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properties of specific'regionS'of the envelope whiéh

‘support the‘flagellum, the separation and biochemical

icontalnlng membrane and of the plasma membrane has been

‘outer membrane proved to be unuspally resisgant to -

~detergents and chaotroplc agents. It seems: probable'

.1nclud1ng fllament hook, basal complex, or CMR's, may

. outer membrane prdteins after labelling with

. temperature. . Antlsera were . raised aga;nst these four

ABSTRACT

The| angioring device of the flagellum of the,Gram-

negative bacterium,‘Spirillum serpens, has been i Vesgi-

gated.. In the course of attempts to elucidate'the'

ideﬁtification of the outer, llpopolysaccharlde-

T L]

achiéved. A spec;allzed dlfferentlatlon, termed concen-
tric membrane rings (CMR's), was discovered to be har-
boured on the. under-side of the outer membrane. This

structure could be digested with proteases, but the

that CMR's confer structural rlgldlty at the flageliar
lnsertlon.

A protein responsible for CMR's was identified as

follows: No components of the flaéellar apparatus,

he observed by eleétron mlcroscopy when cultures _are
grown at 42°C, ‘All of ‘these structures are present,

however, in cells grown: at:30°C. Autofadiography-of
| ‘ 355

methionine revealed the presence of four polypeptldes

in the membranes of cells grown at the perm1851ve

2

- ‘ . iii -,
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candldates for CMR~ proteln(s), and the respective gamma

globulln fractlons were coupled td\ferrltln to prodxfe

o

immuno-reactive conjugates. " Only ,one of these conju-

gates, directed against the 72k outer. membrane protein;

was found to specifically'label CMR's. - .

. The rigid mucopeptide layer of the cell envelope

was isolated frek of contaminating membranous material.

At the polar regions of the sacculus, perferations were
found, indicative of the former lnsertlons of flagella.h

Electron: m1¢rosc°p1c examxnatlon of autolyzed ,“ L
, .
preparatlons of SElrlll - did not adequately resolve the

-~or1entatlon of the lqyer pair of rlngs of the basal .
orgapellem‘ Freeze etch;ng,-however, revealed depressions
’ . - ’ ) . ra b

on the convex fracture face which correlatéd«With the

level pf+1nsert10n of e basal organelle 1nto thls

membrane. In thin sec 1ons, blebs beneath the plasma

-6 @ .
membrane were seen, whieh appear dlrectly $!Soc1ated

]

. with the flagellar apparatus.,' , R

.

Matchlng the, dlmen31ons of the basal organelle W1tﬁ*

the dlmensgons of the Gram-negatlve cell ephelope clearly

neceseltated revisions to currently accepted ideas con-
cerning flagellar lnsertlons. The'structural features

derived from the study of Spirillum serpeéns have been

‘incorporated into a generalized anatomical modél of cell

envelope associations of bacterial flagella. -

"
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CHAPTER I
INTRODUCTION

&

The property of movement and the mechanisms of motion
of all forms of life are intriguing and taxing problems for *
biologists. Antony van Leewenhoek's descriptions (see -

Dobell, 1960) of little animalcules were predicated gf the

L]

upwards and downwards motions of the organisms in' aqueous

suspension. No doubt his attention was directed as much

4 \

towards their tumbling as to their morphological appear-
ances, and one wonders whether hiseobservations would have

been as astute if the motility ©f the cultures had been

less pronounced. e

°

2

In the microbial world, frequent consideration is

e

given to the swimming‘motioﬁ,produced by the® action of

flagella. Bacterial cells, for example, may be observed

in wet mounts to move ,individually and at random throughout
aqueous’médium. Thei;,mot;an is an alternating sequence of

intervals, interrupted bY°either'gradua1 or abrupt,cﬁanges

..in,direction {Berg “and Brown, 1972; Adler and Dahl, 1967).

On solid or semi-solid surfaces,'by comparison, other
types of°transloca§ion have beenliecognized (Henrichsen, -

o




2

- # o _ ’
N ‘ TN - o ) 2
1572) ahd‘tﬁese.ianude—swérmiﬁg, gli%}nq, fwitchinq,
sliding, and darting. The‘latfér foh; kinds of spreading
Aphénomena*ﬁave been attributed to.motivé forces generated

¥ .
either by individual cells or a cell mass, but have n&

direct correlation with bacté}ial flagella. These Abser—
vations may be important in é reievaluation.of taxonomic

crf%eria, even’as diyerse types of flagg}lation have been
a key to bacterial classification based on techniques for

their specific staining (Rhodes,'1965).

