pair of cysteines responsible 

for the formation of a disulfide loop (Strom and Lory 1993). 

The type IV pilin family group B includes subunits of the toxin-coregulated pili 

(Tcp) of K ci~oleror, bundle-forming pili (Bfp) of enteropathogenic Escherichia ~ w l i  



(EPEC) (Strom and Lory 1993) and Longus pili of enterotoxigenic fi. coli (ETEC) (Giron 

et al. 1997). The TcpA (the Tcp subunit) and BfpA (the BFP subunit) precursors are 

fashioned with longer leader peptides than those of group .A pilins: 25 and 13 aiiiino 

acids. respectively. Furthermore, the first amino acid of mature TcpA and B f p ~  are 

methylated methionine and niethylated lecuine. respectively. as opposed to the invariant 

methylated phenylalanine of group .A piliris. 

Type IV pilus biogenesis involves the synthesis of major and minor subunits. 

posttranslational niodifications of these subunits and assernblv into a hnctional 

organelle. This process likely requires one or niore accessory proteins. including the 

followiny: ( 1 ) a prepilin peptidase responsible for the posttranslational clcavage of the 

prepilin N-terminal leader peptide and h'-methylation of the resiilting V-terminal amin« 

acid; (2) an integral cytoplasmic membrane prorein that may sene  as a scatfold for pilus 

assernbly: ( 3 )  a Iiydrophilic nucieotide-binding protein involved in  the translocation of 

macromolecules across the cytoplasmic membrane: and ( 4 )  an  ouier iiienibrane 

component responsible for translocation of the assernbled pilus across the outer 

membrane (Strom and Lory 1993). 

P. tzerrighsa Pi 1 D 

The prepilin peptidases of various microorganisms range from 248 to 290 ainino 

acids and have similar predicted secondary structures based on various cornputer analyses 

of the protein sequences. including a strong hydrophobic character signifiecl by 5 to 8 

stretches of hydrophobic arnino acids (Lory 1994). This suggested that the enzyme is 

very likely an integral membrane protein, which was confirmed by the identification of 



prepilin peptidase activity in the cytoplasmic membrane fraction of P. ~rmrguiostr (Strom 

et al 1994) In P. tw~-r~~i~io.str, the prepilin prptidase is encoded by the p / l )  gene (Uunn 

and Lory 1991) and is a bifunctional enzyme responsible for cieavage of the prepilin 

leader peptide and mrthylation of the resulting N-terminal phenylalanine residue The 

predicted amino acid sequence of the P. ~rrrrigrtrosa prepil in pept idase. PiID. revealed a 

hydrophobie protein with 5 to 6 transrnembrane spanning helices and a large. Ii-dropliilic 

N-terminal domain. 13-lactamase and al ka1 i ne phosp hataseip-galactosidase fiisions 

confirmed the cytoplasrnic location of the most conserved N-terminal region (ai" '  to 

I I O  aa ). which contains a cluster of cysrrine residues implicated i n  the satalytic ,içtivities 

of the peptidase This was cunfirmed by inhibition of leader peptidasr and ttietti).l- 

transferase (MTase) activities wit h t hiol-speci fic rcagents. including .Le-ethvlinaleimide 

(NEM), p-chloromerciiribenzoate (PChlB), p-chloronirrcuriphen ylçulfonate (PCMPS) 

and iodoacetamide (10.4) (Lory 1994) Four of only 5 cysteine residues of P. t w r r p t i o a  

PilD are found in this highly conserved cytoplasmic domain (at positions 71.  7 5  and 97. 

100). These cysteine residues are arranyed in a t~bo-pair  motif (ttach residue is gcnerally 

separated by two amino acids). with each pair separated by t wenty-one Iargeli 

hydrophilic amino acids (C-X-X-C C-N-.Y-C) This region is conserved among 

the PilD homologues. Tcpl of I *. d i o i a w ,  Pu10 of KIch.si~licz oqtocu. ComC of H m d l i ~ j  

srrbtifis and PilD of IV. goriorrhorcie. Interestingl y, two PilD homologues, HopD of 

Hoemuphiiirs ~iflz~aizczt. and XpsO o f  .Ymthomoms ccrnywstris, are completely devoid of 

cysteine residues in the conserved reçion while still retaininç homology for this N- 

terminal domain. In fact, the cloned .upsO gene compleinents a prfD mutation in P. 

aerrglnusa (Lory and Strom 1997). Single substitutions of these four cysteine residues 



with glycine or senne resulted in substantially reduced leader peptidase and MTase 

activities. Therefore, the active sites of the enzyme are within domains of the 

cytoplasmic segment of PilD. These cysteine residues may contribute to an overall 

confirmation of PilD that is essential for effective catalysis of its substrates. Sirnilar 

substitutions of the single. and most N-terminal, cysteine residue ( a d 7 )  had no effect on 

enzynatic activity (Strom and Lory 1993). 

The concurrent loss of both leader peptidase and MTase activities would support 

the idra tliat both active sites are closely linked. However, the methylation of pre- 

cleaved substrate demonstrates that the substrate for methylation does not have to be 

generated by the same enzyme. Furthemore. MTase inhibition with sinefungin. a 

structural analogue of the rnethyl donor S-adenosyl-L-methionine (Ado-Met) had no 

tffect on leader peptidase activity (Lory and Strom 1997). These observations confirm 

that both reactions involve separate active sites in distinct domains of the PilD molecule. 

Prepilin leader p e w  

The prepilin leader peptide may serve several possible functions. I t  rnay 

communicate information regarding its destination in one or more sarly steps in the 

assembly process. The leader peptide rnay prevent premature polyrnerization of the 

subunit monomers bzfore translocation across the cytoplasmic membrane. I t  may be 

required for confornational maintenance of the prepilin dunng biogenesis. Finally, the 

leader peptide may protect the prepilins from proteolytic degradation (Lory 1994). 

Although al1 type IV prepilins contain reasonable signal peptidase cleûvage sites. 

they are not cleaved by signal peptidase 1. Rather, the prepilin peptidase performs a 



hnction similar to that of signal peptidase 1, cleavins the signal peptides and releasing 

the processrd subunits into the periplasm (Lory 1994). The N-terminal hydrophobic 

amino acids of iV- p:iorrhoenr prepilin serve as a trans-membrane si-nal for the 

translocation of prepilin across the inner membrane via the general secretor-y pathwav 

(Fussenegger et al. 1997). In the mode1 of .V. ,~o:o,rorthww type IV pilus biogenesis 

(Fussenegger et al 1997), the prepilins remain attaclied ro the cytoplasniiç menibrane ~ i a  

thrir hydrophobic Y-termini (with their hydrophilic heads directed towuds the periplasm 

and their leader peptides exposed to the cytoplasrn) These enibedded subunits then 

locally associate with an inner membrane assembly comples including the prepil in 

peptidase Cleavage of the prepilin leader may then facilitate the release of mature pilin 

and its incorporation into the finibrial structure The rolc of W-niethvlation on the other 

hand is unclear. Wmethylation may serve to protect against degradation bu arnino 

peptidases or to facilitate interaction \vit h potential c haperonrs. huwever. t hesr 

hypotheses have pet to be evamined (Lory 1994) 

Complete prepilin cleavage by the prepilin peptidase absolutely requires glycine 

at position - 1, at least in 1'. mwigtriosci, and a hydrophobic amino acid, frequently 

phenylalanine (709'0 of potential substrates), at position + 1 .  The N-terminal amino acid 

of the mature pilin is conserved among group A pilins. Methionine (:-1090)~ serine. 

tyrosine and leucine are also found at position + l  The -2 and -3 positions in  the case of 

the prepilin are usually lysine and çlutamine, respectively, the +5 is çlutamic acid and the 

N-terminus of the mature pilin is extremely hydrophobic The sequence GI--'-P 

~hr- eu-~le/Leu-~lu~~ is conserved among al1 type IV prepiliiis. Except for 

glycine, single and multiple amino acid substitutions in the leader peptide and 

heiblet- 

the - 1  

amino- 



terminal conserved region of the type IV prepilin from P. iieugiiros ~enerally had a 

surprisingly lack of effect on subsequent processing by the prepilin peptidase 

(MacDonald et al. 1993; Strom and LOT 1992: Stroni and Lory 1991 ). Substitiitions of 

the -1 glycine ivith almost any other amino acid inhibited çleavage of the !eader peptide 

and prevented assenibly of the pilus Only alanine in place of slycine allowed even 

partial procrssing of prepilin (Stroni and Lory 109 1 1 Substitutions of the coriseried -2 

lysine as iveIl as several other residues in  the shon leader peptide did not affect 

subsequent proper processing by the prepilin peptidase. Furthermore. substitutions of the 

- 1  phenylalanine with either a polar. hydrophobie or charged residue did not affrci the 

posttranslational processing of the prepilin and neither did the rnajority of other amino 

acid substitutions in the hiyhlv conserved U-terniinal region of the p i l i n  This tlesibility 

may suggest that the cleavage reaction may occur. although at lower catalytic rates. even 

when substrates are bound at a relatively low aitinity to the active site The basic leader 

peptide likely anchors the prepilin in the cytopliisniic membrane. rsposing the \- 

terminus for cleavage and siibsequent IV-methylation (Ado-Met. the methyl donor. is a 

cytoplasmic molecule). It is possible that removal of the leader peptide and .V- 

methylation are necessary prerequisites for the recognition of these proteins by assembly 

factors durinç the maturation of the pilus organelle. 

The prepilin peptidase is also responsible for the processing of several other 

substrates (tenned pseudopilins) which are necessary for secretion of proteins in Gram- 

negative bacteria via the general secretion pathway (Nunn and Lory 1992). The 

pseudopilins, in general, share a number of the conserved features of type IV prepilins 

including short positively charged leader peptides, the -1 glycine, the +5 glutarnic acid 



aiid the highly hvdrophobic N-terminal domain. The -2 and -3 positions are iis~iall\ 

Iysinr and =lutamine like the prepilins while the il phenvlalanine position is ~jfirri 

ditTerent. 

Resi-arch obiectives 

The o b j r c t i v r ~  (if ttii.; cttidv \ v u e  three-fold Firçt. preliiiiinary -:II:! .)!! ! !?c  

c liaracterization of the non-tlagellated .LI. wltlrc P-2 mutant siiggrsrsd t liai .i ptitat i i  c 

pretlagellin peptidase was located on the polycistronic transcript encodiii~ tlie FlaH 

tlngellins Srquencing of the tla-ella gene region in .\/. i r h c .  tiad bew p r c ~  ioiislv 

coinplrted to the end of fkd ORFs honiolo~ous to .U. r o l r i ~ ~ ~  I7~ic ' IO / / c r i  iis \wl l  .i 

additional ORFs past , f 7 d  have been identitied upon investi@oii of tlie rtxeiith 

published. conipleted senome seqiience of .LI. ~ r l i i / t ~ l . s ~ * ~ l l i .  Consequently. ilir tirsr priai-it\ 

~'t'tlt'c; of tliis studv was to coinplete the sequencing of putative tlagrlla accessi,?. , 

dowiistream of fki l  and to the end of the transcript. 

Second. esperiments to demonstrate pretlagellin peptidase xtivitirs in  .\ f. \ * r d t ~ i ~ j  

and otlier methanogens. including other mesophiles (:LI. L ~ ~ I L I L J .  JI. I I I ~ I / - I / ) ~ I ~ I I C / I . Y .  U. 

1 I I I I I I I L ~ ~ ~ .  . \ ~ f c i l ~ ~ ~ t ~ o ~ ~ ~ ~ l l e ~ ~ . ~ -  r ~ i w ~ s ~ i i g r ~  and L \ t / c t / ~ ~ ~ t ~ o , v c ~ i i ~ ~ t ~ ~  L Y I ~ ~ V  ). a t hermo p ti i 1 e ( ,\ 1. 

~ / i e t - t ~ i o I i ~ h o î i ~ o ~ ~ / ~ ~ ~ ~ ~ ~ . s )  and hypert hermop hi les (M. /trrrt~ci.sc*hii and .\ f .  /,i,wz~~.s ). werr ti)  hc 

developed based on an i t i  prepilin peptidase assay systern of P. irei*rrgt/uar i Struiii 

et al. 1994). This wouid be the first report of a preflagellin peptidase. 

Third. the pretlagellin peptidase zssay systern was to be niodified to drtrriiiine ii 

set of conditions yielding near maximal 12.1. wlrclr FlaB2 preflagellin cleavnge ciçtitit!. 

Such an optimized assay would allow us to apply this technology to other resrarçli 



initiatives in the studv of archaeal flagellation. Future work mav involve the generatio~i. 

bv PCR. of a farnily of mutant pretla-ellins with amino acid substitutions iit tiic 

conserved positions near the cleavage site. thereby allowing us to determine Leu residuc.; 

present in  the pretlagellin that are required for proper processing. 



Chapter 2. Materials and Methods 

1. Organisms and Growth Conditions 

.hlethu~~ococct~s voltae P S ,  Methanococc~rs jannaschii JAL- 1, iL.lehuzoclrllelcs 

i s ~  J I  and MetkunogeIliiriil cariaci JR1 were obtained from G.D. Sprott 

(National Research Council of Canada. Ottawa. ON, Canada). :~ferlitr~~ococcirs rlelttre 

-1 RC. .\lrilicrt~uc-uc.<.~rs nrwip<iiiillis jj aiid .Lletir~i~roc*occirs iutltrrriil S B  were obtained 

froni W. B. Whitman (University of Georgia. Athens. Georgia. USA). M. voltcie, .\l. 

t ~ i m - p h d i s  and M. deltcie were inoculated at 5% (vol/vol) into 10 ml of Balch medium 

III (Balch et al. 1979) in 100 ml serum bottles and grown under an atmosphere of CO:, HZ 

( 1 4  [volivol]) at 37OC with gentle shaking (120 rpm). M. volme P-2, a nonflagellated 

miitant (Jarre11 et al. 1996a), was grown in Balch medium III with 10 pg puromycin 

(Sigma Chernical Co.. St. Louis, MO. USA) per ml. M vcrtlnielii was similarly cultured 

in Balch medium III modified to contain only 4 y L  NaCl. JI jir>rti<rschri and M. i,qrieirs 

( D S M  5666. obtained from the DSM-Deutsche Samrnlung von Mikroorganismen und 

Zellkulturen GmbH, Braunschweig. Germany) were grown at 80°C according io Ferrante 

et i l .  O M. niurisrrigri and M curiuci were grown statically in Balch medium II1  at 

roorn temperature. 

Bacterial strains and plasrnids are listed in Table 4. Escherichiu coii strains were 

grown in Luria-Bertani (LB) broth (Sambrook et al. 1989) at 37°C supplemented with the 

appropriate antibiotic(s) when necessary. For long-tem storage of bacterial cells, 1 ml of 

an ovemight culture was mixed with 70 pl DMSO in 2 ml screw-cap culture tubes and 

frozen at -70°C. 



Table 4. Bacterial strains and plasmids used in this study. 

Strain or plasmid Description 

Strains 
E d i  

DH5u 
BL2 1 
BL2 I(DE3) 
BL2 I ( D E 3 ) p L y S  

Plasmids 
pUCBM2 1 

Host for pUC-based cloning vectors. 
Non-expression host 
General purpose expression" host 
~ i ~ h - s t r i n ~ e n c ~ '  expression host; Camr 

High copy plasmid encoding P-galactosidase; 
.Ampr 
Cloning/expression vector: . h p r  
Harbors the ~ g l  i and i1r.Y genes encoding 
tRr\('.As rare to E coli 
pTi-7  with thejltrH2 sene inserted at the \del 
site; same orientation as the T7 prornoter 

pET23a+ with thef7~iHl jene insrned at .C;/el 
and XhoI sites and fiused to a C-terminal 
polyhistidine tag 
pLKBb12 1 containingjltrl as a 2.7 kb 

Reference or 
source 

K.  Poole 
K.  Poole 
K .  Poole 
K .  Poole 

Borhringer 
'Llannheini 
Novagrn 
Kim er al 

( 1 c19S) 

hl nio kc) t'f 
and JarreIl 

( 1931 ) 
This study 

This sttidt. 
L ' ~ ~ o  RIIHilrd 1 1 l tiagme n t 

"Espression means that the strain is a hDE3 lysopen. i .  e.. i t  carries the gene for T7 

g oiymerase under IrrcUlS control. I t  is tlierefore suited to expression from T7 pronioters 
High-strinsency means that the strain carries pLysS. a PET-compatible plasmid that 

produces T7 lysozyme. thereby reducing basal espression of taryet yenes 
Camr, chlorarnp lienicol resisiance; .Arnpr. ampicillin resistance. 



2. Moleciilar Biology Techniques 

2.1. Chromosomal DNA extraction 

Chromosomal DNA was isolated from the Lbletlainococcxs s p p  usiiig the niethod 

of Gemhardt et al. (1990) with minor modifications. Ten ml of cells were harvestrd at 

5,000 <g  (Sorvall RC2-B. Ivan Sorvall Inc.. Newton. CONN. L ' S A )  for 10 min and 

resusperided in 200 ul sptrnt niediilni The subsequent addition o f  -100 !II TF h\itYer ! (KI  

mhl Tris-HCI pH 7 5. 10 m M  EDTA) and 6 pl I O 0 h  (\itivol) SDS stock [Las used to lyse 

the cells. The viscous lysate was thcn treated with 6111 Rhase (10 m g m l  stock. 

previously boiled for 10 min to destrov DNase activity) at 37°C for 30 min. folloued by 

the addition of 8 pl proteinase K ( 10 my'rnl stock) and incubation at 50'C for 45 tnin. 

The lysate was evtracted twicr witli an equivalent vol~ime of phenol chloroforni ( I I ) and 

once with an equal volume of chloroform. DNA was precipitated by tlir addition of i l  l i )  

volume of 5 bl sodium âcetate and 3 L ' O I U ~ I ~ S  of cold 95'/0 ethanol on ice t'or 1 h D3.A 

tvas pelleted at 16.000 cg t Epprndorf Centrifiiyc 54 1 5 .  Brinkniann Iiistruiiients liic . 