lagella were among the ‘first biological

specimens [to be studied with the ‘electron microscope

a

{(Mudd and; Anderson, l§h2) and from these observations
. : b

the existénce{#f this organelle as-deduced by light

microscop iving cells (reviewed by Pijper, 1957)

and s

‘ firmed;j Diverksity and complexity of the cytological

o

arran%e ents oﬁAfiagella was soon to be noted. The

t

: flagellér bundles of Spirillum serpens described by

van Tterson {(1947) in conjunctién with C. F. Robinow,
. ’ [ ‘

the sheathed flagellum of Bacillus brevis (DeRobertis ~

and Franchi, 1951) and of Vibrio metchnikovii fvan Itersoﬁ,
l§47); and the more common peritrichous fiagellation
(Houwink and vén”!te}son,‘IQSb) exemplified sﬁch diversity.
It was gene}allj agreed at that time,tﬁat the flagellum
passed through the qell“waiLand tgrminatéd in some struc-
ture in the cytoplasm. Sﬁch "basal granules" were seen in

o

autolyzed ciltures and were described as up to 200 nm in

©

v R



\\—; © .. . diameter (Grace, 1954). Othérs however -doupted the* ‘'
existence of. such structures, and dismissed them as -
.artifacts of autolysis.’ e < ' L " ’
[} s . !
) oy
. 4 : ' “C/ .
A’ Basal Structure of the Bacterlal Flagellum

.

These early observations by electron microscopy were

‘made on bacterial specimene which were metal-shadowed, and

[

so_did not provide an accurate representation of flagellar

-]
A

ninsertién into the cell envelope. -But with the emergence
of techniques for thih-sectioning and negative stainiﬁg,
new 1n51ghts were possible into. thls unresolved problem.
-~
.In 1963, Murray and Birch-2Andersen descrlbed their
interpretation df'electron micrographs of sections of

* Vestopal embeddings stained with uranyl acetate. The

flagella,‘which appeared as a polar‘tuft'iﬂ Spirjllum

serpens, were postulated to orlglnate as knobs just be- -
Y . ’ neath the _cytoplasmic membrane and pass throuqh the cell
enVelope iﬁdividually in a defined region. - Cytoplasmic
organization'Waswrecognizedvin fortunate sections which
. e showed ’flagella passlng through the ‘cell ‘wall and through
tzk‘ plasma membrane, 'to terminate as‘ a'smal}/{utton. ‘Thi,s
- bleb dld not appear to have‘any dlrect aSSoc1at10n with
speclallzed polar membrane, which could be 1dent1f1ed as
a columuar arrangement flrmly attached to the plasma
A'membraﬁ%. Polar membrane was> disposed lateral“;o the

, o ‘ ~
: polar cap,-and-.not immediately beneath the region of

flagellarsinsertion. Deécr@ption of the congtituent
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'./ ‘.a. . ' ‘ ‘.; S -
. layers of the cell envélope focused attentlon on ‘the
smoothness of the‘Whll over the polar area, whereas the
thin section proflle usually revealed a. wavy unit

membrane. A dellcate and taut dense laver, later identi-

fied as the mucopeptide (Murray, Steed,,and Elson® 1965),

a

would alao be perforated by emergiquflagella.‘ All of
these obsefvatione were éummarized in a model whicgh
‘attempted to clarify the structu:es demonstrated in the
electron mlcrographs (Figure. l) ‘ C
- g \ In oontrast with the study of thin.secﬁiooedimate;iais
" which advanced the concept of flagellar inserﬁions was the “u

concurrent work of Glauert et al. (1963). Vibrio “ ¥

. " 5 Mmetchnikovii was chosen as the object of study since the
. flagellum is sheathed and therefore of larger aiameter
" (30 nm) than most other peritrichous bacteria such as

Escherichia coli with flagella of 15 nm diameter. Further- 3\\‘

more the sheath Was-determined as continuous with the
outer'membrane, having the same lavered stfuofﬁre as this

"double track“ layerf Negative.staining of autdlyzed cells <o
with potassium phosphotungstate sﬁowed‘tﬁat the flagella |
ended in basal structures assooiated with the plasma’
meggrane This component Waé'described as-a emall disc or
cup, 30 to 35 nm 1n dlameter, with the end of the flagellum
ﬁeat the basal discs appearing cross-banded., This was_ the
first indication of the complexity.of'the basal organelle

“ which was to be resolved many years later.

Following Weibull's observation (1953) that in Bacillus

-

”~
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. ‘ ' megaterium:flageila remained atgadhed_téathe ﬁakéa‘profo—,
+ & . L] : .

) ' plasﬁ membrane aftet digestion of ;he cell wall with'

. lysozyme,.it was generally‘agreed that the flagella )
terﬁinatéd_in'tpe cytoplasmic membrane.- But the guestion
of basal bodies was still debated, and in 1966 van Iterson ~

et éi. dddressed themselves to the fine structure of - .