Westburg, NY,  USA) for I O  min at 4°C. rinsed with 100 pl 70'0 rthanol and resuspended 

in 100 pl sterile distilled water 

2.2. Plasmid extraction 

Plasmid was isolated by the Promega Wizard Miniprep spstem accordins to the 

manufacturer's instructions (Fisher Scientific. Nepean. ON. Canada) or by the standard 

alkaline lysis procedure described 

lysis method, 1.5 ml of bacterial 

(Eppendorf Centrifuge 54 15) for 2 

by Sambrook et al. ( 

cells were collected 

min and resuspended 
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by centrifugation at 16.000 d g  

in 100 pl GTE solution (25 mM 



Tris-HCI pH 8.0, 50 mM glucose, 25 mM EDTA) and lysed by the addition of 150 ~1 

fiesh 1% (wthol) SDSIO.2 N NaOH, Followed by the addition of 200 p1 3 M potassiumi5 

M acetate solution. Cellular debris was pelleted at 16,000 xg for 5 min and the 

supernatant was transferred to a Fresh tube. Plasmid DNA was precipitated by the 

addition of 0.7 volume room temperature isopropanol and pelleted at 16.000 x g  for 10 

min. Thc pcllet x a s  carefully ïinscd xith 3.5 xl 70% crlianol. air ciricd diid rssuspeiidecl 

in 20 111 sterile distilled water. 

When plasmid was extracted for use in sequencing reactions. a Q1Afilter Plasmid 

Midi Kit (Qiagen Inc., blississauga, ON, Canada) was used as per manutàct~irer's 

instructions for iiie isolation of high-copy plasmids (e.g., pUCBMZ 1 ). 

1.3. DNA manipiilationg 

When necessary. two rnethods of DNA quantitation were used: 1) the absorbance 

rcading rit a wavelengh of 260 nm for plasmid or chromosomal DNA extractions (at this 

wavrlrngth. 50 pg/rnl of DNA gives an absorbance of 1 ) ;  or 2) estimation of DNA 

concentration by comparing the intensity of the sample with the intensity of molecular 

weight standards of known concentration. 

Restriction enzymes and ligase were purchased from Li fe Technologies (Gibco- 

BRL. Burlington, ON, Canada) or New England BioLabs Ltd. (Mississauga, ON. 

Canada). These enzymes were used according to their manufacturer's instructions. 

When necessary, enzyme was heat inactivated at 65°C for 20 min. Ligation reactions 

were incubated in a 14OC water bath ovemight. 



2 A. Poly-nerase chain reaction (PCR) 

Polymerase chah  reaction (PCR; [Saiki et al. 19981) was perfonned in a 

MiniCycler (MJ Research, Watertown, Mass., USA) using 2.5 units of T u f  DNA 

polymerase (5 U/p1; Life Technologies) or Pwo DNA polyrnerase (5 UipI; Boehringer 

Mannheim. Laval. PQ, Canada) in 50 pl of a mixture containing l x  supplird buffer with 

2 nihl 41-SOJ i final concentration). 200 ph.1 i1"ITPs. 50 pmol nf  each primer and ;I 

\.anable arnount of DNA template ( 1  0 to 100 ng plasmid or 100 to 750 ng jenomic). 

DNA was initially denatured at 95°C for 5 min, followed by 30 cycles of 45 sec at 

9 5 O C  for denaturation, 45 sec at the annealing temperature (usually a few degrees lower 

than the Tm of the primers being used [Table 51) and a 72°C extension tirne which varied 

according to the size of the Fragment to be amplified (approxirnately 1 minikb). A final 

prolongeci extension time of 5 min at 72°C followed the 30 cycles. Amplificaiions arerc 

on occasion perfomed with varying final MgCl? concentrations of 2. 2 . 5 .  3 and 3.5 mh.1 

and with or without the addition of 59'0 (volivol) final concentration of dimethyl sulfoxide 

(DMSO). 

The His-tag PET vectors are a family of expression vectors that use the T7 phage 

RNA polymerase and T7-specific promoters to express foreign genes in E. coli. :Cl. 

vohoej7a.J was cloned into the multiple cloning site of the pET23a+ vector at NdeI and 

.Hl01 sites (sites which are absent inf lan,  creating an in frame fusion with a polyhistidine 

(His-tag) sequence corresponding to the C-terminal end of the protein. To do so, forward 

(s*GGAAnCCATATC.4'ITTTAGATATACTACC [Cortec #3803]) and reverse 

(jiCCGCTCGAGAACTGGTATTGTAGC [Conec #3804]) pnrners were designed to arnplify 

jl~iJ. as well as add a 5' NdeI site (single underline) and a 3' XhoI site (double underline). 





The NdeI site created an ATG codon seven bases downstream of a ribosome binding site 

on the PET vector. Amplification of M. voitaej7a.J with these primers was performed as 

follows: 9 5 T  for 5 min; 30 cycles of 95°C for 45 sec/50°C for 45 seci72"C for 2 min; 

and 72°C for 5 min. 

Amplification of a - 500 bp piece of M. jonwsclrii OW MJ0902 (which would 

correspond to a putative fluK in ,IL i d r m ) .  for use as a DNA probe. was performed usin- 

the pnmers S 'G.ATTXTGTrGGGT.*\TCG.-ZTGG (Cortec #4474) and 

5'GG.-~.~CA.~CAAATGGTi\TTAGC.4GG (Cortec #4475) at an anneaiing temperature of 

approximately 50°C and an extension time of 45 S. 

M. ioltne Jd3l  was cloned into pET23a+. PCR amplification of /r'<iB/ was 

performed using pKJ43. which contains a 2 kb Pst1 fragment encompassing l luBI 

(Kalniokoff and Jarrell 1991). as template and the prirnrrs 

5 'GG.L\.~lTCCXThTGG4ACATAir,.4AGAA-TT (Cortec #4989) and 

~'ccGCTCGA(~*~GT.AXTTC,AAC~I..ICTT (Cortec $4990). which werc designed to 

incorporate a 5' M e 1  site (single underline) and a 3' .Yho1 site (double underline). f i B I  

was amplified using the following program: 95°C for 5 min; 30 cycles of 95°C for 15 

sec/50°C for 45 sec/7S°C for 2 min; and 72°C for 5 min. 

Primer dimers were removed by passage of the reaction through a Qiaquick spin 

PCR purification column (Qiagen Inc.). 

2 . 5 .  Inverse PCR 

lnverse PCR amplification of nucieotide sequence downstrearn of M. voltae flul 

involved the identification of a sticky end restriction endonuclease site near the 3' end of 



the known DNA sequence (flal) and synthesis of divergent prirners 

( Y G A A T G G C T T A T T C T A ~ ~ ~ ~ A T A G C  [Cortec # 1 7781 and 5*~GC7-rCTGGG,\,\TCT.4CiTTcG 

[Cortec Y17791) complementary to a region beiween that site and the extreme 3' end. 

Genomic DNA at a concentration of approximately 150 pplrnl frorn M voltae was 

digested ~vith EcoRI at 37°C for 2 h. The restriction endonuclease was heat inactivated 

and remo\-ed by passarre - of the reaction through a Qiaqiiick spin PCR purification 

column (Qiagen Inc.). Digestion fragments were separated by agarose gel 

electrophoresis and a 6 kb digestion Fragment was identified by Southem hybridization, 

The DNA fragment of interest was then purified from agarose by the "Prcp-A-Gene" 

rnethod as described below (section 2.7). Religation of the 6 kb  EcoRI fragment was 

performed at an approximate concentration of JO p g h l  to optimize circularization 

(Collins and Wessiman 1983). Amplification was performed (as prcviously described in 

section 2.4) ai an annealing temperature of 50°C and an extension time of 8 min. 

.\niplification of this large ternplate was also performed using the ~xpand'" Long 

Template PCR System (Boehnnger Mannheim) according to the manufacturer's 

instructions. 

2.6. DNA electrophoresis 

Electrophoresis of DNA was performed at constant voltage (Bio-Rad Model 

500/200 Power Supply, Bio-Rad Laboratories, Hercules, CA, USA) in a MINNIE 

Submarine Agarose Gel Unit Model HE 33 (Hoefer Scientific Instruments, San 

Francisco, CA, USA) with 0.8% (wt/vol) agarose (ICN Biomedicals Inc., Auroroa, Ohio, 

USA) gels in Tris-acetate-EDTA (TAE) buffer (40 mM Tris, 0.6% [voVvol] glacial acetic 



acid, 5 mM EDTA pH 8.0 [Sambrook et al. 19891). DNA sarnples were loaded in the 

presence of I x DNA loading buffer (48% sucrose, 0.25% broinophenol blue. 10 mbl 

EDTA). Markers used were either HindIII- or HindIII!EcoRI-digested À DNA (17.4 pl 

[8 pg] À DNA. 18 pl 10x restriction enzyme buffer. 2.5 pl HitidIII, 2.5  pl EcoRI, 139.6 

pl waier: incubate at 37OC for 1 h and add 20 p1 lx  DNA loading buffer: final 

co~ccnLration :ws ?O ng:pl) or 100 Sp DN.1 !addcr ( 3  pl IO0 bp ~ o s k  [Docliriiigcr 

'ulannheim]. 72 p1 sterilc distilled water. 20 pl I x DNA loadins buffer). Ethidium 

broinide wns addrd to unpolymerized gels to achieve a final concentration of 1 pdml  - and 

DN.4 was visualized under ultra violet light. 

2.7. Purification from awosc  

The extraction of plasmid or chromosomal DNA from agarosc gels tus  

performed using the "Prep-A-Gene" method (Bio-Rad). The band of interest was e~cised 

(200 111 approximate volume) with a sterile razor and placed in a stcrile microluge tube 

and dissoived in 600 pl (3x  volume) of binding buffer (6 M NaC104. 50 mM Tris. 10 mM 

EDTA pH 8.0) at 50°C. DNA was then bound to a silica-based matrix (10 to 15 pi) for 5 

to 10 min at room temperature. AAer a b i e f  centrifugation (30 sec). the pellet was 

washed twice with 2 5 x  rnatrix volume (250 to 375 pl) of wash buffer (0.8 M NaCl. 40 

mM Tris, 4 m M  EDTA pH 7.4) and eluted twice with 10 pi sterile distilled water. 



2.8. Transformation 

2.8.1. Heat shock 

Competent E. coli DH5a were prepared as described by h o u e  et al. (199 1 ). A 5 

ml starter culture was grown at 3 7 O C  and inoculated into 250 ml of LB medium (in a 1 L 

flask) and incubated with shaking at 18OC until O.D.600 - 0.6 (- 36 h). The cells were 

then pl;iced nn  ice for I min and hawested hy centrifii:aticin at 2.500 y g  for I r )  min at 

4°C. The pellet was resuspended in 80 ml of ice cold transformation buffer (10 mM 

Pipes [Piperazine-N.N'-bis {î-ethan-sulfonic acid)]. 15 inM CaCl?, 250 mM KCI. 55  mM 

MnCl:) and centrifuged as above. The pellet was then resuspended in 20 ml of 

transformation buffer and supplemented with 796 (volivol) DMSO 

\vas incubated on ice for 10 min and dispensed as 1 ml aliquots in 

for storase at -80°C. 

The ceIl suspension 

2 ml screw cap tubes 

On ice, 0.5 to 2 pl of a ligation reaction was added to 100 pl of competent E. coli 

D H j u  in a chilled polypropylene tube for 30 min. These crlls were heated at 37°C for 

45 s and placed on ice for 2 min before 950 pl of room temperature LE medium kvas 

added, Transformed cells were incubated for 1 h at 37OC with shaking (225 rpm). One 

hundred pl was plated on LB containing the appropriate antibiotic. The balance of ihc 

transformation reaction was prlleted, resuspended in 100 pl of spent medium and plated. 

2 .8 .2 .  Electroporation 

For preparation of electro-competent cells, 1 L of nch broth appropriate for rapid 

ce11 growth was inoculated with MO0 volume of Fresh ovemight culture. Cells were 

grown to early to mid log phase (O.D.rno - 0.5) and the growth flask was chilled on ice 

for 15 to 30 min. Cells were harvested by centrifugation in a cold rotor at 4,000 x g  



(Sorval RCI-B) for 15 min. The pellet was resuspended in a total of 1 L of cold sterile 

distilled water. The cells were pelleted as above, resuspended in 0.5 L of cold sterile 

distilled water and pelletrd again. To store ceils at -70°C, cells were resuspended in 20 

ml of cytoprotectant (15% [voVvol] glycerol) and centrifuged as above. Cells were 

resusprnded in a final volume of 2 to 3 ml of cytoprotectant and 50 pi aliquots were 

divided into tubes for Ions-term storape. 

Elrctro-compeient cells (50 pl) and DNA preparation were mixed in a 0.1. cm 

cuvette (Bio-Rad) and electroporations were performed with a Gene Pulser (Bio-Rad) 

usin:: the following conditions: 200 R of resistance, 2.5 kV of current intensity and 3 

pFD ofcapacitance. ARer electroporation. celis were allowed to recover in 800 pl SOC 

medium (Sambrook et a!. 1989) at 37OC for 1 h. Fifty pl were then plated on LB 

containing the appropriate antibiotic. 

When the DNA preparation to be electroporated was the product of a ligation, a 

Qiaquick spin PCR purification column (Qiagen Inc.) was uscd to remove salts from the 

misture. 

. .  . 
2.9. Soiithem hybndg- 

2.9.1. QNA t r a m  

Electrophoresed plasrnid or chromosomal DNA digestion fragments were 

transferred from agarose gels onto positively charged nylon membrane (Boeliringer 

Mannheim) according to manufacturer's instructions. The agarose gel was immersed in 

denaturation solution (0.5 N NaOH, 1.5 M NaCi) for 45 min, neutralization solution (0.5 

M Tris-HCI pH 7.5, 3 M NaCl) for a subsequent 45 min and 10x standard saline citrate 



(SSC) buffer diluted from 2 0 ~  SSC stock solution (3  M YaCl. 300 rnM sodium citrate pH 

7 0) for 10 min DNA was blotted to the membrane overnight by sapillar> transkr usin- 

1Ox SSC butfer DNA was then fixed on the membrane by baking at 80°C for 3 h 

2 9 2 Colony hybridizatim 

Colony hybridizations were used to allow rapid screeninj of bacterial populations 

for specific D N A  sequencrs Colonieq on agarose plate< were cooled h r  3? min 31 -VC 

Nylon membrane discs (Boehringer hlannhrim) were jently placed onto the surt'ace of 

the agarose plate and lefi in place for 1 min The membrane discs w r e  carefiilh 

removed and briefly blotted on dry blotting paper The nitmbrane discs w r r  tlieii placed 

(colony side up)  for IS  min on 3 layers of tiiter paper presoaked ibith denaturation 

solution. brietly blotted, placed for 15 min on filter paper presoaked with neutralization 

solution. brietly blotted and placed for 10 min on filter paper presoaked witti 2 .  SSC 

The membranes were then baked drv for at least 30 min nt 80°C and treated ~ v i t t i  

Proteinase K to digest intedering protrins O 5 ml of 2 nidml Proteinase K Lvas piptited 

on each disc and incubated for 1 h at 37°C Cellular and ripar debris w r e  remowd bv 

blotting the membranes between filtcr piiper hIIy ~vetted ibith sterile distilled witer 

2 9 3 Preparation of probes 

Oligonucleotides were ?-end labelled with the nonradioactive steroid hapten 

digoxigenin (DIG) using the ~enius ' "  5 OOligonucleotide 3'-End Labeling Kit 

(Boehringer Mannheim) as per manufacturer's instructions. Approximately 100 pmol of 

oliçonucleotide was added to 4 pl 5 .  reaction buffer and 4 pl CoC12 solution To this 

mixture, 1 pl of DIG-ddUTP and 1 pl of temiinal transferase was added and the reaction 

volume was increased to 20 pl with sterile distilled water. The reaction was incubated at 



37°C for 15 min, chilled on ice and terminated by the addition of 1 pl of 200 m M  EDT.4 

(pH 8.0). 

The random primed method was used to DIG label templatrs of 0.1 to 10 kb. A 

DIG DNA Labeling and Detection Kit (Boehringer Mannheim) was used. One to three 

pg of DNA was diluted in 15 pl of sterile distilled water, heat denatured in a boiling 

water hath for I n  mir? 2nd qujrkly chil!ed on ice. Two [i l  of 10. hevanucleotide mixture 

and 2 y 1 of 101 dNTP labelling mixture were addçd to the tube (on ice). Finally. 1 pl of 

Klenow enzyme ( 2  U) was added and the reaction was incubated at 37°C for at least 1 h. 

Longer incubations (overnight) increased the yield of DIG-labeled DNA. The reaction 

was stopped by the addition o f 2  pl of ZOO m M  EDTA (pH 8.0). 

. .  . . .  . 
2.9.4. Prehybndizmon. hvbridization and s t m e n c y  washes 

The membrane was prehybridized in a sealed hybridization bag containing 20 ml 

prehybridization solution ( 5x  SSC, 0.1% [wt/vol] N-lauroylsarcosine. 0.0246 [w i i~o l ]  

SDS. 1'0 [wt'voi] hlocking reagent (from 10% blockins reagerit stock solution. 

Boehringer Mannheim]) per 100 cm2 for at least 1.5 h at the hybridization temperature 

(usually a few degrees lower than the Tm of the specific probe). 

The membrane was subsequently hybridized ovemight in 20 ml hybridization 

solution (prehybndization solution containing 5 to 25 nglml DNA probe) per 100 cm2 at 

the same temperature. Double-stranded DNA probes were diluted in 100 pl hybridization 

solution and denatured by heating in a boiling water bath for 10 min. Oligonucleotide 

probes did not require denaturation. 



Post-hybridization stringency washes were performed 5 min hvice at room 

temperature with ample 7x SSC containing 0.1% (Wvol)  SDS and 15 min twice at 50°C 

with 0.1 x SSC containing O. 1 % (wthol) SDS. 

2.9.5. Probe detectiori 

Cherniluminescent detec tion was performed using the DIG Luminescent 

Detection Kit with C S P D ~  (25  mM disodium 3-(4-methoxyspiro { (  1.2-dioxetane-3.7'-(5'- 

chloro)tricyclo[3.3. l .'u']decan +byl)  phenyl phosphate) (Boehnnger Mannheim). The 

membrane was bnefly rinsed with maleic acid buffer (0.1 M maleic acid, O. 15 M NaCl: 

pH 7. j) and followed by two 30 min incubations at room temperature. The first was with 

20 ml of I x blocking buffer (10x blocking buffer stock diluted with maleic acid buffer) 

and the second with 20 ml lx blocking buffer containing 2 pl (1: 10,000) anti-DIG 

antibody (Boerhringer Mannheim). The membrane was then washed 15 min twice at 

room tempcrature in a copious volume of washing buffer (maleic acid buffer with 0.3% 

[volivol] Tween 20). equilibrated for 2 to 5 min at room temperature in 10 ml of 

detection buffer (0.1 b1 Tris-HC1. 0.1 M NaCl: pH 9.5) and inciibated in darkness for 5 

min in 1 ml of detection buffer containing 10 pl CSPD'. The excess liquid was 

subsequently removed and the membrane was incubated at 37°C for a further 5 to 15 min 

to enhance the luminescent reaction before exposure to autoradiogaphy film (Scientific 

Irnaging Film X-Omat Blue XB-1. Mandel Scientific Company Ltd., Guelph, ON. 