( such "blEpharoplasts"‘in Proteus mirabilis. Treatment N

of actively motile swarmers of Proteus with penicillin
served to ioosen the cell wall, thereby rendering cell§ ) .
osﬁoticaily fragile. The bacteria were then subjected to
osﬁotié shock in water to release the cytoﬁlasmic con;ént;;
Fiagella Seemed to emerge from rounded structures approx- ”:
imately 25 to 45 nm wide, as determfneq\by thin sections. T
‘A portioh of the flagellum extended‘betweén é;g cell wali
T and the plasma membran¢§ but the thickness of ;pe sections
. ’ as'éompared to the diameter of the basai gfanules~érej
cluded prof;bab}e §tudy. '
:')A compiementary study (Hoeninger et al., 1963) of
. negatively stained preparaﬁions of Proteus was moreA - ~

.successful in demonstrating intact associations of basal

‘bodies with.cell envelope layers. "Brilliant dots" were

~described és'béing part of the pasal granule, hboks were
clearly aLStipguishable, aqa in one instaﬁée two pairs of
discs were apparent; Howéver the auﬁhors misinterpfééed
the micrbéraph)‘sggggstiné that the uppermére pair'éf

, , , .

discs. was a coilar of wall material and not related to

.

the basal Qrgaﬂelle, _The lower pair was freéuen%l§ seen

‘
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‘attached to a disc-éhaped area, apparently more solid than

.the rest of the structure. It is apparent, with hindsight,

N

- that the "disc” was formed by cytoplasmlc membrane envelop-

ing the 1nner end of the complex and not necessarilv an
integral part of tRe complex. One of the chief difficulties

in interpretation of the electron micrographs Seemed,to'be

‘the inability tb'ob%ain'flagella free from membranes.

While autolysis of whole cells or penicillin'treatment

sometimes clarified or 1ightened the electron density of

‘negativesstains, it.was readily apparent'tbat the presence

of the complex cell envelope was hampering the resolution

of the flagellar insertion structure.

-
L]

"Abram, Koffler, and Vater (1965) disagreed wlth~

van Iterson ég_al, on igterprebation of the origin of
PrdteuS:flaqella.‘ Rather tham autolyzed preparations,
£hey chose EQ examibe ghosts of cells stored at low
ﬁemperathre-(G'te 10°C)” in which cell‘wall could he
dlfferentlated from cell membrane. The flagella were
thought to orlglnate from spherical structures of diameter
11 to 14 nm, assoc1ate§ with the cytoplasmlc membrame and
prbbably ambart of.this membrané. "The large bodies at .
the-baee cf bhe flagellwm may not be real structural

entities,lbut:perhaps are'a}tifacts resulting from the %

‘persistence;of é part of‘the membrane after the rupture ¢

of the wall ThlS descrlptlon applied even to a mlcro-

"e

graph ‘of an 1solated flagellum and ‘basal complex, since

O

“. resolved as;four stacked rings.  The .upper two dlSCS were



described by Abram et al. as a "constricted region" where
‘ ad
the hook was connected to the basal unit, and "the lower
two discs were an unresolved "spherical structure". It is

interesting that these authors postulated various funcgions
for the-basal structure: a site at which flagellin may Eé

- synthesized or assembled; an ancHOrage site; an undefined
role in motility due to known localization of energy- |
vielding reactiqns in the cytoplasmic membréne.

While the precise mode of insertion remained un-
ceftain, the contribution of the cell wall and Ti?branes
towards flagellatiorn and functional motility was recog-
nized by Vaituzis and Doetsch (1965). These workgrs
, examined penicillin-induced spheroplasté of~Salmonella

- % . .1
under the light microscope and the electron microscope.-.
< P - . .

Flagella were confined to those areas of the spheroplast

where cell wall fragments persisted, and eventually dis-

L)

appeared as the spheroplasts aged in isbtonic solution..
1f spheroplaéﬁs were formed from‘éells non-flagellated
under physSiologically restrictive conditions and_then
allowéd tovrevert to rod forms, no flage;la were assembled:
But if penicillin was removed from a culture of induced
spheroplasts, then the reverting rod forms generated-
flagellé as if there,ﬁad been no lesion induced by, the
antibiotic. These résults clearly showed that the lack

of a rigid cell wall or mucopeptide layer influenceg é;é

ability of a Gram-negative bacterium to assemble flagella

de novo or to maintain motility, as Weibull had shown for

»



Gram—posiﬁi&e cells. Support wasc obtained for the idéé‘
(Stocker, 1956) that a rigid-or semi-rigid structure such
as the cell wall may ’be a prerquisixe for a fiéqellum'
to exert its "thrust". The manipulation of the integrity
of the %ell wall led to speculation that the flagellin-
aggregatiné mecﬁgnisms might be associated with the Wal}:
the guggestion is intriéuing but perhaps prgmatu}e, asca‘
more reasonable "nucleating centre; for such‘!¥sémbly
might reside in or ﬁear the cykoplasmic membrane.\ o
Cohen-Bazire and London® (1967) recognized the clarity'
of the électron micrographs\of Proteus basal organelle
published by Abram et al. in 1965.. Two pairs of éiscs °
were reso}yed (each pair 20 ntLyide and 10 nm long3,
ksepafgzgé\by a thin strand of connecting mate;ﬁal. The
total length of the structure was 30 nmp,'Both‘Abram et al.
and Hoeninger et al. (1966) had intérﬁ}eted these rare

objects as due in part to cytoplasmic debris. But when the

flagella of Rhodospirillum rubrum, P. molischianum, and

R. fulvum were liberated by exposure to a cell wall lytic
enzyme, Cohen-Bazire and London also found two pairs of

discs closely adherent to ‘the base of the hook region.