Canada) 



2.9.6. Membrane s t m  

To remove probe. membranes were thoroughly rinsed in water. incubated twice in 

0.2 M NaOH, 0.1% (wt'voi) SDS at 37°C for 20 min. washed 10 min in 2x  SSC and 

dned or kept wet for immediate prehybridization. 

2 O .  DNA sequeiicine and oliqonucleotide s~nthesis  

XII DY A seqiiencing and oligonucleotide synthesis was perforrnrd by Conec 

DNA Services Laboratories Inc. (Queen's University, Kingston, ON, Canada). 

2.1 1 .  RNA isolation 

Total RNA was isolated from E. coli using the Qiagen RNeasy Mini Kit (Qiagen 

h c . )  according to manufacturer's 'RNA isolation From bacteria' protocol. 

Total RNA was isolated from rCfethunococciis spp. using the Qiagen RNeasy Mini 

Kit with minor modifications to the 'RNA isolation from bactena' protocol. Ten ml of 

owmiyht rnethanogen culture was anaerobically transferred to a I O  ml tube modified to 

accept a serum bottle stopper. Cells were harvested anaerobically under CO2M2 by 

centrifugation at 5,000 xg (Sorvall RC2-B) for 10 min at 1°C and resuspended in 450 pl 

TERLT buffer (100 pl TE buffer and 350 pl buffer RLT). The addition of lysozyme is 

unnecessary when isolating RNA from archaea. The RNA isolation proiocol was 

continued as described in the RNeasy Mini Handbook (Qiagen Inc.). When necessary, 

residual DNA was removed from the final RNA preparation by treatmcnt with RQ1 

RNase-Free DNase (Promega Corp.. Madison, WI. USA) as pet- manufacturer's 

instructions. 



3.12. Formaldehyde agarose (FA) eel elec~rophoresis 

Electrophoresis cf RNA was performed at 100 V in a Horizontal Gel 

Electrophoresis Unit (Bethesda Reasearch Laboratones, Life Technologies Inc.) for 2 to 

3 h with 1.2% Formaldehyde-Agarose (FA) gels in 1 x FA gel mnning buffer ( 100 ml 10x 

FA gel buffer [ZOO mM 3- { N-Morpholino J propanesiilfonic acid ( MOPS 50 mM 

sodium acetare. 10 mM EDTA (pH 7.011. 20 ml 3 7 O . 0  [vol/vol] formaldehyde. 880 ml 

RNase-free water [ l  L of distilled water was treated with 1 ml of DEPC. stored at room 

temperatiire ovemight and ihen autoclaved before use]). FA gels were equilibrated in 1 x 

FA gel mnning buffer for at least 30 min and pre-run for at least 10 min before the 

addition of RNA samples. Sarnples were prepared by the addition of I volume of 5 

RNA loading buffer (16 pl saturated bromophenol blue. 80 pl 500 mM EDTA [pH 8.01, 

720 pl 37% [voi/vol] formaldehyde, 2 ml 100% glycerol, 3084 pl formamide. 4 ml 10x 

FA sel buffer: add supplied RNase-free water to 10 ml) per 4 volumes of RNA sample 

and heated for 1 O min at 45°C. Saniples were kept on ice before loading. A 0.24 to 9.5 

kb RNA ladder ( Gibco-BRL, Li fe Technologies) was used as the rnolecular size standard. 

. .  . 
2.1 3.  JVorihern b y b n d ~ z a ~  

Electrophoresed RNA sarnples were transferred in 20x SSC buffer from FA gels 

to positively charged nylon membranes. The rernaining steps (prehybridization. 

hybridization, stringency washes and probe detection) are the same as those descnbed for 

Southem hybridization (sections 2.9.4. and 2.9.5 .). 



Oligonucleotide and DNA probes were labelled with DIG using the ~ e n i u s ~ ~  

Nonradioactive Nucleic Acid Labelling and Detection Systern (Boehringer Mannheim) as 

descnbed above for the Southem hybridization protocol. 

Primer pairs were designed to amplifi fragments of M. voltuefld for use as DNA 

probes. 5'TGGGCGATTCTGTAAGTGC (Cortec #3646) and j'GAT.AATCTCT.-\TGTA.-l-rGC 

(Cortec $5466) and ~ ' . ~ T T G G G T C A , ~ C ~ G C . ~ G A G G  (Cortec G6149) and 

!'C.-!CCiTTG'rGCC.AT.AT.A.4CCG (Cortec tt6 150) were used to amplify - 100 bp and - 610 

bp fragments of M. volruefTuJ. respectively . 

7.14. Reverse transcriptase (RTI PCR 

RT-PCR technology pennits the amplification of DNA from single-stranded 

RNA. DNA or an RNA:DNA hybrid using a mixture of reverse transcriptase and DNA 

polymerase enzymes. In this study. this system was be used to detect the presence of 

mRNA containingfld. 

RT-PCR was performrd in a MiniCycler (MJ Research. Watertown. Mass.. USA) 

using 5 U of Superscript II RTITuq Mix (5  UipI; Life Technologies) in 50 p! of a 

mixture containing Zx supplied reaction mix, 50 pmol of each primer and a variable 

amount (100 to 750 ng) of RNA template. 

Amplification of a - 630 bp segment o f f l d  was performed using the primers 

5'GAATGGCTTATI'CïATïGATAGC (Cortec #1778) and YGATAATCTïCTATGTA.4TGC 

(Conec #5466). First strand cDNA synthesis was arnplified at 50°C for 25 min. The 

RNA:DNA hybrid was then denatured ai 94°C for 2 min. The cDN4 was then arnplified 

by 35 cycles of 15 sec at 94°C for denaturation, 30 sec at 50°C for annealing and an 



extension time of 1 min at 72°C. A final prolonged extension time of 10 min at 72°C 

followed the 35 cycles. 

Amplification of JnBI from total RNA isolated fiom M. voltue was performsd 

using the primers YGGAATCCATATGAACATAAAAGAATT (Cortec #4989) and 

S~CCGCTCGAGTTGTAATTCAACAACTT (Cortec #4990), also at an annealing temperature 

of 50°C and extension time of 1 min. 

3. Protein Techniques 

3.1. Isolation 

3.1. I . Whole cells 

To prepare whole ceil lysates, 1 ml of archaeal or bacterial culture was pelletcd, 

resuspendrd in 50 pl distilled water and 50 pl 2x electrophoresis sample buffer (ESB: 

0.0625 b1 Tris pH 6.8. 1% [wt/vol] SDS. 10% [vollvol] glycerol. 7'6 [vol!'vol] 2- 

nirrcaptoethanol, 0.00 1 O h  [wt/vol] bromophenol blue) and boiled for 5 min. 

3.1 2.  Bacterial envelo~es 

Cells were harvested by centrifugation at 6,000 xg for 15 min, washed once in 

100 mM Tris-HC1 (pH 6.8) containing 10% (wthol) sucrose, then spheroplasted (Thorne 

and Müller 1991) by addition of 100 mM Tns-HCI (pH 6.8) containing 18% (wtivol) 

sucrose, 100 pglml lysozyme and 4 mM ethylenediamine tetraacetic acid (EDTA). 

Spheroplasts were then harvested at 10,000 x g  for 15 min and lysed by resuspension in 

water and brief sonication (45 sec). Unbroken cells were removed by low speed 

centrifugation (3,500 xg for 5 min). Cnide membrane fragments were then harvested at 



16.000 x g  for 30 min, resuspended in sterile distilled water and stored at -20°C. Samples 

to be analyzed by SDS-PAGE were diluted 1 :1 in 2x ESB and boiled for 5 min. 

3.1 .3. Methanogen envelopes 

Ten ml of methanogen cells were grown ovemight to late-exponential phase as 

previously descnbed. then harvested by centrifugation at 16.000 xg (Eppendorf 

Cenrrifiigrt 5J! 5 )  for 5 min and resuspended in 100 ILI of !he ovemight culture. Cnide 

ccll rnvrlopès were prepared by lysing the cells in 1.4 ml sterilr distilled water. the 

resulting tnvelopes were then isolated by centrifugation at 16,000 xg for 10 min and 

resuspended in 100 pl of sterile distilled water. Al1 isolations were perfomed 

aerobically. Sarnples to be analyzed by SDS-PAGE were diluted 1 : I  in Ix ESB and 

boiled for 5 min. 

. . 
3 .  Protein aliantitation 

Spectophotometric detemination of protein concentration was perfomed using 

thc Picrcc BCA'" Protein Assay (Pierce. Rockford. IL, L'SA). 

3.3. Protein expression 

3.3.1. Induçtion 

Plasmid was isolated from E. coli DH5a cells containing the pET23a+/foreign 

gene construct and transforrned into E. coli BL21 (DE3), E. coii BL2 1 (DE3) containing 

pLysS, or E. coli BL21(DE3) containing pSJS 1240 (pSJS 1240 harbors the argU and ileX 

genes encoding rare tRNAs [tRNA,lGtl,ncc and tRNA,luA] [Kim et al. 19881). A single 

colony from the streaked plate of transformants was inoculated into a starter culture of 2 



ml and incubated at 37OC for 4 to 5 h (in a 10 mm glass culture tube) with vigorous 

shaking (300 rpm) and stored ovemight at 4OC. The next day. the cells were pelleted and 

resuspended in 2 ml fresh medium with appropriate antibiotics and inoculated into 50 ml 

Fresh medium and grown to an 0.D.600 of 0.5 to 0.6. Isopropylthio-P-D-galactosidase 

(IPTG; Life Technologies) was added to 0.4 mM and growth was allowed to continue for 

:ipprnuirnatrly 3 h .  For analysis. 0.5 ml saniples were removed before inductior. and 21 ! 

h inrsn.als. cxarninsd by spectophotometric analysis (O.D.,,o(,) and total ce11 lysates of 

uninduced and induced cultures were analyzed by SDS-PAGE and stained with 

Coomassie Blue G-250 (section 3 3.) to identify the presence of induction products. 

Before induction. 4 control plates were prepared to test the fraction of cells able to 

express the target gene: 1 )  1 mM IPTG (assuming the plate volume was 25 ml, 4 pl of 

200 m g h l  IPTG stock was diluted in 100 pl LB medium. plated with beads and allowed 

to absorb for 5 io 10 min); 2)  1 rnM IPTG and antibiotic(s); 3)  antibiotic(s); and 1) no 

lPTG or mtibiotic(s). A 10" dilution was prepared from the 2 ml starter culture and 100 

pl \vas plated on each control plate. 

3.3.2. Affinitv c h r o m a t o m  

~ i ' +  affinity chromatography was used to purify proteins expressed by the PET 

systcm as per manufacturer's instructions (Novagen, Madison, WI, USA). To prepare the 

ceIl extract, 50 to 100 ml of cells were harvested by centrifugation at 5,000 xg (Sorval 

RCZ-B) for 5 min. For purification under non-denaturing conditions. the cells were 

resuspended in 4 ml ice-cold binding buffer. The solution was briefly sonicated (in a 

tube on ice) to shear the DNA and centrifuged at 39,000 x g  for 20 min to remove cellular 

debris. 



For purification under denaturing conditions. 6 M urea was added directly to the 

concentrated binding bufer. wash butTer and elution buffer Cells were resuspended in 

JO ml I binding buffer. briefly sonicatêd and centrifilyed at 20.000 +i - for t 5 niin to 

collect inclusion bodies and cellular debris. The pellet was then resuspended in 10 ml 

binding buffer by sonication and centrifugation at 20.Ci00 * g  ivas repeated Five ml 1 

hindinv - hiiffer (with denatiirant) [ L a i  ~ised tc reiuspend the pe!let m d  :he so!ution : u s  

incubated on ice for 1 h ro conipletcly dissolve the protein .4ny remainirig insoluble 

material was removed by a tinal centrifugation at 39,000 qg for 30 niin 

3 4 SDS-Polyacrylan~ide gel e&toplioresis (.SDS-PP4GQ 

Sodiuni dodecyl-polyacrylamide gel electrophoresis (SDS-PAGE) uas  perfornied 

as described bv Laemmli ( 1970). Samples were loaded onto O 75 mm ttiick se l  slabs in  a 

miniature gel electrophoresis apparatus (hlighty Small II  SE 250. Hoetèr Scientitic 

Instmments. San Francisco, CA, USA) and electrophoresed at 100 mV tlirouyh a 4.5% 

stacking yei (0.75 ml 30:O.S [ ~ . r / ~ o l ]  acrylamide: bis-acry lamide. 1,9 ml sterile distillrd 

water. 1 .X mi 0.5 M Tris [pH 6.71. 50 pI IOO/o ammonium persidfate [APS]. 50 !LI \O0 O 

SDS and 6 pl TEMED) and lzOO resolving gel (3.8 mi 30:O.S [ i i t : vo l ]  acrylaniide bis- 

acrylamide. 2 .7  ml sterile distilled uater. 2.5 ml I 5 Tris [pH 8 81, 60 pi APS. I O 0  LLI 

SDS and 6 kt1 TEMED) in Laemmli running buffer (0.025 M Tris. O 193 X I  glycine. O .  IO6 

[wtivol] SDS; pH 8.3). Pre-stained SDS-PAGE low r ang  molecular weight standards 

(Bio-Rad) used were lysozyme (M, = 19,400 Da), soybean trypsin inhibitor (M, = 28.300 

Da), carbonic anhydrase (M, = 33.400 Da), ovalbumin (M, = 48,300 Da), bovine serum 

albumin (M, = 82,000 Da) and phosphorylase B (M, = 101,000 Da). Protein samples 



were mised (1: l )  in 2 x  protein electrophoresis sarnple buffer (ESB; 0.0625 M Tris pH 

6.8. 1% [wthol] SDS, 10% [voVvol] glycerol, 2% [volhol] 7-mercaptoethanol, 0.00 1% 

[wtlvol] bromophenol blue). 

3 . 5  Stainine ofpolyacylamide r e l ~  

SDS-polyacrylamide gels were imrnened for 1 to 2 min in protein stain (0.0J06 

[~~t :vol ]  Coomassie brilliant bliie G-250 [Bio-Rad]. 3.5% [volivo l] perchloric acid) 

brought to a boil in a microwave and destained in distilled water. also brought to a boil in 

a microwave (Faguy et al. 1996). 

3 6 Western b lo t t iu  

Electrophoresed proteins were rlectrophoretically transferred to Imrnobilon-P 

nitrocellulose membrane (Millipore. Bedford, Mass., USA) in a TE Series Transphor 

Electrophoresis Unit (Hoefer Scientific Instruments) at 225 rnA for 35 min immersed in 

Towbin blotting buffer (5.8 g Tris. 29.0 g glycine. JO0 ml methanol. 1.6 L distilled water 

[Towbin et al. 19793). 

Western blots were perfomed according to manufacturer's Chemiluminesccnce 

Blotting Substrate (POD) protocol (Boehringer Mannheim). Membranes were brietly 

rinsed in Tris buffered saline (TBS; 7.76 g NaCl, 0.6 g Tris, 1 L distilled water) 

supplemented with Tween 20 (TBST) (500 pl/L) and subsequently incubated for a 

minimum of 1 II at room temperature in 50 ml 1% (voVvol) blocking reagent with gentle 

rocking. Afier two 5 min washes with TBST, blots were incubated for I h in pnmary 

antibody (chicken anti-flagellin at 1 : 10,000; produced by RCH Antibodies, Sydenham, 



ON [Bayley and Jarre11 19991) diluted in 10 ml of 0.1% (vol/vol) blocking reagent, 

washed once 15 min and 4x 5 min in TBST and incubated for 1 hr in secondary antibody 

( peroxidase linked rabbit anti-chicken antibody at 1 50,000; Jackson Immunoresearc h 

Laboratones, West Grove, Pa., USA) diluted in 10 ml 0.1% (vol/vol) blocking reagent. 

QIXexpress Anti-His (Qiagen Inc.) mtibodies were also used for the detection of 

recombinant proteins containing a 6x  His-tag as per manufacturer's instructions. A 

chcniilrirninrscrnt detection system designed for use with perosidass-labeled reporter 

nioleculcs was used to visualize the proteins. Blots were immediately sealed in 

hybt-idization bags and immediately exposed to Kodak X-Omat Blue XB-l 

autoradiography film (Mandel Scienti fic). 

If required. the rnenibrane could be stripped and reprobed. To strip. the 

membrane was incubated in TBS containing 100 mM 2-mercaptoethanol and 2% SDS 

with gentle shaking for 30 min at 50°C. followed by 2 washes at room temperature for 15 

min in a copioiis volume of TBST. The membrane was then ready for the non-specific 

blocking strp dcscribrd above. 

If staining was required following protein transfer. either Coomassie Blue RZjO 

or Ponceau stain was used. To stain with Coomassie, the membrane was briefly stained 

with 0.1% (wt/vol) Coomassie Blue R250 and destained in 50% (vol/vol) methanol. To 

Ponceau stain, the membrane was stained (0.5 g Ponceau S, 1 ml glacial acetic acid. 98.5 

ml water) for 3 to 5 min or until bands appear and destained in water or TBST. To 

completely destain the membrane, the membrane was incubated for at least 10 min under 

constant agitation in water or TBST. 



3.7. N-terminal seouencinq 

Proteins for N-terminal sequencing were electrophoresed by SDS-PAGE and 

transferred to Irnmobilon P as described above. The membrane was briefly srained with 

0.19'0 jwtivol) Coomassie Blue R250, destained in 5O? O (vol/col) methanol and rinsed 

tlioroujhlv with distilled water. Bands of interest were removed ~ v i t h  a sterilr bladt: 

Sequencing !vas performed by David Watson (Uational Rescarch Coiincil ot' Canada. 