~

‘Again'membrane and wall fragments overlay the preparations,

but in some ipstances an isolated basal organelle was

observed. The dimehsions of this specialized structure
were given as: a narrow collar 8 to 9 nm in diameter
connecting the.rounded extremity of the hook to-a pair of

N

discs 25 nm wide and 14 nm thick; the upper pair‘of discs
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was, then attathed by & second narrow collar to a second

: pair of the same dimensions. In all species of. Rhodo-
. ¢ o . . o , T
spirillum exagined, the basal organelle was considered

e -stx;ucturoél_lyai)ihplogous and of idep.ticai dimeﬁslons. A
,QU @ ;médel (Figufe‘z) was preéénbed to summarize not oenly the
~ _con{irmatory findings~of the twg pairs of dtscs, but also
i : .
0: to integrate those cohponents relative to the c§ oplasmic i
mémbranégand cellvwéll Iayers. They suggestgd’éiat the .

flagellum was anchored to the cell en%elope by the‘discs;

all of which were positioned beneath the cytoplasmic

S membrane. The lowermost of the fouqfdiscs was imagined ] :

»t0 rest upon @ "flagedlar membrane" which in turn was
o - ’ . U ’ -

connectéduto a "polar membrane”. This model failed in two_.
e .
-respects: (i) it required an unusually long central rod

connecting the upper pair o©f discs to the hook, and

L4 -
¢ © N

penetrating all cell enbelope layers; there was no

- ‘. - - © . . o .. . .

evidence for such an ext&nded connection; (11% it attempted

. . = - -
e

to integrate.the thin sgction profile‘ihcluding "polar
membrane" inté the écheme by invoking a "flagellar mem%rane";
no evidence for those associat%ons was presented.
Baumann._ei;’_é_l. (1971) made detailed studies of 145
Gram—negative,.flagéilated, facuitativély anaerobig, €
‘'straight or cunved }ods of_mafine origin, and established
by nuﬁer{car;data aﬁglysisaeight groups whicH'were
separab}é by unrelated phenotypic traits. Six of these

. groups were classified under thé genus Beneckea, and one
PR . - ¢

] . .
was identified as Photobacterium fischeri. Members of

¥

o 4] A
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the former gehhs had single polar flggella when.grown in
liquid medium, but when grown on solid medium, four T

“species became peritrichously flagellated. ». fischeri,
F] . ' N )
by comparison, had flagella arranged in polar tufts‘~ A

continuation of the study of flagellation of these organ-
isms using electron microsc&py extended the information

obtained from staininglby Liefson's method (Allen and

[N

Baumann, 1971). Two micrographs'of negatively stained °

oolar tufts-of P. fischeri clearly demoﬁstratqd basal

-

discs, althouéh their number and arrangement was un- 5

- ' .
specified. It is also possible to discern some membrane

differentiation surrounding selected basal discs, bﬁt the

authdrs do not identify this component. Attéhtion was -
. directed to "knobs" or "tgbulesf<at'the distal end of

shéaqheé flageli; in species of the genus Beneckea and

‘g.'fischeri; no explanation of their’role was offered.

{ ‘ High resolution microscopy of three polérly flagel~-

lated bacteriafshpwed,that their flagella ofiqinated as
o ‘* . - » ¢ '
one circulaxr disc (25'hm’diaméte§) at 'the "level of the

cytoplasmic membrane and showed a pair of discs attaching

- them to the cell wall (Vaituzis and Doetsch, 1969).

Negative stains of V. metchnikovii, Sp. serpens, and

. . :
- - P. aeruginoga were prepared from cells which had auto- .

- lyzed in didtilled water,aleaving the lower single disc
- firmly attached andvcontinuing‘with the plasma membrane.
The distal discs were a composite pair which wefe‘either

'frge'o; attached, depending upon the integrity of the o, - o

o
-
’




autolyzed cell wall. That the membrane disc was fifmly“
, _ \ o o

attached contrasted with previous reports that pagﬁl

v

structures terminated in the cytoplasm. One additional
structure of the flagellar appa}atus was noted, however:

Q

alkali—lysed'y. metchnikevii showed .flagella with "ﬁnder >

sidef of flagella discs,‘?}om which five or~six reripherail
projections werg noted. Although the‘ghblished-micro-

<
graphs are very dark, it is conceivable that these pro-

. trusions may extend into the cvtoplasm.

These same authors also presented a model ‘of the , "
° ‘ . . . )
‘mechanism of flagellar motion, based upon circular

E]

wobbling of the disc inserted into cytoplasﬁic membrane.

o

. The upper discs would act as stabilizing components.  The ° e

- .

" hook region would simply transmit an activating force

] - 0 ) O . . o
from the basal structure to the flagellum. The result of

such wobble would be a cone of revdlutfqn by an inert-
rigid, or semi-rigid helix. This mechanism would bhe
&ependent on rigidity of the cell wall in the régiontat

-

- which a flagellum emerges _through the envelope, Thus, in

Gram-positive bacteria which lack-theoup?;f pair of”: s
discs, the cell wall mighf be dufficiently strpﬁé(t§
o s r;‘ - o '

impart struetural rigidity., ﬁﬂpmembrane displacement s

were involved in motiiityJ two méchanisms might be =

4

. 0 ; . -“I -- v . c' " N
imagfned: one would assign sdignificance to the short . ¢
. , . ,

— - )
@ [

radiating fi}aﬁents which would act as contractjle fibers,

>
¢ o

- but more likely these sé;vé as anchering ‘lines to the’

. . 3 N
membrane; alternatively, thg.underlying polar membrane .

@
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from:é study pﬁ~the ‘fine strucﬁure wﬁ“fbtoth&orh_dgéplra
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mdb&lls (Remsen et al_w 1968) Thi&'photoéVnthetic Efam—

% N o
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pegat1VeJVibr1@1d onganlsm 1samotlle by means oﬁ é 0"
.Lf' UG.,\_, v n® o~ w, o
flaggllar tuft.t S&rﬁcturél detaﬁls ofuthe flageiié were

s
Py

determing on ogmotlcallx 1y5ed cells (Flgurgcﬁ) ~_At th%qo
Y ‘0’ ‘%
base of each fIagellum was a palr ofs discs sPaced 15 to 1

o g A

.9 g Zoonm apart, the:uppef«dlsc was 20 to 25 nm dlaméter :
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and 20 nm thlgk but on cae octasrbn could be resolved
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1nto two dl%CS of 10 nmoﬁhlckness separated’by *a soagé
“ e L, ~,5° co Yo o, o
of % nm,othe &ower ﬂrsc wa@ always observea as,a 51nq1e¢ .
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e insérg 1nto a polar*ﬁlsc, AO to° 50 nm dlamétér,ﬂby meansur
o b o 2 ¢ &
‘wof a, ce;tqu por%d mEléht<tQ;ten of these poﬂar dlsc&
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"%to 250 . pm 1n031ameter D°A1£ oﬁ th;ee relqtlonsntpq“Were v
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S ;/ In 1971 DePamphllla ané‘Adler reported a préceduxe

ﬁor Eyglfleatfon of dqtadt flageliq'frém Fscherlchaa .

* < &pli.and Bac1llus sqbtllls, free from detectéble cell

B « Y
° * o o

”walJp glasmh:membfane, or %ytoplasmlc mabermal Q.The cells
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were flrst converted ‘o spheroplasts using lysozyme and
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'°u°ethylened1am1ne tet;aacetlc ac1d (EDTA)%Llysed with ¢he , -

T e ¢ o <9

; non—loq;c détergent Trlton X’Lﬂo, and thencflaQella ‘were
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)rxrghsiﬁgent'pandnéhfbh°centéined:98§¢bf the flagellacin
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“. the tnbe, with an oyerall yieldiof 14 to 49%. The method
’ was de&elgped specifically foe E. §9£l' and'many of the
Oemplrlcallyaderlved steps were cn&tlcal to obtalnln%
satlsfactory yields. Electron mrcroscopy o?vthe orepara-x

<

tlons revealed a hoo& and a basal body at one end Qf many

w »

of the flagella;® the loss of“theseutgrmlnal structures o
was considered to be low. While the ‘microscopy showed
Such "clean" preparations, it should. be recorded that

Chemlcal and spectral analy51s revealed léss than 0.15% .,
‘rnorganlc pﬁosphorous and 1.8 to 2 2% carbohydrate, these

“qvalues would=squést some contamlnatlon by the llpO—

ca'
polysaccharlde— (LBS) containinc outer membnane; and o]

v
o

perhaps the. électronqmlcrOSCOpv was overly selectlve.
o * o a . [
Thelr aqpompllshment cléariy reflected the 1ncreased

understandlng of the‘blochemlcal cdmposxtlon of the

l. 84

bacterlal cell wall and“of conditions " ﬁécessary to

[ L]
° 3]

select1wely.d1550c1ate the constltuent layers. The

© o

<
C] o o
-

fhethod employed was also a‘great advance oyer the simple

o ¢ (43

&

© e, . 'a . .
observational- approach,of vlew1ng‘autolyzedapreparatlonsL
Q o e . v . b

~ in the electron mlcfoscope}°h - — ;

N It was ébidentofromeall of the @orﬁ describing the

«shape¢ dnd dimensions of the basal bodycthat'nany,of the
variatfbns oould be ascribéd todthe:preSence of cell wall
or h;hbrape fragments Qﬁich either maskedothe structure“