Ottawa. Oh .  Canada) 

4. Enzymatic .Issry 

4. I . Pretlagellin peptidase assay 

The standard pretlayellin peptidase reaction mixture contained - 72 kt3 of induced 

E col[ KJ9 1 membranes (as substrate) (Figure 3)  combined with - 18 pg of methanosen 

membranes (as enzyme source) in a final volume of 60 pl of 3 rnM HEPES biiffrr pH 

7 , j  containine - 0.59% (volivol) Triton .Y-100 (Figure 4). Ail assays w r e  perhrrned 

aerobically Eacli of the pretlagellin peptidase assay s were conducted near the optiiti~ini 

jrowth temperature of the methanogen tested: 37°C for reactions involving a mesophilic 

archaeon. 60°C for the iherrnophilic .\l. ~ h e r m t ~ l i ~ l ~ o ~ t ~ o p t ~ i c ~ ~ ~ . ~  and SOCC for the 

hyperthermophiles ibl. joi~rrc~schii and :\% i p w i ~ s .  The reaction was started upon addition 

of the methanogen membranes and stopped by the addition of 15 L L I  ESB to I O  pl aliquots 

(removed at time points of 0. 2, 10 and 30 minutes) and boiling for 5 minutes. .A portion 

of the reaction was analyzed bp SDS-PAGE and immunoblorting with anti-flagellin 

primary antibody. 



Fisure 3. Schematic representation of the expression of hl. vdtne FlaB3 preilagellin in 

E. ~ u l i  hi. wlrnr FlaB2 was expressed in E coli using the T7 polymerase systern (Tabor 

and Richardson 1985). CaCIZ-competent E coli DHSa were transformed with pT7-7 

carrying the PCR-reconstnictedflafl gene under the control of a T7 promoter Plasmid 

from a sin;le transformant was isolated and transformed into I.1 coli BLZI(DE3) 

containins pLysS .A single colonv containin? the correct plasrnid was purified iiiid 

designated  LW/^ KJ9I L. d i  KJ9I Iras grown overnight then inoculatrd ar 1% 

(vol!vol) into 50 mi t'resh medium with antibiotics aiid gown to an optical densitp at 600 

nni (O.D.,,i,,,) of O.  5 to 0.6. LPTG was added to 2 mM and growth was allowed to 

continue for an additional 2 to 3 h. Cells were harvested by centrihgation and 

spheroplasted. Cnide membrane fragments were isolated and resuspended in  sterile 

distilled water and stored at -20°C until usrd as substrate in the peptidase assay. 



E. coli 

E. coli membranes 



Figure 4. Schematic representation of the standard preflagellin peptidase assay. The 

standard preflagellin peptidase reaction was perfonned with approximately 72 pg of 

induced E. cofi membranes (substrare source) combined with approxirnately 18 pg of 

methanogen membranes (enzyme source) in 25 mM HEPES buffer (pH 7.5) containing 

0.5% (volivd) Triton X-100 md at a reaction temperature near the optimal growth 

temperature of the organism being tested. 
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4.1.1. Determination 01' conditions vieldine maximum .11. i ' r d ~ c w  FlaB2 

pretlagellin peptidase activitv 

Usin- .tl. iwltnr membraiies as the enzyme source. n nuniber of indepeiidttiii 

modifications to the standard prrtlagellin peptidase reaction conditions w r e  niade t u  

waluate detergent, salt. pH and temperature optima .Although. tnie optiiiiizat ion was n i ~ t  

perforitied < i  e .  bv factorial design). these conditions w r r  txiniiried ro <Ic.rr.riiiiiw 

wnditions yieldins maximuni pretlagrllin prptidase actkity Fil-st. the peptidaw ~i.;.;ii\ 

was perfornied with no detergent and with diffrrent final concenti-ptioiis ( O  I 25 - l "0  

[volivol]) of Triton S- 100 .As well. a nuniber of other nonioiiic detergents w r c  testcd ;ii 

O 5% (volivol) in 2'; mhl HEPES butYer pH 7 5 .  including Nonidet P-40 (11'-40). 1 k x 1 i  

20. Tweeii Y0 and Brij 55. as &el\ as sodium dodecvl sulfate (SUS) (an aikyl ioiiic 

detergent). Second. the necessity of acidic phospholipids for arcliaeol prctlagclliii 

cleavage was tested by running the assav in the absence or presence of O ?'O «l. \ ol i 

cardiolipin (Sigma Chernical C o .  St. Louis. MO). Third. the salt concentrariuii of i t w  

standard reaction mixture was augmentrd (0  2 M. O 4 M. O 6 51. O S JI and I 2 51 hl,. tlic 

addition of KCI or NaCl Founli. the influence of pH on the cleavagr ieiictiori u : i s  

cxamined using MES ( p H  5 5  and 6 . 5 ) .  HEPES (pH 7 5 and S 5 )  aiid Bis-Tris Propitii~ 

( p H  8 . 5 .  9 5  and 10.5) buffers at 25 niM tinal concentration Finally, the staiidard 

reaction for ;LI. ivlttrr preflagellin peptidase activity was conducted at 2 1 .  30. I O .  i o  aiid 

00°C. 





was limited to EcoRI, For which a recognition sequence was known to be present near the 

3' end of fTd. M. voltae D N A  was digested with EcoRI. restriction fragments were 

separated by agarose gel electrophoresis and analyzed by Southem blot using an 

oligonucleotide probe (j'G.4ATGGCTTATTCTATTGATAClC [Conec it 1 7781) 

complementary ro the 3' end o f j i n l .  A 6 kb EcoRI digested fragment was identified 

(Figure 5) .  Restriction fragments were separated by gel eiectrophoresis and the mixture 

of digestion fragments in the area of the 6 kb EcoRi fragment \w-e  excised from the 

agarose and purified by the "Prep-A-Gene" method. The sticky ends of the digestion 

fragment were religated and inverse PCR amplification was performed usiiig this 

circiilarized fragment as tempiate and the pnmers ~'GA~\TGGC~~I~TCTIITTG,~I~~..I\GC 

(Cortec #1778) and jq"iTGCTïCTGGGAATCT.4GTTCG (Cortec #1779). The anneahg  

temperature and extension time for this reaction was 50°C and 8 min. respectively. 

Amplification products were not evident. The same reaction was perfomed using the 

~ x ~ a n d ' "  Long Template PCR Systern (Boerhinger Mannheim). Amplification products 

were not evident. 

Csing a different strarrgy. a restriction fragment enconipassing Jd as well as 

downstrearn sequence was identified by Southem blot. M. i?olt<ie DNA was 

simultaneously digested with multiple restriction enzymes to find a digestion fragment of 

reasonable size for cloning into pUCBM21. A 2.2 kb EcoRIIHindIII double digest 

fragment was identified by agarose gel electrophoresis and Southem blot (Figure 6). The 

mixture of digestion fragments in the area of the 3.2 kb EcoRIIHindII fragment were 

excised from the agarose, purified by the "Prep-A-Gene" rnethod and ligatrd to 

EcoRI/HhdlII digested pUC21. E. coli DH5a electrocompetent cells were then 



Figure 5. Identification of M voltae chromosomal DNA restriction fragments containing 

nucleotide sequence downstrearn of pal by Southem blot (for the purpose of inverse 

PCR). : I l  ialrcie chromosomal DNA was digested wirh EcoRI (lane 1 )  or Pst1 (lane 2). 

separated by agarose gel electrophoresis and probed with a DIG-labeled oligonucleotide 

(Conec # 1 778). Markers are Sh1-digested h DNA (lane M). 





Figure 6. Identification of M. volfae chromosomal DNA restriction fragments containing 

nucleotide sequence downstream offlal by Southem blot (for the purpose of cloning). ,LI. 

i~olrtie chramosomal DNA was disested with EcoRI (lane I), EcoRUEcoRV (lane 9, 

EcoRI/PsrI (lane 3). or EcaRi/HiridIII (lane 4), separated by agarose gel electrophoresis 

and probed with a DIG-labeled oligonucleotide (Cortec # 1778). Markers are HindIII- 

digested h DNA (lane M). 





transfomed by electroporation and screened for pUCBM2 1 with insen by plating on LB 

medium supplemented with 100 @ml ampicillin and 40 p$ml '<-=al. Colonies 

containing the pCCBM2 1 vector (demonstrating the ampicillin resi stance plienotype) 

were arbitrarily grouped and examined by colony hybridization using a DIG labelled 

oligonucleotide probe (Cortec # 1 778) to identi fv cells harbouring the pUCBhl2 l vector 

with the 2 .2  kb insert of interest. These series of esperinients were problrniatic brcause 

the pLCBh.12 l v 7 ~ z l  construct was positive for P-yalactosidase acrivity (produced bliie 

colonies on solid niedia supplemented witli ampicillin and X-gnl) Scquence not in kanie 

with thef lal  gene does contain a stan codon with  a possible upstreani ribosome-bindirig 

site that ma? be recognized by the fi. col; polymerase. If translation staning iiom this 

site is in frame with the /acZ gene which is fused to the end of the 7.2  kb insen. it may 

have allo~ved Lac2 to be produced, which would evplain whv constmcts with insen 

prodiiced blue colonies in K. coii cells grown on X-yal. 

I 2.  Sequencin~ anallysis of .l% w l t ~ r z  J C L I  and potein cgrnpgi s o n  

h o m o l o a  

Once identified, cells (designated KJ 189) containing pLK'BM? 1 w ith the f 7 d  

insert (designated p K  1 or pKJ 189) were cultured in LB medium and plnsmid n a s  

purified by QIAGEN Midi Prep (Qiagen Inc.). pLC universal primers and unique 

prirners (within the insert: j 'GAATGGm.4TTCTATrGATAGC [Cortec #177S] and 

YTGGGCGATTCTGTAAGTGC [Cortec 836461) were used for the sequencins of the irisert 

as conducted by the Cortec facility at Queens's University. A 1,677 nt gene which we 

have designatedJ2-d was identified (GenBank Accession No. AF068825; Figure 7), 



Figure 7. Nucleotide and deduced amino acid sequences of the putative thgella-relatrd 

protein (Fld) of M id tnr .  Codiny region for flo.1 (position 58 to 1734) is labelled 

Asterisks (*) above the sequence represent a putative ribosome binding site. GenBank 

Accession numbers for the nucleotide and prorein sequences are AFO6SS25 and 

.\AC 19 12 1. respectively 





A BLAST search (Altschul et al. 1990) of the available database revealed one 

highly related protein frorn each of M. jarznaschii (ORF MJ0901; P - e'18'), P. liorikosltii 

(ORF AP000002; P - e'87), P. nbyssi (ORF PAB1387; P - eeg7), .A. firlgidirs (ORF 

AE001030; P - e'I9) and A. perni-Y (ORF AP000062; P - e-") (Figure 8). A phylogenetic 

analysis of these proteins is presented in Figure 9. 

Furthemore. nucleotide sequence obtained immediately downstrearn of JtiJ 

indicated the presence of a gene homologous to the ORF MJ0973 in dl .  jtrwcisclrii 

( P  - 6'7 (Figure 10). and not to the ORF MJ0902. but on the opposite strand. Since this 

gene was transcribed on the opposite strand to the flagella-related genes,flnJ ûppelirs to 

be the lasr gene in the flagella-related cluster in M. voltae (Figure I I ) .  To Further 

examine this postdate, a 500 bp stretch of hl. jamwscliii ORF MJ0902 Uhik7 was 

amplified by PCR, DIG-labelled and used to probe M. volrue DNA for the presence. or 

absence. of a j l d  equivalent (Figure 12). M. jaa,znczschii and M. volrcre EcoRI-digested 

D N  A fragments and EcoRl/Hi>idIII-digested p K  1 were separated by agarose gel 

electrophoresis. transferred to nitrocellulose membrane and hybridized cvith the DNA 

probe described above. A 15.5 kb restriction fragment. corresponding to JloK and 

additional flanking DNA sequence. was identified in M. junnciscliii. Cross-reactive bands 

were not evident for M. voitae or pJC1. 

fkrJ encodes a 558 amino acid protein (Figure 7 and Table 6) with a predicted 

molecular weight of - 63 kDa and a theoretical pI of 8.3 1. Eight to nine transmembrane 

helices were identified using transmembrane predicting algorithms (TMpred) (Table 7) 

This is consistent with the presumed structure of the M. jarmaschi equivalent (MJO9O 1 ) 

to hl. voitae FlaJ. 
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LFAFFAVELLIVWIRNRLPFDRLWTGEKPTETDIKLRKWLIISVILILLPFLLWAK 290 
AFLILAAEIGSLLVIKYRMPEDPZWAEKRVETPRYRRIKRISGMLVPIV--L'F 296 
AFLILVAEIGSLMVIiCYRMPEDPIWAEKRVETPRHRKIKLIISSML1JPIV--FLL'iFI 295 
AFANFAISLFGVFMLFKAVPKDKKWDLKIKSKEQTAISRPMLIPIAFFAVLFLTVLP 2 4 7  
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Figure S. Amino acid sequence alignrnent of F l d  proteins from M. ifolrtie. M. jomrtrscliii, 

P .  Itorikosltii. P. abyssi. A.  fidgidzts and A. peniir. Identical amino acids are labelled with 

an asterisk (*). GenBank Accession numbers for the F l d  homologs are Q583 1 1 (M. 

jannnschii), BAA29648 (P .  horikoshii), CAB5039 1 (P .  abyssi), AN3901 89 (A.  jirlgidirs) 

and BAA80900 (A. pernix). This alignment was performed using the ClustalW WWW 

Service at the European Bioinformatics Institute (http://www2.ebi.ac.uWclustalw) 

(Thompson et al. 1994). 
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Figure 9 Ptiylogenetic trrr of arc hard  F l d  p r o r m s  (rom . i l .  i w l ~ i r c .  \ I .  / ~ u , t ~ ~ r s ~ ~ l r i i .  /'. 

o . s i .  P. ~ S . S .  4. . and A Y The bar reprrsent s a 1 O0 O ami no iic id 

srquence change Note the gouping of the f i e  FlnJ proteins from species of the 

Euryarc haeota kingdo ni. 



Figure 10. Panel A. Nucleotide md deduced amino acid sequences of a putative protein- 

encoding ORF in .ll. id tne  which is homologus to the ORF MJ0973 in M. jarrtraschii, 

Panel B. Schematic representation of fil (ormge arrow), flal (blue arrow) md the 

putative ORF (purple arrow) ending - 128 nt downstream o f f l d ,  but on the opposite 

strand. 





Figure I l .  Schematic of the complete M. voitae flagellin gene region. The flagellin 

uencs / I d .  j l d  1. f7rzBI and lluB3 are based on Kalmoko ff and Jarrell ( 199 1 ). Seven b 

additional genes were identified by Bayley and Jarrell (unpublished data) and were 

labeled fliC through jlal. This study has completed the sequence of the M voitae 

tlagellin gene region to the end ofj70J. Relative transcriptional start sites are indicated 

by "* I ." The product of thcf lu l  gene (orange) is homologous to PilT of the type IV pilus 

gene families. 





Figure 12. Identification of a M. volrae equivaient to M. jamuschiiflaK by Southem 

blot. EcoRI-digested M. jm)tuschii (lane 1 )  and M. r d t c i e  (lane 2) chromosomal DNA 

and EcoRI;'HiiidI1Ldigested pJC 1 (lane 3) were separated by agarose gel electrophoresis 

and probed with a DIG-labeled 500 bp segment of M jannascl~ii flaK. Markers are 

EcoRIIHiridIII-digested DNA (lane M). 





Table 6. Amino acid composition of M. volme F l d  (558 aa). 

Ami no Nurnber of residues Percentage 
ac id  

A l a  ( A )  32 5.7 

A r g  
-9s n 
A ~ P  
CY 
G l n  
Glu 
Sly 
31s 
1 le 
Leu 
L ~ J S  

>let 
?he 
Pro  
Ser 
ï h r  

=rP 
T y r  
'Ja 1 



Table 7. Suggested models for transmembrane topology* . 

A. Strongly prefered model: N-temiinus inside; 9 strong transmembrane he:ices, total 
score: 17,966 

From To Length Score** Orientation 
1 21 3 9 19 2390 1-0 

2 41 60 2 0 1766 O-i  
3 199 216 18 2250 i-O  
4 220 242 23 2 6 8 3 O-i 
5 268 2 8 6  19 2 5 3 6 i - O  
G 2 3 3  7 . -  q n  

> s ,  C U  
. -# "q 

A-) I L  Û - i  

B. .Alternaiive model; 8 stronj transmernbrane helices. total score: 15,823 

Frcm To Length Score** Orientation 
." -- 
1 3 0  3 9 2 O 2491 0-1 

6 O 2 O 2 41 1772 1 - 0  

2 2 2 0  242 23 2683 O - i  
4 268 286 19 2536 i -O 
5 298  3 1 7  2 0  1 3 7 2  O - i  
6 4 4 6  468 23 1551 i -O 
7 495 515 21 1945 O-i 
8 530 548 19 1473 i -O 
* prediction parameters: TM-helix length berween 17 and 35 
* *  ml;; scores above 5 0 0  are considered significant 



1.3. Expression of Ad. voltnr FlaJ 

One of the ongoing research objectives in the laboratory is the production of 

antibodies to tlagellar-related jene products for use in localization and mutational 

studies. Consequently, the next logical step involved the expression of the f 7 d  gene 

product Since expression systems in archaea are unavailable. bacterial expression 

technology was utilized. 1 coli is the most frequrntly used prokanotic expression 

system for high level production of heterdoyoiis proteins jltrl was cloned into pET73a- 

at iV&I and .\ho1 restriction sites (sites which are absent in / l t rJ )  To do so. priniers 

(_1'GGAATTCCATATG.4TT?T.AG.II\T.4TTACTACC [ C O ~ C  :G 803 ] arid 

~'CCGCTCGAGAACTGGTATTGT..\GC [Conec 33504]) u cre designrd to anipli t'y f ï d .  as 

well as add a 5 '  .Wrl site (single underline) and a 3'  .t7toI site (doiible underlinr) The 

Ndrl site created an XTG codon seven bases downstream of a ribosome bindiny site on 

the PET vector In addition, the stop codon was deleted. creating an in fiame fiision with 

a poly-histidine sequence correspondiny to the C-terminal end of the protein The 

amplified PCR product and the PET vector were tlien digested with .l;ii.l and .i?~oI to 

expose their sticky ends and ligated to eacli other pET23a- containing / 7 d  was 

transfomeci into fi... coli DHSu Plasrnid was isolated and transtorrned into /Y. ~ u o l r  

B L I  l(DE3) and fC. B L X ( D E 3 )  containin- pLysS Transformanrs uere _ "TOM to an 

O.D.aoo of 0.6 to 1 and induced with 0.4 mM IPTG. Total ce11 lysates of uninduced and 

induced cultures of E cofi BL2 I/pET?3a+ and E coli BL2 l/pET23a+lflrr.l were analyzed 

by SDS-PAGE and stained with Coomassie Blue to identify induction products. 