. - . o

or showed artrfactsothat had no genuine assoc1atlon w1th

a4

the flagellum The confu51on was muich resolved in the

©
€

second paper of their series ‘(DePamphilis and Adler, 1971b)

~
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héd been reported in a wide vériety of flagellated bacteria,

.
o ) C ’ 9

°

which described the fine strudture and isolation of the
"haok-basal complex in E. coli and g; subtilis. High
resolution elec¢tron microscopy of the inmtact basal complex

and -of part;yadaﬁaged structures led to the proposal of a
" model 6f°tﬁé baseoof the flagellum®(Figure 4). Four discs
were clearly idgntified,uarranged;as two pair§:~an upper s
paif¥ (L a;d p }inés)oappeared connected near their Peii—
phery- because of ; lack of penetration ;f hegaéive stain;
the lower pair (S and M rinq;) were in closer proximity

. to each other. All discs were named according to their

presumed attachments, from "top" to “bottom": the. L ring

S

for its att%chment to the lipopolysaccharide-containing

o

membrane; the P ring for its association with.the peptido-

glygan layer; the S ring for "supramembrahe"; and the M

4

ring for its attachment to the cytoplasﬁic membrane.

o w

Q
A critical question as t6 whether an essential

component of the apparatus was lost during the préparation

cannot be satisfactorily answered. No %lagellum has ever

v

. -

- maintained éptivity in vitro and so the'possibil;ty exists

that a fragile component at the flagellér base was destrby;d
in the isolatién»procedure. But‘the'p;o?osed model seems
convincing fof a yariety of reasons: first, Qariatiohs in
the procedures for spherbplast‘formationvor lysis gave tﬁe
same structure; secéné, tﬁe basal complex appeared.
identical when negafively stained with phosphotungsgic

acidl or with uranyl acetate; third, an analdgou%rsfructure

o

'S A ]

Q

I
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despite all previous attempts havfné failed to isolate
flagella plus bésél organelle.

To determine the spécific attachments of each qf/the
L, P, S, and‘M rings to the cell envelope, DePampﬁiiis
and Adler  (1971lc) purified the outer mehbraneféf E. coli
-and observed that lhe ring closest to the hébk region
was'httachéd to this membrane. Confirmaﬁion’of‘this
obSerQation was also obtained when §ﬁﬁérop1asts were
osmoiically shocked: the L memb;gﬁé still-attached to
the bagal bodies via the L ripéi The lowermost M ring,
on the other hand, was segn/By elecfron microscopy of |
lysed spheroplasts to sﬁécifically attach to the cell
, Pz .

envelope's inner megbrane. Hence the evidence for the

7 @

'~ association of tbése two rings' attachments was direct.

The second rin& from the top (P ring) was considered by
P ,

,DePamphil%s'and Adler to be in register with the

peptidqgiycan layer to which it was presumably attached.

This - postulatlon was made by matchlng the dlmen51ons

QSSlgned to the layers of the cell envelope (dePetris, 1965,

11967) with thé dimensions of the basal complex (Figure -5).

-

Thé supramembrane (S) ring did not appear to have‘any
materiai attéched to it, and was considered not in register
with any known, cell envelope structure. ’

In assessing freéuent references to granules or large
cytoplasmic membranes that might -be attached to.the
flagellar apparatus, DePamphilis.and Adiefﬁdismissed such

basal body Structures as being artifacts from vesiculation

v

“
v * /
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of fragments. - Their observations inégcated that flagella
did notlhave any structure genetrating the cytoplasm, but

that they terminated at the junction of M ring with plasma

membrane. Due to différemces in the Iocations 6T the basal
. \ ‘ .

body rings and their respective attachments, it was

hypothesized that eadéh ring was a'chemically distinct

component; the chemistry of the basal organelle was not

established.

B. Structure of the Flagellar Filament

-

Although much of our attention has focused on the

insertion of thé flagellum into the bacterial cell .

-

envelope as interpreted by electron microséopy, it should
be nopéd that the understanding of this "simple" organelle
was advanEed in several other direqtions. Among the many
reviews of this subject, the following are particularly
valuable: Newton and Kerridge (-1965), Smi't}1 and Koffler
(l97ia), boetéch (1971), Bode (1973), and Adler (1975).
The flagellum consists of three mofphologically
distinguishable regions: a filament external to the cell
surface; a hinge region termed the hook, genéfally set .
off at an angle; and-the‘baSal complex'which.hés already
been discussed. The filament isﬁcleafly the most con-’
1spicuous of these threeueleﬁents and so was readily:
isolated by mechanical shearing free fFom the cell bddy.'
Purificafion ﬁas éenerally been ;chieved by repeated

diffe:enfial ‘ceritrifugations, ammonium sulphate precipi-

L]
[

‘(;lf-‘ § i .
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tation, or ion-exchange ohromatoqraphy on diethylamiooethyl-
{DEAE) cellulose. For a review of the isolation.methods,
see Smith and Koffler (1971b) .
- The filament is now considered to be a homopolyme
the proteln flagellln, although it is dlfflcult to excludo
the possibility thatlloosely bound non=protein material may
be'releasea during purification. Martinez (1963) reported
small amounts of carbohydrate tightly bound to féegella
purified-: by column chromatography Flagellins have Been
iso}ated from a large number of bhoth peritrichouély and
polarlybflagellated bacterial species, and are consider?d
to have a molecular weight ;n the ranqé of 33,000 to 40,000"

4

daltons {Martinez et al., 1967). The amino acid compo-
‘éitions of numerous fl;;elllns show an absence’ of tryptophan
and half—cystlne residues, a paucity of aromatic amino
acids,. and in some cases an unusual amino acid, e—N—methy]
lysine.. Such similarity of composition undoubtedly reflec;s
a common ancestry of this class'of protein Hb;eculeo. A
partial amino acid sequehce of the 304-residue flagéllin'
polypeptioe from Bacillus subtilis has recently been /

A
reported. (Delange et al., 1973). Comparisen of-very

limited sequencé“iﬁformation from fiagellins of Salmonella,

-Proteus,'and B. subtilis shoWéd remarkable homoloqy‘at‘the'

carboxy terminal. re51due§ ' - C-
Many models for the arrangement of flaqellln molecules ‘ v

into the Z;}ament have been proposed, 1ncluq1nq Fhose for

Salmonell

‘typhimuriﬁm (Kerridge et al., 1962; Lowy and -~
, ° (/




«'

" also hollow, in agreement w}éh the freeze etching of a

19

Hanson, 1965; Finch and Klug, 1973), Yor,Proteus'Qulg@ris

(Lowy and Harison, 1965), and for Proteus mirabilis (Bode

et al., 1972). The arrangements were originally prbnosed

—_—

as a structure of eight rows,of globules with diameter 5 -

nm running parallel to-the axis of the filament; this
inqumation was consistent with electron microscopic and
X-ray aataL But small angle X-ray scattering showed that
the shébe of the monomeric flagellin was not spherical,
but very elongated, wWith”its largest dimension about 16 nm.
This shape was maintained when the protoméfs were in-
corporated into flagella, -such that a model conféructed
from wedge-shaped protomers would be consistent with X-ray
and electron microscopic investigations. The number of
rows of protomers running paralle;'to the cylinde£ axis
aas estima?ed as nine. In a model showing the lonai-

tudinal cross-section of the flagellum, Bode et al.

(1972) demonstrated how the packing nf protomers could -

give rise to V—shaped arrow tips and tail ends, a .

phenomenon shown many years earlier. ' ; . ) -

Finch and Klug (1973) have. re-examined microgravhs -

of flagqiia of S. typhimurium, P. fluorescens, and

B. subtilis, all negatively stained with uranyl acetate.
Using optical diffraction and computer-generated pro-.

jections, they coﬁcluded that the number of longitudinal

~strands was eleven for each ®f the species examined. 3

These strands would be twisted into’'a helix which was

-

'
“I.

2




filament yhich revealedfghe émpty core (Sleytr and

Glauert, 1973).

C. The Hook Region of the'Bécte?ial Flagellum

*

The presence of the hqu}feqiqﬁ~of thé;fiaqelldm has

been described ‘for many bacterial ‘species (see review of

- Smith and Koffler, 1971a). The stfuqfures are usually

.

resistant to disruption by acid, alcohol, and elevated

- . ’ * . \
temper&®tures, and so may be purified free from flagellar
filaments and membrane vesicles’(Dimmit$ aqg;simon,‘197l).

Antisera specificaliy directed against”a preéaration_df

hooks from'Salmonella was shown by Kagawa gg»iifi(1973)

to (i) cross react with a large number of Saimoneilé.:
‘ ' . .
strains, including flagella-shape mutants, paralyzed ..

~(non—motile)lmutants, angd mptants\with different'Hr énd_l
O-serotypes; (ii) show immunological homology with hookﬁ - T

- ) \‘ o )
- of an Escherichia coli strain; (iii) appear serologically

x.e‘

. ) ' i )
unrelated to Serratia, Proteus, Aerobacter,.and Klebsiella;

(iv) -have little.effect on motility when added to the

medium. - It was also important to notd tflat purified hooks

’

could not acg as seedsAfor polywerization of flaqgllin,
Qhereas ig'giggg polymerization of fl4qgellin was shown to =
proceed in the presencé o€ short f;aémenté of thelﬁiaééilar

filament (Asakura et al., 1964). Such a resultrmqyihaﬁé |

beep‘due to tﬁe severe conéitions'of.purification, §1ncé

the in vivo situation éleafly involves the hook serving

as the ‘initiation site for flagellin-assembly into the




filament.