Expression products were not evident. A plasmid stability test was performed with E. 

cuii BL21(DE3)/pet23a+/fd. Colonies çrew equally well on LB asar supplemented 



with 1 rnM IPTG, 1 mhil IPTG and antibiotics. antibiotics alone or on LB ayar with no 

IPTG or antibiotics These results indicate that pET23a+ constmct is carried. but the 

cells have lost the ability to express the target DN.4 and will yrow in the presence of bot11 

antibiotics and IPTG. Induction OF 1;.  di B LZ 1 (DE3)ipET?3a+i/ltrl rvas also pertbi-med 

at an incubation temperature of 28°C. However. expression products were still not 

evident. C d  density following induction was analyzed to determine whether culture 

growth decreased several hours afier induction. This was not obserced. - 
Total ce11 lysates of induced cultures (yrown at 37'C) were purifird iinder 

denaturing conditions (solubilized with 6 XI urea) usiny xi'' affinit y c hrornatogapliy 

The ettluent was analyzed by SDS-PAGE and western blot usin2 priman aiitibodv 

specifiç to the polvhistidine sequencr Espressiori products containin- the C-trriiiirinl 

His-tag were not evident. 

Successful expression of proteiiis in a heterologous host is affectrd by a rnedley 

of variables, including impediments to transcription and translation elongation. mRN .A 

stability and codon usage (Table S j  k,: coli. as well as any other organisni. displays a 

preference for certain codons. Co~.sequent ly. heteroloçous genes t hat contai11 a 

substantial number of codons that are rarely used in 1;. coli may thus be cspressed 

inetlkiently. A secûnd strategy involved the expression of FlaJ in the presence of a 

plasmid (pSJS1240) harboring and expressing the argL1 and ileX genes encoding rare 

tRNAs (tRNAAGh and tRNA:lI..\) (Kim et al. 1998). The genome of :W. wirïir has a 

G -+ C content of approximately 30%. hence the codon usaçe of genes from this organism 

is skewed favorinç A or U at the third position. Consequently. expression of hl. 



Table 8. Codon usage in E. coli, hl. voltcze and hl. ïo1tueflcz.f 

Zys 

i s p  

S l u  

Phe 

Gly 

His 

Ile 

L;is 

Leu 

M e t  

Asn 

GCA 
GCC 
GCG 
GCU 

UGC 
UGU 

GAC 
LIAU 

GAA 
GAG 

UUC 
UlTU 

GGA 
GGC 
2GG 
GGU 

CAC 
CAU 

AUA 
AUC 
AUU 

AAA 
AAG 

CUA 
CUC 
CUG 
c w  
UUG 
UUA 

AUG 

AAC 
AAU 

afrequency per  thousand 
bnumber of codons 



Table 8. Continued. 

i l n  

AJYf 

Ser 

T h r  

Val 

T r p  

T y r  

T e r  

CCC 
CC0 
ccu 

CAA 
CAG 

AGA 
AGG 

CGA 
CGC 
CGG 
CGU 

AGC 
AGU 
UCA 
UCC 
UCG 
ucu 

ACA 
ACC 
ACG 
ACU 

GUA 
GUC 
GUG 
G W  

UGG 

U AC 
UAU 

UAA 
UAG 
UGA 



i~oolroe proteins in E. coii can be problematic. pSJS 1240 rncodes two codon preferences 

for arginine and one for isoleucine which are very rare in E coli This method has been 

shown to be successful when overexpressing M. jcaumscl~ir proteins in  E. co/r (Kim et al 

1998), which othenvise were poorly expressed /:. ~ c d i  BL? l(DE3) containing pSJS I210 

was transformed with the pETl3a-/Jcz/ constnict and evpression was induced 

Expression products a e r e  not el ident bv SDS-PAGE and western blot 

It has been dernonstrated (Hanniy and hlakrides 1998) tliat the preseiice of rare 

codons near the Y end of the transcript affects translational efficiency .A tliird stratryj 

used to eliminate the negative effects of rare codons ~bhen o~erproducing a protein in a 

heterologous host was to induce production of an N-terminal tnincnted FlaJ .A fon~a rd  

primer (3'GGAATrCC.AT.4TGG~.i\TTCTT~TTG~T.~GC [Conec t i i i 9 ] )  L m  desiyned. and 

used with the reverse primer Cortec a 3804. to ampli- a 1 2 kb segment of / I d  

beginning at an ATG triplet 151 bp downstream of the original stan codon and 

i ncorporating a 5 ' .\.ileI site (underlined) The codons imniediatel y do\$ nstreaiii of t lit. 

new start codon Ltere not one of the t ~ko  codon pretèrences h r  argininr (AGG or .AGA) 

or one for isoleucine (AUA) found commonly in M. i*o/tcir and very rare in 1; colr 

pET23a+ containing a 1.2 kb segment of /7id was transformed into E. coli DH5u 

Plasmid was isolated from these transforniants and subsequently transformed into I:: coh 

BL2 1 ( D E 3  and E coli BL3 1 (DE3)pLysS Expression products were not evident in total 

cell lysates analyzed by Coomassie Blue and His-tag western blot 

1 4 Transcriptional Analpis 

To assess whether af l~zJ transcript is produced afier induction, total RKA isolated 

fiom 6 coli BL2 l(DE3)/pETXa+, E. -.colt BL2 1 (DE3)/pET23a+/f7cir/ and E. 



BL2 1 (DE3)/pET33a+lfln//pSJS 1 Y 0  were analyzed by FA gel electrophoresis and 

nonhern hybridization using a DIG-labeled DNA probe (Cortec $1778) .\ 1 7 kb 

transcript. likely corresponding to f7trJ. was identified in 1.. C W / I  

BL2 1 (DE))/pET?3a+(fld and E coli B L I  1 (DE?)/pET??a+ifltrJ/pSJS 1 X O ,  but not in I<, 

 CO/^ BL? l(DE;)/pET23a- (Figure 13) This suggests that mRNA was being prodiiced in 

the 1;. CO/I strains containing the f 7 d  constnict. and that the lack of protein production 

was likely related to probiems arising during traiislation 

To assess whether a transcript containing fkil could be detected from total RS.4 

isoiated froni hl. \dzi~c.,  northern hybridization of M. w/tor RNA \\as performed A f 7 d  

transcript w n s  not clearlv rvideni ( Figure 1-31 Additional DN.4 probes w r e  pr«duced by 

PCR amplification of genoniic DNA The primer pairs iised iiicluded Coi-trc ~ ' s  

364415466 and 6149161 50 These also gave no ciear evidence of a fi'trl transcript .A 

second approach utilized RT-PCR technolog was ernployed .-'implitication of J l t rHI  

was performrd as a control for the experinient A 650 bp amplification product w s  

observed when RT-PCR was performed usin2 DNase treated RNA and.f7~rHl primers. as 

expected. No amplitïcation products were evident when DNase treated RNA was run 

with primers (Conec 41778 and 85466) designed to arnplify a 630 bp segieiit of f7il.J 

(Figure 14) JLLJ is likely located on an unstable or low abiindant rranscript. 

consequently. mRNA with the ! I d  gene is present at very low concentrations in total 

RNA isolated from M. wlinr .  In contrast,fltzRi is present on a very abundant transcript 



Figure 13. Identification of transcripts containingjld in wild type M. voltae (lane 1 ) and 

.II. itoltcre P-2 mutant (lane 2 )  total RNA and RNA isolated from E. coli 

BL2 1 (DE3)/pET23a+ (lane 4 and 5 ) .  E. coli BL2 1 (DE3)/pET23a+/j7al (lane 6 and 7) and 

E. coli B L I  I(DE3)/pETZh+lfluJ/pSJS1240 (lane 8 and 9) by northem blot using a DIG- 

labeled oligonucleotide probe (Cortec #1778). Lanrs 5, 7 and 9 contained twice the 

volumes of lanes -1.6 and S. respeciively. Lane 3 was empty. Markers are indicated. 





Figure 1.1. Identification of transcripts containingfld in wild type hl. iolrcir total RNA 

by reverse transcriptase PCR (RT-PCR). Total RNA was isolated from M. idm. DNase 

treated (lane 3 and 3 ) and used as template in RT-PCR reactions with primers designed to 

ampli- 650 bp or 630 bp segments ofjkdl l (lane 2 )  andj7~rJ (lane 3).  respectively. Lane 

1 contains Rbiase treated M. ~~olfcw RNA used as template in a KT-PCR reaction tising 

primers designed to arnplifvj7~1HI. Markets used were a 100 bp ladder (lane YI). 





filaments. The 

enzvmaric activ 

Esperirnents to 

presencr of leader peptides on 

itv must be present in archaea 

demonstrate n putnti~ e pretlagel 

2. Posttranslational processine of M  lm preflaeellin 

One of the unique features of archaeal tlagellins is the presence of shon leader 

peptides that are absent wlien exarnining mature subunit s from isolnted tlagrllar 

archaeal tlagellins suggests that an 

.I cells to process the pretlagellins 

lin peptidase acrkity \ras dtxeloped 

bascd on an I H  utro  prepilin peptidase assav systern of P. c~r~-irgim.ur (Strorn et al 1W-I) 

2 1 Pretlagellin peptidase a c t i v i t ~ ~  I:Q/I~LJC 

.!l. i d / ~ r s  FlaB2 (Bavlev - - aiid Jarrrll 1999) was espressed i r i  1. ~ n l r  using the pT7 

system (Tabor and Richardson lCM) FlaBî was detççtrd i i i  the crude Ii. d/ 

membranes as a 16 5 kDa protein by both Coomassie staining and irnniunoblotting iisiny 

antisera raised against tlie rnethanogen t1;igellin ( F i p r e  15.4) %-terminal anah sis of [lie 

espressed protein rekealed the first I O aniirio acids to be M K l  KEF\IS\  K \r h i d i  ~iiarçti 

rxactly the prrdicted FlaBl sequence with the attached leader peptide (Kalmokotf and 

Jarrell 1991). 

In the case of FlaB 1.  K. cco/i  BL2 1 (DE3)ipLysS carrying pKJ202 were , (mn n to 

log phase. induced. and analysed bv SDS-PAGE to identifÿ induction products SDS- 

PAGE analysis revealed an induction product (with a C-terminal His-tag) from the jtrain 

carrying pKJ207 miçrating at approvimately 29 kDa detected by bot11 Coomassie brilliant 

blue staining and imrnunoblotting with antisera raised to the FlaBl tlagellin of .\/. \n/tcie 

This induction product was detected only in E harboring pET?3a-- rvithfliiHI Alm. 

this band was not detected when this strain was examined uninduced. 



Figure 15 Processinç of hl. ~o/fcw pretlagellins FlaB 1 and Flal32 by the .LI. volrm 

pretlagellin peptidase. Panel A: the pretlagellin peptidase reaction was performed ~bith 

approximately 72 ~ i g  of induced E. colr KJ91 membranes (FlaB? substrate source) 

cornbined with approuimately 18 L L ~  of .\Io i u d t ~ w  membranes (enzvme source) in 25 n i I l  

HEPES butfrr ( p H  S 5 )  containing 0 2 5 O 0  (irolivol) Triton X-100 and O 4 II KCl 

(c.ptimizc.d ccnd i t i~ns ) .  3t 2 reacrion temperature of 3YcC Ten !il samp!es ? \ e x  !d:tn 31 

O and 30 min time points and imrnediately mixed with I L L I  electrophoresis sample 

buffer and boiled for 5 niiii. Twenty and teii pl saniplrs were ana lyrd  by Coornasse 

Blue staining ( 1 )  and inimunoblottin~ using a primary antibody dilution of 1 10.000 ( 1 1 ) .  

rrspectiipely The relative mobility of pre-stained SDS-PAGE loi\ range iiiolecular 

w i g h t  - standards (Bic-Rad) are indicrtted in kDa (lane JI) Panel B the standard 

pretlagrlliii peptidase reactioii uas prrforiiied ~ i i t l i  appro\iiiiately 7 2  ~ i g  of iriduced 1:. 

~ ~ o l i  KJ202 menibranes (FlaB 1 substrate suiirce) cornbined ~ b i t h  approsiniately I Y pg of 

\/. ioitcie membranes (enzvme source) in 25 niM HEPES buffer (pH 7 5 )  containing 

O 5O0 (vol/vol) Triton N-100 Samples removed at O. 2. 10 and 30 min ae re  similarly 

prepared and 10 pi aliquots were exarnined by immunoblotting using anti-FlnB? aritisera. 

Positions of 28 and 19 9 kDa molecular weight niarkers are indicated 
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E coli membranes were mixed with hl. drm envelopes in  the presence of 25 

mM HEPES bufier containing O 5' O (volhol) Triton S- 100 and samples taken at various 

time points were analyzed by inimunoblotting usiiij anti-tlagelliii antisera Western blot 

anal y sis of the pre tlagellin pept idase assay clearly dernonstratrd the appearance. u it h 

time. of a second cross-reactive band with greatrr electrophoretic mobility than the 26 i 

kDa pretlagellin (Figure 1 5.A) This additional band increased in intensity witli time and 

its size correspondrd to that rspected for t lie processed tlagell in The \-ttirniiiial 

requençr determined for this srnaller ( 2 5  kDa). cross-reactivr band \ \as 

.ASGIGT( L, G) I W. indicatin- tliat it w s  indeed t lie product of the FlaBî preciirsor aftci- 

cleavayt. oi'its II aniino acid U-terniinal leader peptide The 25 kDa tlagrllin \Las absciit 

wlien the assa? was perfornied \vithout the addition of .W. i d i ~ r ~  inernhrancs ( Figure 1 OB ) 

or h i t h  the addition of !LI. \w/ftre nienibranes previously boiled for 5 min (Figure I6C) 

The addition of cnrdiolipin was not riecessary for .LI. \*oll~rr prrtlayellin cleaiage. unlike 

in the / I r  i w o  prepilin peptidnse assay systern of P. ~ w i i p i o s t r  ivhrre an acidiç 

phospholipid is an essential coniponent (Strom et al 1994) In the case of tlir .\t. i d ~ ~ i c ~  

pretlagellin peptidase. the appearance of the processed pretlagellin proceeded rqually 

well i r i  the presence (Figure 16E) or the absence (Figure 16.4) of cardidipin In addition. 

since al1 assays w r e  conducred aerobicnllv. the pretlagellin peptidase did not reqiiirc the 

strict anaerobic conditions that are essential for the growth of M. \.oltur 

L'. coli membranes containing FlaBl were similarly incubated with .\l. \dfw 

membranes in the presence of 25 mM HEPES buffer containing O 59'0 (volivol) Triton X- 

100 and the appearance of mature flayellin was observed by irnmunoblotting using anti- 

FlaB2 sera (Figure 1 5B). Although, both overexpressed FlaB? and polyhistidine tagsed 



Figure 16 01 i l r t t .o  processine: of .LI. \ a h r  FlaBl pretlagellin is dependent on the 

addition of .LI. i d m e  membranes and detergent. The standard preflay ellin pept idase 

reaction was performed with approximately 77 big of induced 1.:. ~ n l r  KJ9 I rnenibranes 

( siibstrate source) cornbined with approxirnatelv 1 S ~ i g  of M. wi t~ze  membranes (enzyme 

source) in 75 mX1 HEPES bufier (pH 7 5 )  containing O 5% (volivol) Triton S-100 ( A )  

The s m e  reiiction :vas performrd :: ithcut the addition of .!I. !qrd!:ic nienbrxes  (B) .  :!vit!? 

.LI. \ultcie membranes previously boiled for 5 min (C). without the addition of detergrnt 

(D) and with the addition o f  O 05'0 (vol/\.ol) final concentration sardiolipiii ( E )  Trii  il 

snniples were reiiio\-ed at O. 2,  10 and 30 niin and thrn iriimediately rtiissd r k i t l i  1 5  111 

ctléctrophoresis samplr buffer and boiled for 5 min. 10 LLI aliquots were esamined bq 

immunoblottinp using a primary antibodv dilution of 1 10.000 Positions of 28 and I9 9 

kDa nioleculnr rwiglit niarkers are indicated 
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FlaB l were suitable substrates of the preflagellin peptidase. the majority cf the i w r k  

described below utilized the FlaB2 substrate. 

3 2 Conditions yieldin maximal hl. \loltiir FlaB2 oreflacel lin pept idase act ii . iry 

Pretlagellin cleavage activitv absolutely required the addition of ;I biitl'ci- 

containin2 Triton Y- 1 O 0  or Nonidet P-40 (NP-40) a.; r he znliihi l i 7 i i i -  d z ~ z r ~ ~ i i t  1'1 

processed tlagellin was not evident in irniiiunoblots idien the assa' ivüs perfori~icd 

reaction buffer tliat did not contain detergrnt (Figure 1 bD) Funlirrni~~sr. prci?agcl l 

peptidase activity \vas not detected wtien Triton S-100 was repiacrd bu ii iiiiiiiber ot'otlics 

iioiiioiiic detergents tested at a tinal concentration of 0 i0 0 (vol, vol ). i r ~ l i ~ d i i i -  I'~w~11i 21 1 .  

Tween 80. Brij 1s. and SDS (Figure 17 )  Pretlagellin clenvagr was riiasiiiial iieiir ;i tiiiiil  

concentration of 0 2 i O . 0  (vol/vol) Triton X-IO0 as the solubiliziiig detergeiit 

Concentrations of Triton N- 100 higher tliaii O . F O  O (voi/~.oI) inhibited pretlagelliri clrai iige 

(Figure 1 S A )  

Si nce .Li.  I ~ I C I C  is known to contain approuimately 725 mLl iritrrnal 1 k: ' ) i Jarrcl l 

tir al. 1084). it is possible that if the pretlagellin peptidase lias its active sitc on the iiiricr 

face of the cpplasmic membrane (as observed for the prepilin peptidase (Loi? 19WI 1. 

its üctivitv could be greatly influenced b~ the final concentration of K in the assa!. 

butt'er. To determine whether the addition of KA would affect the et'ficiencv o f  

pretlagellin cleavage. the standard reaction buffer. which contains no added K .  \ras 

supplemented with KCI to obtain a final concentration between 0.2 and 1.2 hl Althougli 

peptidase activity was eckient in the absence of salt, cleavage activity increased with the 

addition of KCI. with maximal cleavage observed in buffer containing 400 mhl KCI 



Figure 17. Iti iitru processing of M. w l t w  FlaB2 preflagellin by the bf. ioltrrr 

pretlagellin peptidase and the requirement of a solubilizing detergent The standard 

preîlagellin peptidase reaction was perfornied with approsimately 72 b of indiiced E. 

~ ~ o l i  KJ9 1 membranes (substrate source) conibined with approuimately 18 LI?! - of ;W. irdrur 

nienibranes (enzvnie source) in 25 mhl HEPES bufTer ( p H  7 .5 )  containhg - O i O o  ( ~ ~ o l / \ - o l )  

Triton S- 1 O0 f Ar .  Uonidei P-40 (B).  Tween 30 ( C i  Twern 80 ( DL Brij 58 (E l  or sodium 

dodrcyl sulphaie ( F )  Ten pl samples were removed at 0. 2, 10 and 30 niin arid then 

i riiniediately rnixed with 15 pl electrophoresis sample butfer and boiled for 5 min: 10 pl 

aliquots wrre esariiined by immunoblotting ~isiiig a priniary nnribod~~ dilution of 

; .  10.000 Positions of 28 and 19.9 kDa molecular weight markers are indicated, 
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Figure 18. Determination of detergent. salt. temperature and pH conditions yielding 

masinium preflagrllin peptidase activity. For al1 reactions. 10 p1 samples were removed 

at 10 min and then inimediately mised with 15 pl electroplioresis sample biiffer and 

boiled for 5 min; 10 pl aliquots were rxarnined by irnmunoblotting usin; a pritnarv 

atiribody dilut ion of 1 : 10.000 Panel -4: the standard pretlagellin peptidasr reaction LL as 

pi-lorriitd wiiii approsiinarriv 7 2  L L ~  u f  inàuced i;. CON E;JS i rnenibranes i siibstrcitr 

swrce)  co~nbined with approsimatelv 1 8 pg of .LI. w/im membranes ( rnzvme soiirctr 1 iri 

3 tiihd HEPES buffer (pH 7 5 )  containing varving final concentrations of Triton S- IO0 

(O O. O 0 6 3 .  O 115, O 75. O 5 and I OO,,o [volivol]) Paml B: the standard pretlagellin 

peptidasr reiiction (15 mhl HEPES [pH 7 51 containin- O T 0  O [volivolj Triton S- 100 \ u s  

supplernented with KCI to a final concentration of O O. O 2. O 4. O 6. 0 S or I 1 41 Parie 

C [tic sraildard pretlagellin peptidase reaction was suppleiiiented ~ i t l i  NaCl to a tiiia 

coiicentration ranging from O 0. O 1. O 4. O 6. O 8 or 1 2 M Panel D the siandar( 

preilatl_elliii peptidase reaction was perforrned at reaction temperatures of 2 1. 30. 40. 9) 

and W C  Panel E.  the standard pretia-ellin peptidase reaction was perfornied in 2 5  nihl 

MES biitTer (pH 55. 6 . 5 ) ,  25 mM HEPES buffer (pH 7 5. 8 . 5 )  and 25 mXI Bis Tris 

Propane buffer ( p H  8.5. 9.5. 10.5). 
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Addition of KCI abovr JO0 mbl  resulted in inhibition of the pretlagellin cleavnge wirh iio 

pretlagellin peptidase activity detected in the presence of 1.2 b1 KCI (Figure I SB)  

.\/. i w l i ~ r e  is a moderate halophile. growing over a \vide range of ' ~ ( ' 1  

concentrations but with a reponed optimum of O 4 bl (Whitman et al 1%:) 'Tti~is. if t!ie 

pretlügrllin prptidase has an active site on the outer surface of the cytoplasniic iiienibr;iri~. 

as does leader prptidase 1 IDalbey 1991 l. thrn it is possible it.; iictiviry c(iiild lw src;iil\ 

inhurnced \bit11 the addition of NaCl to the reaction but'fer Pretlagellin cltmagr ~ t i ~  i i \  

iiici.eased witli the addition of AaCI to O 2 M. but was not iiiarkedly iiiil~ieiicrd by ihc 

tiinher addition of NaCl to 1 2 b1 final concentration (Fisure I SC) 

.\ I. i d / ~ r c  grows optimaliy at pH 6 O to 7 O and 35 to 45 :C ( Whitniaii ct 31 1 W 2  1 

i t i  iot / t .o prptidase activity was apparent across a broad pH range of 6 5 to '1 i xid n a z  

iiiasiinnl at approuimately pH S 5 Uo activity was obsened at pH 5 i or p H  lil 5 

(Figure 1 S E )  Peptidase activity was mauirnül near 40°C with ;ictivity drtected mer  iIic 

tcniperatiirc range from 3 0  to 60°C alter an i~icubation tinic of 1 O niiii Uo a h  i t \  \ \  ;i$ 

cirtected atier a I O  min reaction tinie when the assa- was prrforined at rooiii ieiiipt.i-iitiirc 

( 2  I T .  F i p r e  ISD).  

.A coinparison of the initial assay conditions based on the prepilin prptidiisr 

system 125 mbl  Hepes buffer pH 7.5  containing O joo (vollvol) Triton X- 100. 37 C nitli 

the amended assay conditions developed in this work [25  niM Heprs butfer p H  S 5 

containing 400 mM KCI and 0.25% (vol/vol) Triton X-100. 3 7 T ]  is presented in Figiii-r 

19 Under amended conditions. the processed form of the tlagellin brcoiiies the 

predominant of the two tlagellin species over the 30 min time course of the reaction 



Figure 19 Comparison of the standard and amended reaction conditions for the i r i  i w w  

processin of .W. i d l m  FIiiB2 preflagellin by the .bf. idttrr pretlasellin peptidase The 

standard pretlajellin peptidase reaction (A)  performed with approsimately 72 pg of 

induced /< KJ9 1 membranes (substrate source) combined with approuirnately I S ~ i g  

of . \ / .  irdirrc. nienibranes (enzyme source) in 25 niM HEPES buffer ( p H  5 5 )  coiitairiing 

i j 5' ( L ul, \ 01) Ti-i~uii S- 100 aiid iiir aiiieiidçd pi-elldgeiii~i pepiidase reaciiuri i B , 
pertoriiied i n  25 nihl HEPES butfer ( p H  8 5 )  containin- O 4 M KCI and (1 35' 0 ( L - o I ,  LOI ) 

i'riton Y-100 Ten pl samples viere rernoved at O. 2 .  10 and -30 niin and tlieii 

irnmediately mised ~ ç i t h  l 5  pl electrophoresis saniple buffer and boiled for 5 niiii. l i l  id 

iiliq~iois lbere esamiiied bv immiinoblotting using a prima- antibodv dilutioii of 

I lO.000 Positions of 28 and IL) 9 kDa molecular weight markers are indicated 
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A non-tlagellated M. wltoe mutant (Ad ieo/iur P-2 [Jarrell et a l  1996aI) was also 

exarnined for pretlagellin peptidase activity under the standard reaction conditions. This 

mutant has an insenioiial vector located inJ7c1113. which also results in a polar effect on 

the CO-transcribed downstream genes Preflagellin peptidase activity using .LI. \dt lre  P-2 

membranes was comparable to that obsewrd in the membranes of wildtvpe .\/. W / I W  

cells alier n reacticin tinic of 30 niin (Figure 20 )  

2.3  Hrteso~o~ous.~prefla~ellin sptidase activity 

.AI1 species of the genus .Llrilicuio~*occ*r~s tested (A/. c/t.i~cit>. .\l. mtny)crlrrc/~s. .\!. 

r 1 1 1 .  S .  iolitre, .W. ~l ic r .~~ro / r t l i o t r .o~) i t~~~~~.s  and .\!. / t i , ~ ~ r t . s ~ . l i / ~ )  exhibited pretlagel L. l in  

peptidase activity agairist FM37 of .\l. iwltiv espressed in 1:'. ~ d r ,  uith the sole exception 

of the tiypertherrnophile .LI. ~:,riic.ct.s (Figure 2 I ) lnterestingly. it is unçlcar \b hetlier the 

few filamentous structures obsensed oii the w f x e  of .W. rcvmJii.v rire. iri fncr. tlapella 

(Burggraf et ;il 1990) If .\/ ig~~w.! tr~ily does lack tlagellii. its l a d  o t' pi-etlagclliii 

peptidase activity is readily rsplained 

.il. tlirniiol~t/1otropt11~~11.~~ dernonstrated excelient preflayellin peptidase activity at 

60°C (Figure 21) as well as 37°C (data not shown) Cnexpectedly. preflagellin peptidase 

activity of .Lf. j~rwcisc~hir was observed at 6OCC. but not at S O T .  close to its optirnuni 

crow-th temperature of 85°C Since .Lf.  jtoim.schti is tlasellated at S O T  and thus would - 
be expected to have an active preflagellin peptidase at this temperature. we siirmised the 

absence of pretlagellin peptidase activity at 80°C may be due to the instability of the .W. 

w/ltzt> substrate at this elevated ternperature FlaB2 stability was ctxaniined by 

preheatin; E coli KJ9 1 membranes containing FlaB2 For 10 minutes at 60°C or 80°C and 



Figure 20. h i  vitro processinç of the FlaB2 pretlagellin by M. wlmr and the non- 

tlagellated .M. wlrtzr mutant (XI. \?olm P-2). The standard pretlagellin peptidase reaction 

was performed with approximately 72 big of induced 1; colt KJ91 membranes (substrate 

source) combined with approsimately iS  pg of either .\l. i d r ~ ~ s  ( .A)  or .LI. I ~ I L I L - J  P-2 

membranes ( B )  (eiizyme source) in 23 nihl HEPES butfer (pH 7 5 )  containin- O 5'0 

(~,oljt.ol) Triton X- 100. Ten id  samples were renioved at 0. 2. 10 and 70 miii and then 

ininirdiately mised with i 5 pl electrophoresis sample butfer and boiled for 5 min: 10 ~ 1 1  

üliqiiots were rtuaniined by ininiunoblotting using a primary antibody dilution of 

1 10.000 Positions of 38 and 19 9 kDa moleculai- weight markers are iiidisated. 
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Fisure 3 1 Ir1 \*iri-o processin!: of M. i d r m  FlaB2 preflagellin by the preflagrllin 

peptidase of M. ilo/tnr and other met hanococci. The standard preflagellin peptidase 

rractioii performed with approximately 72 pg of induced E. colr KJ91 membranes 

(substrate source) combined with approximately 18 pg of .ll. \*ol~~~cle membranes ( A )  i n  5 

nibl HEPES biitfer (pH 7 5) containing O 5 O 0  ( ~ ~ o l i v o l )  Triton S-100. prrforined at a 

rraction temperature of 37'C The samr reaction was perfnrmed iisin- \ I  d~lrtio 

nienibranes ( B  ). .\!. ni~ir~ptdrrtl~s menibranes ( C )  or .W. \zurtrrsh membranes ( D in pince 

of .\l. wir~rr membranes The sanie reacrion w ~ s  pcrfornied at a reaction temperature of 

bWC usi no .\ 1 t l ~ ~ ~ ~ . t w l r  ~ ~ I ~ ~ I . o ~ I / ~ I c ~ I I . ~ ~  membranes (E). At. j ~ t r r t ~ r . s ~ h r  I membranes ( F or .\. 1. 

~ ~ ~ i e i r . s  membranes ( G )  as the enzyme source Ten pl samplrs were rernoved at O. 2. 10 

and 30 min and then inirnediately mived with 1 5  pl electrophoresis sample butfer and 

boilrd for 5 niin;  10  il nliquots were rsaniined by imniiir?oblotting using a primarv 

antibodv dilution of 110.000 Positions of 2S and 14 9 kDa molecular wiglit niarkers 

are indicated. 
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subsequently performing an assay for preflagellin peptidase activity using hl. voi[cie 

membranes at a reaction temperature of 37OC (data not shown). Peptidase activity was 

unaffected by the pretreatment at either temperature. 

We also tested other flagellated methanogens with a similar wall profile to the 

~Ile~lrci~iococcris species for the presence of a preflagel lin peptidase active against .Il.  

\ ~ ~ l f m  FlaB2. Membranes isolated from hl. 111~1r1slriq-i and .Cl. ccrrt~rci did not cieme the 

FlaB2 preflagellin of hl. volt<ie under the standard reaction conditions (data not shown). 

No attempt to detect preflagellin peptidase activity in these methanogens by altering the 

standard reaction conditions was done. 



Chapter 4. Discussion 

The principle objective of this study was the characterization of a putative 

preflagellin peptidase activity in the mesophilic archaeon M. wlzcir. an action likely 

analogous to the one performed by the prepilin peptidase of the type IV pilus sysrem 

Preliminary data on the charactrrization of the non-tlagellated mutant .LI. \whw P-2 

(Jiirieli et al. i99baj suggestttd that a putative preilayeilin prptidasc [vas located on !lie 

polycistronic transcript encoding the FlaB tla~ellins. Previously. seq~irncing of the 

flagelliri sene region in .\le i . o / ~ ~ i c  \\as conipleted to the end o f j ï ~ i l  (Bayle- and Jarrell. 

unpublished data) In this study. the-fi l  gene t'rom .\l. i d r w  [bas cloned usiny the f l d  

gene as a probe for several Southern hybridizations. This gene represents the last ORF in  

the tlagellin gene re-ion of hl. w i l ~ i c ~  The putative product of this gene is honiologous to 

hypothetical proteins Rom a number of tla~ellated organisms. includiny tlir related 

methanogen kf. jm)rc~.schri and the Archaea P. hot~rl;oshir. P. ~rb~- . s .w  A .  j i r / , q r d r s  and .-I . 

perwrx. The function of this putative jene product is as !et unknown Howe~rr. a 

nurnber of possible transrnembrane domains mav indicate a membranous destination 

f 7 d  likely encodes an archaeal-specific flagella accessory protein [\hich nia- pro~ide a 

function similar to tliose provided by the ancillary gene products of the type IV pilus 

system ( e g ,  peptidase or pore). Expression of the Jnl gene product in fi. was 

unsuçcesstùl using the pET systeni and may not be possible with current espression 

technology. Although significant proçress in many technica 

in E. col; have been made. the problems associated with 

membrane proteins in E. col; have yet to be addressed. 

.l aspects of gene expression 

the expression of archaeal 



Recent research on archaeal flagellins has unveiled a number of interestin= iJ  traits. ' 

such as the presence of short leader peptides and their sequence siniilarity to type I \ .  

pilins and not bacterial tlagellins (Jarre11 et al. 1996b) This study has identiticd 

pretlagdlin peptidüse activity in the membranes of sevrral. tlagellated nietlianuwcci. 

inciuding mesophiles. a therrnophile and a hypenliermoptiilr Pretlagelliii peptiditsr 

x t i v i t y  was coiitirmed hv ~ ( i n i p a r i w n  O C  the \-terniinal zeqiirrict..; of r lit: ( *~p rc '~~ ( : ' l  

pretlagellin and the processed tlagellin. This is the first report of such ail eii~yiiiitic. 

açtivity Pretlagellin c leause  activitv was t'ound in the nirmbrane fraction i ~ f  .\/. n ) l / ~ i ' *  

and is masiiiial (hr the conditions tested) iiear 40°C. pH S i iri the preseiitx 01' 4 \ l  

KCl with O 3 O . 0  ( ~ . o l / ~ o l )  Triton N-100 as the solubilizing detrrgeiit Tlie pi.epilili 

peptidasr assa- devised bv Stron! et al. ( 19q-1) required the addition of cardiolipiii. mi 

açidic pliospholipid likely required to improve the forniatiori u f  lipid iiiicelles Iii 

conti-ast. Our assav was rquallv effective in the absence of cardioli piri 1 t  slioiild \je iiuicd. 

tiowever. that Strom et a l  ( 1994) ccimbined two diffèrent bacterial rtienibrriries. u~licrcas. 

our assa? svsteni required the niiuture of biochernicallv dissinii lar bacterial 'irid ;trc.li;ic;il 

tiieiiibranes Direct denionstration of pretlagellin processing adds inore r~idr i icc  to tlic 

description of archaeal tlagellation as a unique motility stnictiirc. distinct froiii thai iit' il.: 

bücierial counterpan and with several similarities to type IV pili Silice searclies oi' tlic 

complete genome sequences reported for tlagellated archaea do not 1-eveal Iioiiiologs tii 

prepilin peptidases, archaeal preflagellin peptidases may represent a new class of 

proteoiytic enzymes. 

The active site of leader peptidase 1 is located on the periplasniic side of the 

cytoplasmic membrane (Dalbey 1991) while that for the prepilin peptidasr faces the 



cytoplasm (Lory 1994). When we analyzed the cation dependence of the preflagellin 

peptidase activity, a signifiant difference in the response to varying K'  and Na-  

concentrations was observed Preflagellin processing was optimal at approvimately O -! 

M KCI, with no activity observed at the higher concentrations tested ( O  8 to 1 2 M) On 

the other hand. pretlagellin processing was evident over a  bide [ N a - ]  range. i i i t h  

excellent actiçitv observed rven at 1 2 \ 1  NaCl. ire11 abow the [ K  ] that totally inhibitrd 

the processing The results obtaiiied \vi th KCI suggest that if a pretlasellin peptidase hns 

its active site located on the cytoplasmic side of the cytoplasniic membrane rhen its 

activity would be well below optimal givrn that the internai [K-] concentration is O 725 

'vl (Jarrell et al 1954) The high level of activity. observed throughout a broad range of 

[NaCl]. including the optimal [NaCl] for growtli (O 4 XI [Whitman et al 1982)). indicatcs 

that near optimal activity would be exhibited by the pretlagellin peptidase if its a c t i ~ e  site 

were located on the periplasmic side of the cytoplasmic membrane LVhile these resuits 

might suggest an active site on the periplasmic face of the cy~oplasrnic niernbrane. since 

niany rrizvmes do not fuiiction optimallv at the salt concentration in which the> are 

normally found. it ~vould be premature to draw definitive conclusions ori the orientation 

of the active site of the preflagellin peptidase based solely on these results 

Cleavage of the preflagellin leader peptide occurs followin~ an invariant glycine 

residue in hl. io/ trrr  and hl. iru~~irrlr~ and likely in al1 other archaeal preflageliins (Table 

9). The -2 and -3 positions in archaeal flagellins are always held by charged amino 

acids, usually a basic amino acid (lysine or arginine) but in the case of H. vnl~irwrini 

glutamic acid is found (Table 9) This is ver); different from the situation of leader 

peptidase I where cleavage requires small uncharçed amino acids at positions - 1 and -3 



Table 9. N-terminal sequences of archaeal preflagellins*. 

Precursor Protein GenBank N-terminal sequence 
accession (arrow indicates 

no. demonst r a t ed  o r  
predicted cleavage 

s i t e )  

.1 
MKVKEFMNMCKG ATGVG 
MNIKEFLÇNKKG ASGIG 
MKIKEFMSNKXG ASGIG 

Y L K N  FMYJIKKG A'IG 1 G 

MKI KEFLKTKXG ASGIG 
MKITEFMKNKKG XSGIG 
MVKKFMKNKKG AVGIG 

MKIAQFZF3KKG ASGIG 
MKIAQFIKDKKG XSGIG 
MKI FEFLKNKKG ASGIG 
MLKKFFKNRRG AVGIG 

MKVFEFLKGKRG AMGIG 
MK'JFEFLKGKXQ AiVGIG 
MLLDYIKSRRG AIGIG 

MRVGSRKLRRDEKG FTGLE 
MGMRFLKNEKG FTGLE 

MFEFITGEDERC QVGIG 
MFEFITGEDERG QVGIG 
MFFC ZTDEDERG Q'jG IG 
MFCFITDEEERG QVG:G 
MFZFITDEDERG 9VGIG 

MTWPRKG AVG IG 
MF!RG AVGIG 
MKKQ AVGIG 
MRKG AIGIG 
MRRG AIGIG 

MKNLQGGAWQMARRG AIGIG 
MHRKG AIGIG 

MRRG AIGIG 

MRRRRG IVGIE 
MRRRRG IVGIE 

-The - 3  t o  -1 p o s i t i o n s ,  which are conserved in al1 archaeal  preflageilins. are 
hiqhlighted. 



and a B tum-inducing amino acid is often found in the 4 to -6 region (Dalbey 1994). In 

addition, the archaeal flagellin leader peptide is much shorter than most bacterial leader 

peptides. However, the N-terminal leader peptides of group A type IV prepilins are shon 

(6 or 7 amino acids) and basic. Group B type IV prepilins from the toxin CO-regulated 

pili of C: cliolenie and the bundle-forming pili of enterpathogenic E. coli are longer: 25 

and 13 amino acids. respectively. The homolo_ey within this familv is most apparent near 

the junction of the leader peptide and the mature pilin (Strom et al. 1994). As with the 

prellagellin examined here. prepilin cleavage occurs following a glycine residue. In the 

case of type IV pilins the -2 position is held by a lysine as in archaeal flagellins. while 

the -3 is iisually glutamine (Strom and Lory 1991 ). 

Single and multiple amino acid substitutions in the leader peptide and amino- 

terminal conserved region of the type IV pilin from P. aen<ginosci. with the exception of 

the -- 1 jlycine. generally had surprisingly little effect on subsequent processing by 

prepilin peptidase (MacDonald et al. 1993; Strom and Lory 1992: Strom and Lory 199 1 ). 

Substitution of the prepilin -1 glycine with alrnost any other amino acid inhibited 

cleavage of the leader peptide and prevented assembly of the pilus (Strom and Lory 

199 1). Only alanine in the place of glycine aliowed even partial processing of prepilin 

(Strom and Lory 1991). The conserved -2 lysine could be changed while still allowing 

proper prepilin processing. In fact. substitution of several of the residues in the shon 

leader peptide did not affect subsequent proper processing by prepilin peptidase. 

Furthemore. substitutions of the +l  phenylalanine with either a polar, hydrophobic or 

charged residue did not affect the posttranslational processing of the prepilin and neither 

did the majonty of other arnino acid substitutions in the highly conserved N-terminai 



region of the pilin. In spite of these observations, the archaeal preflagellin is not 

processed by the prepilin peptidase of  P. aeruginosa unless the prepilin leader peptide is 

fused to the mature methanogen flagellin (Bayley and Jarrell 1999). Obviously. the 

preflagellin is also not processed by leader peptidases present in E. c o k  since only 

unprocesscd precursor is present in E. coii overexpressing the preflagellin. 

Aside from the flagellins, to date the S layer protein is the only other M. \ulrcie 

protein with a ciemonstrated leader peptide (Konisky et al. 1994). However. the 12 amino 

acid leader sequence (MVASALATGVFA) for the S layer protein (initially rcponed as 

an ATPase (Dharrnavararn et al. 1991)) has little simslarity to the archaeal preflagellin 

leader peptides, despite the identity in length. and specifically it lacks the conserved 

glycine at - 1 .  In addition. the leader peptide is not followed by a stretch of hydrophobic 

amino acids but instead has acidic or basic amino acids in 8 of the first 21 positions of the 

mature protein. The S layer gene and protein of .W. fen id i i s .  rinother flagellateci 

methanogen have also been studied (Brockl et al. 1991). In this case the leader peptide 

has a typical bacterial like leader peptide of 22 amino acids with a sequence Ala-Gly-Ala 

preceding the cleavage site. This is also very unlike the leader peptides observed in the 

archaeal flagellins and again the conserved -1 glycine is absent. Interestingly. a glucose 

binding protein in Siilfolobus solfataricus is also produced with an 1 1 amino acid leader 

peptide that is processed at a glycyl-leucyl peptide bond. This leader peptide, as with 

those o f  the preflagellins, is also positively charged. which may suggest that this protrin 

1s secreted by a similar mechanism (Albers et al. 1999). However. the question of 

whether flagellins, S layer proteins and other precursors are processed by the same 

enzyme has yet to be expenmentally determined. We would predict based on the 



conservation of the amino acids around the cleavage site of the preflagellins in al1 archaea 

(Table 9) that the preflagellin peptidase is a dedicated enzyme for cleavage of preflagellin 

and perhaps a limited number of related proteins much as the prepilin peptidase 

recognizes only prepilin and pseudopilin substrates (Nunn and Lory 1992). 

Over thirty N-terminal sequences of archaeal flagellins [rom at least fourteen 

different organisms are now available from either direct protein sequencing of purified 

protein or deduced from the gene sequence from cloned flagellins or from completely 

sequence genome publications (Kawarabayasi et al. 1998; Klenk et al. 1997; Jarrell et al. 

1996b: Bult et al. 1996). These include flagellins frorn membcrs of both archaral 

kingdoms (the Crenarchaeota and the Euryarchaeota) and include mesophiles, 

thermopliiles and hyperthennophiles. These N-termini are conserved and very 

hydrophobie in relation to the remainder of the molecule (Kalmokoff and Jarrell 199 1 : 

Kdmokoff et al. 1990). The sequence 

C ; ( [  L \')(Ci E.D)(T A)(L..\)I(V I ) ( F  L ) l A ( M  F L) ( l '  I ) ( L  V' I I T N V T ) A ( A  S)(b' I N X l F  LI(..\ S)(G,A/S/\r'IV I S 

conserved for positions 3 to 23 of the demonstrated or presumed mature proteins. This 

region may be analogous to the conserved N-termini of bacterial type IV pilins. In both 

cases. this region may play an important role in the assembly and/or function of the pilus 

or flagellum, respectively. In addition, this highly conserved region may play an 

essential role in the recognition of preflagellin by the preflagellin peptidase. I t  is known 

in the prepilin system that the +5 glutamic acid is needed for proper methylation of the N- 

teminal phenylalanine residue by the prepilin peptidase (MacDonald et al. 1993; Strom 

and Lory 1991). 



Preflagellin peptidase activity active against M. voltae FlaB2 was demonstrated in 

the membranes from every Methanococcus specieç tested, with the exception of hl. 

igneus, which may not be flagellated. Cornparison of the preflagellin sequences found in 

the heterolo;ous methanogens to that of FlaB2 provides some preliminary data about the 

possible amino acid substitutions in the preflagellin which still result in proper cleavage. 

The lack of activity observed in membranes of M. cuviaci and .LI. rwrisriigri cannot be 

explained as yet since the respective flagellin genes have not been sequenced. While the 

N-terminal sequence of the two M. nrarisriigri flagellins have been previously reported 

(Kalmokoff et al. 1993). the leader peptide sequences for neither ,M nicrrisriigri nnor .il. 

curicici flagellins are known. Interestingly, preflagellin peptidase activity was detected at 

a comparable level in both wildtype M. voltae and the nonflagellated mutant M. idr<ie P- 

3. III the initial characterization of hl. id tae  P-2 (Jarrell et al. 1996a), western blot 

experiments using anti-flagellin antisera revealed the presence of a sinsle 20 kDa 

crossreactive band. In cornparison, in wildtype cells. 31 and 33 kDa bands (representing 

mature tlagellins) as well as an 18 kDa band were observed. It was suggested at tliat tirne 

that the 18 kDa band in the wildtype membranes represented Hagellin which had its 

leader peptide removed but which had not yet received the hypothetical posttranslational 

modifications that result in its final higher apparent molecular weight. In the case of the 

mutant, the 20 kDa band was reasoned to be flagellin that had its leader peptide still 

attached. As such, the preflagellin could not be modified or incorporated into flagella 

filaments but remained in the cytoplasmic membrane. Following this reasoning. these 

observations suggested that the M. voltae P-2 mutant would lack preflagellin peptidase 





Fisure 22 .  Models for the assernbly of the type IV piliis of P. rrrwqitiosa and for the 

archaeal flagellum. Model for the asembly of the type LV pilus of P. mi*rIgrtio.xî adapted 

tioni Mattick and .,lm (1995) In this model. the prepilin (PilA) leader peptide is 

removed bu a membranous leader peptidase (PiID) before incorporation at the base of the 

of the pilus structure Speculati~e model for the assernbly of the archaeal flagelluni is 

adapted froni Jarre11 et al ( 1 W6b) Loca!ization studies in Al. w h r  Iiave identified the 

riienibranous (Flac. Flal) or cpplasrnic  (FlaF. FlaG) destination of some tlagella 

accessoq-relarcd proteins The presence of a S layer pore has yet to be demonstrated in 

an- archaeon Details are provided within the test C = shaperone protein. G = 

~lycosylasç. P .P  = pretlagellin peptidase. S L = S layer. C hl = cvtoplasniic nirinbrane. 
b 

O Ji - outer niernbrane. P C = polar cap 





Step 2. The chaperone-preflagellin complex travels to the cytoplasmic membrane 

in the vicinity of the polar cap structure. At the cytoplasmic membrane, the chaperofie 

protein is released, and the flagellin is transported through cleavage of the N-terminal 

leader peptide by a preflagellin peptidase. Bacterial flagellins are not made with leader 

peptides. However. P-ring and L-ring proteins are synthesized with N-tem~inal signal 

sequences and are exported by the same signal-peptide dependent mechanisms that are 

employed by other bacterial periplasmic or outer-membrane proteins (Macnab and 

DeRosier 1988). 

Step 4. If the flagellins undergo modification such as glycosylation. this would 

occur extemal to the cytoplasmic membrane pnor to their incorporation into the flagellar 

filament. Glycosylation rnay be accomplished by a dedicated glycosylase. Such a 

glycosylase may be one component. among others (i.e.. peptidase. etc.). of  an inner 

membrane assembly complex ancilogous to the rnachinery responsible for the processing 

of iV. go~zoruhoeae pilin (Fussenegger et al. 1 997). 

Step 5 .  Analogoiis tu the pilus system. mature flagellin subunits would be 

incorporated at the base of the growing structure. In contrast. bacterial flagellins trawl 

through the hollow filament and ernerge for assernbly at the distal end. In M. ilolt«e. the 

filament is formed mainly by the polyrnerization of FlaBl and FlaB2 pretlagellins. M. 

voltne FlaI is a PilT homolog and likely provides energy for flagellar assembly or 

twitching rnotility. Temination of filament growth may occur by incorporation of minor 

flagellin species such as FlaA and FlaB3 in M. voltae. These minor flagellin subunits 

may fonn an anchoring mechanism that extends inward toward the polar membrane. 

This is likely equivalent to the polar cap observed in H. sniirznninz (Kupper et al. 1994). 



FlaF and FlaG appear to lack the leader peptide of the flagellins but still possess a 

very hydrophobic N-terminus. These proteins are likely expressed at low levels due to 

their position in the multi-transcriptional unit. They may be analogous to PilE and PilV. 

which also possess very hydrophobic N-termini with sequence similarity to the major 

stmct~iral pilin (Pi1.4). I t  seems likely that a pore (equivalent to PilQ) is required to allow 

the tlagellum to transverse the S layer found as a wall component of many archaeal 

species. F l d  of 11.1. voltae may perform this lunction. However. various flagellated 

specirs of bacteria that also have S layers appear to lack pores at tlagellar insertion 

points. Instead. slight irregulanties in the regular pattern of the S layer are found at these 

sites (Sleytr and Glaubert 1975). In some cases ( i  .e.. Chlostridimt 

tlicrrno/~~!irlrost(rl;~riclini), the diameter of the flagellar hook has about the same 

dimensions as the centre-to-centre spacing of the subunits in the hexagonal pattern. It 

appears thnt the tlagellum replaces one or more subunits in the regular nrray (Sleyrr and 

Glitubert 1975). 

Future directions will involve the generation of hl. i d t u e  mutants for individual 

flagellar-related genes of the flagellin gene region using the pUC::pric vector system 

(Jarre11 et al. 1996a). The development of the preflagellin peptidase assay, as described 

in this contribution, will be instrumental in the identification of M. volt<ie mutants lacking 

peptidase activity. 



References 

Albers, S A . ,  Konings. W.N., and Dnessen. A.J.M. 1999. A unique short signai 

sequence in membrane-anchored proteins of Archaea. Mol. LMicrobiol. 31: 1595- 

1596. 

.-\lm. R.S. and Mattick, J.S. 1997. Genes involved in the biopenesis and function of type- 

1 tïmbriae in Pseilcionionas nerugi~tosn. Gene, 192: 89-98. 

Altschul, S.F., Gish, W.. Miller. W.. Myers, E.W. and Liprnan. D.J. 1990. Basic local 

alignment search tool. J. Mol. Biol. 215: 403-410. 

Aravalli. R.N., She, Q., and Garrett, R.A. 1998. Archaea and the new age of 

microorganisms. Trends Ecol. Evol. 13: 190-194. 

Balch. W.E.. Fox. G.E.. Magrum. L.J.. Woese. C.R.. and Wolfe. R.S. 1979. 

Methanogens: reevaluation of a unique biological group. Microbiol. Rev. 43: 160- 

296. 

Bayley. D.P., Correia. J.D., and Jarrell. K.F. 1999. (Queen's University.) Unpublishrd 

data. 

Bayley, D.P., Florian, V., Klein, A., and Jarrell, K.F. 1998. Flagellin genes of 

Metltanococcirs vannielii: amplification by the polymerase chah  reaction, 

demonstration of signal peptides and identification of major components of the 

flagellar filament. Mol. Gen. Genet. 258: 639-645. 



Bayley, D.P. and Jarrell, K.F. 1998. Further evidence to suggest that archaeal flagella are 

related to bactenal type IV pili. J .  Mol. Evol. 46: 370-373. 

Bay ley. D. P. and Jarrell, K.F. 1 999. Overexpression of hfethanococciis volme flagellin 

subunits in Escherichici coli and Psetrdo~~iorios neriigimstr : a source of arc haeal 

preflagellin. J .  Bacteriol. 181 : -W6--î 153. 

Bay ley, D.P. and Jarrell. K.F. 1999. (Queen's University.) L'npublished data. 

Bayley. D.P.. Kalmokoff, M.L., and Jarrell. K.F. 1993. Effect of bacitracin on flagellar 

assembly and presumed glycosylation of the flagellins of A-letktrnococcia drlrm. 

Arch. Microbiol. 160: 179- 185. 

Blochl. E.. Rachel. R.. Burggraf, S.. Hafenbradl. D., lannasch, H.W.. and Stetter. K.O. 

1 997. Pj.mlohris jimtrrii, gen. and sp. nov .. represents a novel group o f arcliaea. 

extending the upper temperature limit for l i  Fe to 1 13OC. Extremophiles. 1 : 14-2 1. 

Brahamsha. B. and Greenberg, E.P. 1989. Cloning and sequencing analysis of j7tr.-1, a 

gene encoding a Spirocliaeta czurantio flagellar filament surface antigen. J .  

Bacteriol. 171 : 1692- 1697. 

Brockl. G.. Behr, M., Farby. S., Hensel. R., Kaudewitz, H.. Biendel, E., and Konig. H. 

199 1. Analysis and nucleotide sequence of the genes encoding the surface-layer 

glycoproteins of the hyperthermophilic methanogens Methanoihernriis fervidus 

and Methenothermtrs sociabilis. Eur. J .  Biochem. 199: 147- 1 52. 



Bult, C.J., White, O.. Olsen. G.J., Zhou. L . ,  Fleischrnann. R.D.. Sutton, G.G , Blake. J .A. .  

FitzGerald, L.M., Clayton. RA.. Gocayne. J.D., Kerlavage. AR..  Dougherty. 

B.A.. Tomb. J .F . ,  Adams. M D . ,  Reich, C.I.. Overbeek. R.. Kirkness. E .F  . 

Weinstock. K.G.. Merrick. i.41.. Glodek. .A.. Scott. J L . .  Geoyliayen. Y S  M . and 

Venter. J .C.  1996. Complete jenome sequence of the niethanogenic archaeori. 

,Lletii~l~~o(:o~.~*l~.s j ~ ~ m c ~ s c h i i .  Science. 273: IOSS-1073. 

Bu-graf. S.. Fricke. H.,  Neuner. A.. Kristjansson. I . ,  Rouvier. P . Llandelco. L.. Woese. 

C ,  R.. and Stetter. K.O. I W O .  M~.rlra~ococw.s 1~yt1eir.s s p  nov.. a nowl 

hvpenliermophilic methanosen from a shal 

System. Appl. blicrobiol 13: 263-769 

Collins. F. S. and Wessiman. S. M. l98-l Directions 

ow subniarine hydrot hermal systrni 

cloning of DNA frnynients r i t  a large 

distance from an initial probe: a circularization merhod Proc Nat1 Acad Sci 

U.S..4. 81: 6813-68 16. 

Dalbey. R. E. 199 1 .  Leader peptidase. Mol  Microbiol 5 2855-2360 

Dalbey, R.E. 1994. Bacterial siynal peptidase I hi Signal peptidases. l d i / e d  bv G von 

Heijne. R.G. Landes Co., Austin. pp. 5- 1 5 .  

DeLong, E.F. 1992. Archaea in coastal marine environrnents. Proc. Natl. Acad Sci. 

Lr,S..A. 89: 5685-5689 

Dharmavaram, R., Gillevet, P., and Konisky, J .  1991. Nucleotide sequence of the genr 

encoding the vanadate-sensitive membrane-associated ATPase of ,bleth~ir~ococciis 

i d tc re .  J.  Bactenol. 173: 2 13 1-2 133. 



Faguy, D.M., Bayley, D.P., Kostyukova, A.S., Thomas, N.A., and Jarrell. K.F. 1996. 

Isolation and characterization of flagella and flagellin proteins From the 

thermoacidophilic archaea Thernioplasma volcattiurn and S~rlfoloblrs sliihutcie. J .  

Bacteriol. 178: 902-905. 

Faguy. D M .  and Jarreil. K.F. 1999. A twisted tale: the ongin and evolution of motility 

anà cnemoiaxis in prokaryores. Microbiolog. 145: 2 79-28 1 . 

Faguy, D.M.. Jarrell. K.F.. Kuzio, J., and Kalmokoff, M L .  1994a. Molecular anaiysis o f  

archaeal flagellins: similanty to type IV pilin-transport superfamily widespread in 

bacteria. Can. J. Microbiol. 40: 67-71. 

Faguy. D.M.. Koval. S.F.. and Jarrell, K.F. 1994b. Physical characterization of the 

flagella and flagellins from iMetll~~>rospirillirm Iiiruyatei. J .  Bacteriol. 176: 749 I - 

7498. 

Ferrante. Ci.. Richards, J.C. and Sprott, G.D. 1990. Structures o f  polar lipids from the 

thermop hilic. deep-sea archaeobacterium il.lethanococcirs jumrciscliii. 

Ce11 Biol. 68: 274-283. 

Biochcm. 

Fuhman, J.A., McCallum, K., and Davis, A.A. 1993. Phylogenetic diversity of 

subsurface marine microbial communities from the Atlantic and Pacif'ic oceans. 

Appl. Environ. Microbiol. 59: 1294- 1302. 

Fussenegger. M., Rudel, T., Barten, R., Ryll, R., and Meyer, T.F. 1997. Transformation 

cornpetence and type-4 pilus biogenesis in Neisseria gonorrhoene - a review. 

Gene, 192: 125- 134. 



Genoscope. http:llwww.genoscope.cns.fr~cçi-bin/Pab.cgi. [20 July 1999. last date 

assessed] . 

Gerl. L and Sumper, M E  1958 Halobacterial tlajellins are eiicoded by a rnulti-ene 

famil? Characterization of five flagellin genes. J Biol Chem 263 1 .'>?-l6- 

13351. 

Gernhardt. P..  Possot. O.. Foligno. M.. Sibold. L. and Klein. . A  1990 Construction of an 

integration vector for use in the archaebacteriurn . L f ~ ' r l l i ~ ~ o ~ ~ o c ~ ~ ~ t i . ~ ~  W J / I ~ W  and 

expression of a eubacterial resistance gene Mol. Gen Genet. 221 273-179 

Giron. J A.. Goniez-Duartr. O G . Jarvis. K G . and Kaper. J B 1997 L o n g s  pilus of 

rnterotouigenic i~.klietxhm L Y J I ~  and its relatedness to ot lier type-4 pi l i - a 

minireview Gene, 192 39-43 

Hanniç, G. and Makrides. S.C. I9OS Stratesies for optimizing tieterologous protein 

expression in L<.schrridii~t colr Trends Biotechnol 1 6  51-60. 

Hofmann, K. and Stoffel, W .  1993 TMbase - .A database of membrane spanning protrins 

segments. Biol. Clieni. 347: 166. 

Huber, H., Thomm. M., Konig. H.. 'i'hies. G ,  and Stetter, K.O. 1952. : L l t . t l i ï i t i o ~ * o c ~ ~ ~ t i ~ s  

thr,molithorrophic*i~.~, a novel ihermop hi1 ic lit hotrophic met hanosen. .Arc h .  

Microbiol. 132: 47-50. 

houe, H., Nojima, H. and Okayama, H. 1991. Hiçh efficiency transformation of 

Escherichin coli with plasmids. Gene, 96: 23-28. 



Jarrell, K.F., Bayley, D.P., Correia, J.D., and Thomas, N.A. 1999. Recent excitement 

about the Archaea. BioSci. 49: 530-541. 

Jarreil, K.F.. Bayley. D.P.. Florian, V., and Klein, A. 1996a. Isolation and 

characterization of insertional mutations in flagellin genes in the archaeon 

.\letli~rrlococcrts voltacl. Mol. Microbiol. 20: 657-666. 

Jarrell. K.F.. Bayley. D.P., and Kostyukova. A S .  1996b. The archaeal flagellum: a 

unique motility structure. J. Bacteriol. 178: 5057-5064. 

Jarrell. K.F. and Koval, S.F. 1989. Ultrastructure and biochemistry of Meth~i~iococci~s 

ifoltcze. Crit. Rev. Microbiol. 17: 53-87. 

Jarrell. K.F.. Sprott, G.D., and Matheson, A.T. 1984. Intracellular potassium 

concentration and relative acidity of the ribosomal proteins of methanogenic 

bacteria. Can. J .  Microbiol. 30: 663-668. 

Jones. C.J. and Aizawa, S. 1991. The bactenal flagellum and flagellar motor: structure. 

assembly and function. Adv. Microb. Physiol. 32: 10% 1 72. 

Kalmokoff, M.L. and Jarrell, K.F. 1991. Cloning and sequencing of a multigene family 

encoding the flagellins of Me.lerhanococais voltue. J. Bacteriol. 173: 7 1 13-7 125. 

Kalmokoff, M.L.. Jarrell. K.F., and Koval, S.F. 1988. Isolation of flagella from the 

archaebacterium Me~lerlia~iococcits volrae by phase separation with Triton X-114. J .  

Bacteriol. 170 : 1752-1 758. 



Kalmokoff, M.L., Karnauchow, T.M., and Jarrell, K.F. 1990. Conserved N-terminal 

sequences in the flagellins of archaebacteria. Biochem. Biophys. Res. Commun. 

167: 154- 160. 

Kalmokoff, M.L., Koval, S.F., and Jarrell, 

merhanogens. .4rch. Microbiol. 157. 

K.F. 1992. Relatedness of the tlagel 

48 1-487. 

lins from 

Kawarabayasi, Y.. Hino, Y.. Horikawa. H.. Yarnazaki, S., Haikawa. Y.. Jin-no. K.. 

Takahashi, M.. Sekine, M.. Baba, S.. Ankai, A.. Kosugi, H.. Hosoyama. -4.. 

Fukui, S., Nagai, Y.. Nishijima, K., Nakazawa, H., Takamiya. M., Masuda. S.. 

Funahashi. T.. Tanaka, T., Kudoh, Y.. Yamazaki, J.. Kushida. N.. Oguchi. A.. 

Aoki. K., Kubota, K.. Nakamura. Y., Nornura. N., Sako, Y., and Kikuchi, I-i. 

1999. Cornplete genome sequence of an aerobic hyper-thermophilic crenarcheon, 

.-lerop~rtrni per>t ir KI . DN A Res. 6: 83- 10 1 . 

Kawarabayasi. Y.. Sawada. M.. Honkawa. H.. Haikawa, Y., Hino. Y.. Yamamoto. S.. 

Sekine, M., Baba. S.. Kosugi, H., Hosoyama, A.. Nagai, Y.. Sakai, M.. Ogura. K.. 

Otsuka, R., Nakazawa, H.. Takamiya, M., Ohfuku, Y.. Funahashi. T.. Tanaka, T., 

Kudoh, Y., Yamazaki, J., Kushida, N., Oguchi, A.. Aoki, K.. and Kikuchi. H. 

1998. Complete sequence and gene organization of the genome of a hyper- 

thermophilic archaebacterium, Pvrococcus liorikoshii OT3. DNA Res. 5: 5 5-76. 

Kim. R., Sandler, S.J., Goidman, S., Yokota, H.. Clark, A.J., and Kim, S.-H. 1998. 

Overexpression of archaeal proteins in Escherichia coli. Biotec h. Leit. 20: 207- 

210. 



Klenk, H.P.. Clayton, R.A., Tomb, J.F.. White, O., Nelson, K.E., Ketchum, K.A., 

Dodson, R.J., Gwinn, M., Hickey, E.K., Peterson, J.D., Richardson, D.L.. 

Kerlavage, A R . ,  Graham, D.E., Kyrpides, N.C., Fleischmann, R.D., 

Quackenbush, J.. Lee, N.H.. Sutton. G.G.. Gill. S., Kirkness, E.F.. Dougherty, 

B.A.. McKenney. K.. Adams, M.D.. Loftus. B., Peterson. S.. Reich. C.I., McNeil. 

L.K.. Badger. J.H.. Glodek. A.. Zhou, L.. Overbeck. R.. Gocayne. 1.D.. Weidman. 

J.F.. McDonald, L., L'tterback, T.. Cotton, M.D.. Spriggs, T.. Artiach. P., Kaine, 

B.P., Sykes, S.M., Sadow. P.W., D'Andrea. K.P.. Bowman. C.. Fujii, C.. Garland. 

S.A., blason, T.M., Olsen, G.J., Fraser. C M . ,  Smith, H.O., Woese, C.R., and 

Venter, J.C. 1997. The complete genome sequence of the hyperthermophilic. 

sulphate-reducing archaeon. ..lrch~ieoglobirs jitlgidirs. Nature ( London). 390: 364- 

3 70. 

Konisky. J.. Lynn. D.. Hoppen. M.. Mayer. F.. and Haney, P. 1994. Identification of the 

~Lletkamcocctts voltae S-layer structural gene. J. Bacteriol. 176: 1790- 1792. 

Koval. S.F. and Jarrell, K.F. 1987. Ultrastructure and biochemistry of the cell wall of 

Me~kanococcrrs volfne. J. Bactenol. 169: 1398- 1306. 

Konig, H. 1988. Archaeobacterial cell envelopes. C m .  J. Microbiol. 34: 395-406. 

Kiipper, J.. Marwan, W., Typke, D.. Grünberg, H.. Uwer, U.. Gluch, M., and Oesterhelt. 

D. 1994. The flagellar bundle of Halobacterirtm s d i n a r i m  is inserted into a 

distinct polar cap structure. J .  Bacteriol. 176: 5 184-5 187. 



Laemrnli, U.K. 1970. Cleavage of structural proteins during the assembly of the head of 

bactenophage T4. Nature (London), 227: 680-685. 

Lechner. J .  and Weiland, F. 1989. Structure and biosynthesis of prokaryotic 

glycoproteins. Annu. Rev. Biochem. 58: 173-194. 

L o s .  S. 1994. Leader peptidases of type IV prepilins and related proteins. hi Signal 

peptidases. Edifed by G. von Heijne. R.G. Landes Co.. Austin. pp. 3 1-48. 

Lory, S. and Strom, M.S. 1997. Structure-function relationship o f  type-IV prepilin 

peptidase of Pseudon~onas aerugi~rosa - a review. Gene. 192: 1 17- 11 1 .  

Lowe. MA., Holt. S.C.. and Eisenstein, B.I. 1987. Immunoelectron microscopie anal ysis 

of rlongation of type 1 fimbriae in Eschendlia coli. J. Bacteriol. 169: 157- 163. 

MacDoriald. D.L., Pasloske. B.L.. and Paranchych. W. 1993. Mutations in the fifth- 

position glutamate in Pseirdonto~ias aenrgi,~osci pilin affect the transmethylation 

of the N-terminal phenylalanine. Can. J. Microbiol. 39: 500-505. 

MacGregor, B.J., Moser, D.P., Mm, E.W.. Nealson, K.N.. and Stahl. D.A. 1997. 

Crenarchaeota in Lake Michigan sediment. Appl. Environ. Microbiol. 63: 1 1 78- 

1151. 

Macnab, R.M. 1990. Genetics and biogenesis of bacterial flagella. Annu. Rev. Genet. 26: 

131-158. 

Macnab, R.M. and DeRosier, D.J. 1988. Bacterial flagellar structure and function. Can. J. 

Microbiol. 34: 442-45 1. 



Mattick, J.S. and Alm, R.A. 1993. Common architecture of type 4 firnbnae and 

complexes involved in macromolecular traffic. Trends Microbiol. 3 : 4 1 1 -4 1 3. 

Nunn ,  D.N. and Lory, S. 199 1.  Product of the Psezrdonionas aenrginosa gene pilD is a 

prepilin leader peptidase. Proc. Natl. Acad. Sci. U.S.A. 88: 3281-3285. 

Nunn.  D.N. and Lory, S. 1992. Components of the protein-excretiori apparatus of 

Psetrdoniomis aencgirzosa are processed by the type IV prepilin peptidase. Proc. 

Natl. k a d .  Sci. US.A.  89: 47-5 1. 

Pace, N.R. 1997. .4 molecular view of microbial diversity and the biosphere. Science. 

276: 734-740. 

Polosina. Y Y u . ,  Jarrell. K.F.. Fedorov, O.V.. and Kostyukova. A S .  1998. Nucleoside 

diphosphate kinase from haloalkaliphilic archaeon iV~itro~ioh~rcrerizï~~z nicrgdii: 

piirification and characterization. Extremophiles. 2: 333-338. 

Saiki. R.K.. Gelfand. D.H., Stoffel, S.. Sharf, S.J.. Higuchi, R., Hom. G.T.. Mullis. K.B., 

and Erlich, H.A. 1988. Primer-directed enzymatic amplification of DNA with a 

thermostable DNA polymerase. Science, 239: 487-49 1. 

Sambïook, J., Fritsch, E.F.. and Maniatis, T. 1989. Molecular cloning: a laboratory 

manual. 2nd edition, Cold Spnng Harbor Press, Cold Spring Harbor. New York. 

Schleper. C., Holben, W., and Klenk. H.P. 1997. Recovery of crenarchaeotal nbosomal 

DNA sequences From freshwater-lake sediments. Appl. Environ. Microbiol. 63: 



Sitzmann, J. and Klein, A. 1991. Physical and genetic map of the i\.letlra>iococczrs i~oltcre 

chromosome. Mol. Microbiol. 5: 505-5 13. 

Sleytr. U.B. and Glaubert, A.M. 1975. .4nalysis o f  regular arrays of subunits on bacterial 

surfaces; evidence for a dynamic process of assembly. J .  Ultra. Res. 50: 103- 1 16. 

Smith. D.R.. Doucette. LA.. Deloughery, C., Lee, H.. Dubois, J., Aldredge. T.. 

Bashirzadeh, R., Blakely, D.. Cook, R.. Gilbert, K.. Harrison. D.. Hoang, L.. 

Keagle, P.. Lumm. W., Pothier, B., Qiu, D.. Spadafora, R.,  Vicaire. R., Wang. Y.. 

Wierzbowski, J., Gibson, R., Jiwani, N., Caruso, A., Bush, D., Safer, H., Patwell. 

D., Prabhakar. S., McDougall. S., Shimer, G., Goyal. A.. Pietrokovski. S.. 

Church. G.M.. Daniels, C.J.. Mao, J., Rice, P., Nolling, J.. and Rerve. J.N. 1997. 

Complete genome sequence of hletliciriobncterilrm thernto«iitorropl~ic~~r~~ AH: 

functional analysis and comparative gcnomics. J.  Bacteriol. 179: 7 135-7 155. 

Soto. G.E. and Hultgren. S.J. 1999. Bacterial adhesins: common themes and variations in 

architecture and assembly. I. Bacteriol. 181 : 1059- 1 O7 1. 

Strom, M.S. and Lory, S. 1991. Amino acid substitutions in pilin of Psetr~lonio>~crs 

uenigblosa. J .  Biol. Chem. 266: 1656- 1664. 

Strom, M.S. and Lory, S. 1992. Kinetics and sequence specificity of processing of 

prepilin by PilD, the type IV leader peptidase of Pseridomo>ins uencgiriosn. J. 

Bacteriol. 174: 7345-735 1.  

Strom, M.S. and Lory, S. 1993. Structure-function and biogenesis of the type IV pili. 

Annu. Rev. Microbiol. 47: 565-596. 



Strom, M.S., Nunn, D.N., and Lory. S. 1994. Posttranslational processing of type IV 

prepilin and homologs by PilD of Pset~cionronas aei-irginosa. Meth. Enzymol. 235: 

527-540. 

Sumper. M .  1987. Halobacterial glycoprotein biosynthesis. Biochim. Biophys. Acta 906: 

69-79. 

Tabor. S. and Richardson, C.C. 1985. A bacteriophage T7 RNA polymeraseipromoter 

system for controlled expression of specific genes. Proc. Natl. ,4cad. Sci. US..\. 

82: 2074-1078. 

Thomas. N A .  and Jarrell, K.F. 1999. Cloning, sequencing and expression of the flagellin 

genes from mesophilic. thermophilic and h ypertherrnophil ic niethanogenic 

archaea. Ann. Meet. Can. Soc. Microbiol. 49th. 1999. Abstr. SAC6. p. 53. 

Thomr. B.M. and Müller. M. 1991. Skp is a periplasmic Esclw-iclii<i coli protein 

requiring SecA and SecY for export. Mol. Microbiol. 5: 18 15-28? 1 .  

Thompson, J.D., Higgins, DG.. and Gibson. T.J. 1994. CLUSTAL W: impro~ing the 

sensitivity of progressive multiple sequence alignment through çequence 

weighting, position-specific gap penalties and weight matnx choice. Nucleic 

Acids Res. 22: 4673-4680 

Towbin. M., Staehelin, T., and Gordon. J. 1979. Electrophoretic iransfer of proteins from 

polyacrylamide gels to nitrocellulose sheets: procedure and some applications. 

Proc. Natl. Acad. Sci. U.S.A. 76: 4350-4354. 



Whitman, W.B., Ankwanda, E., and Wolfe, R.S. 1982. Nutrition and carbon rnetabolism 

of Methanococczrs voltae. J. Bacteriol. 149: 852-863. 

Wilson, D.R. and Beveridge, T.J. 1993. Bacterial flagella- filaments and their component 

flagellins. Can. J.  Microbiol. 39: 45 1-472. 

Woesr. C.R. and Fox, G.E. 1977. Phylogenetic stnicturc of the procaryotic domain: the 

primary kingdoms. Proc. Natl. Acad. Sci. U.S.A. 74: 5085-5090. 

Woese, C.R.. Kandler. O., and Wheelis. M.L. 1990. Towards a natural system of 

organisms: proposa1 for the domains Archaea. Bacteria and Eucarya. Proc. Natl. 

Acad. Sci. U.S.A. 87: 674-4579. 