O - ‘ N

D. Genetic Analysis of Bacterial Fléggi}atiqn

[>3

- A comprehensive review on the genetics of flagellar

formation appeared. several years ago (Tino, 1969). —_

Interest_ in genetic analysis stemmed primarily from the

variation in the antigenic characteristics of Salmonelld

(Joys and Stocker, 1966), but tﬁis has now been expanded

<

to include a more comprehensive understandinag of many
<

. bacteria. In the Salmonella system, ten fla cistrons
withln two gene clusters have been‘described, such‘zhat
a mutation in any one of these requlatory genes from glgf
to fla~ resulted in loss of ability gd produce flagella.
Hl and H2 are the structural genes for the prétein
f;agellin? AHi and AH, are genes which determine the
acti&ity of thetr adjacent structural gehes. This analvysds

‘has been carried out using the complemenfation behaviour of

flagellar mutants by P22-mediated abortive transduction

-
-

(Yamaguchi et al., 1972). Genes designated mot regulate
motility; mot mutants ére.paralyzed (non;motile) despite
being flagellated.

In E. coli, Silverman and Simon (1972i‘19735 havei
described the seleétiontof flagellar mutants which were )
> *assignea to three regions of the chromosome, I, IZI, ana' ) i

IIT. Region III inéluaed'at leést siﬁ/gistrons, ;f which

CL ,le51ons in one clstfon gave rise to "polyhooks" and in

another to loss of ability to produce flagellln Reglon IT

-




$
! =

was comprised of at least four cistrons; mot mdtants
mapped within this region. --Strains carrying mutations

in all of the ®ther cistrons had no observable flagellér
: [

fiiament structures. Because of the multiplicitv of genes

for morphologically complete and functional flagella, one

can only surmise that such genes might contribute to the

structural complexity of the drganelle and to the contrao?l

o

mechanisms of motility (Silverman and Simon, 1974).

0
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CHAPTER II

MATERIALS AND METHODS

o
[y

-t

A. _Bacterium, Medium, and Growth Conditions
o o . -

Spirillum serpens VHL was obtained from the Cul€ure

Collection of the University of Western Ontario (U.W.O.

$#368). Previous work has déscribed the cell envelope of
4

this organism (Murray, 1963). Vﬁi, chosen as representa-
tive of Spirillum species)olacks the superficial protein

arrays (éucknﬁre'gnd Murray, 1970, 1973, and 1976) which -
woulE'have added to the problems of outer membrane

isolation and characterization required in this study.
¢ 14
This strain therefore displays a typical profile of a

n

(N

Gram-negative cell envelope as obéeryed by electron

‘microscopy (Murréy, Steed and Elson, 1965; dePetris, 1965

o

-~

and 1967).. Cells were grown in liquid medium consisting
of 1.0 g/1 yeast extract (Difcof, 1.0 é/l Bacto—tryptéhE//
(Difco), 0.5 g/i sodium “acetate anhydrous, 0.25 g/1 -
hgénqsiﬁm sulphate, pH ad;ustéd to 7.6. The generitiop
fiﬁe of gg. serpens whén gfdwn at 36°C, 37°C, or 42°Cnin

a reciprocal shaking water bath.(NeQ:Brunswick) at 80 rpm

,or in a rotéry shaker—-incubator (Psychroihefm) at 100 rpm

-




A
was sixty minutes.

-
»

Spirillum'vélutans (Wells stfain) was also examined

in pure culture.’ as reported by Wells and Kreig (1965f.' . T e

This ‘organism has a requirement for microaerophilic

-
-

érowth conditions, and so was grown;iq'the same medium . .

4

as.9p. serpens but in an aﬁmesphere of 6% oxygen, 94%
 serpens ;

nitrbgen, at 30°C.

—

B. ﬁreparation of Spheroplasts .

"*EE' ergens grown in one-litre of culture medium in .

-
- .

a 51x lltre flask was harvested in m1d loqarlthmlc phase

of growth at a Klett reading not exceedlng 7% (station- .

54
ary phase, Klett54 = 145). After ceptxifuqation*
(Sorvali”38=3t\£2.a pre-warmed rotor (30°C) for ten
. v N ) ' ~‘ ” .
minutes ﬁt 1085 xg, the cells were immediately re- v

. 3] . '

. suspended in buffer (30°C) containing 3.3 mM Tris—HCl,

. o ) Q .
’ pH 7.6 and 0.30 M~ sucrose. The optical density of the -~

[

resuspended cells (Bausch and Lomb. Gpectrinc 20 at

_'660 nm) did not exceed 3.0. A stock solution of 150 mM

[ <. , 0
EDTA (sodlum salt) pH 7 6 was ded to give a final

<

“ concentratlon 0f* 0.5 mM in the 8iluted cell suspensiop.

: Wlthln flve mlnu;es, a lysozyme-solufion of‘Z.Oimg/ml
prepared in sﬁspendiﬁg buffer‘was added slowly and be-

neath the surface of the suspen51on to a final" concentra-

tion of 50 pg/ml Rapid addltlon of lysozyme/or hlqher"
[

concentratlons of the enZyme resulted 1n magsive and

v151ble clumping of the cells;, The_mxxture was 1ncubated

* ° v , ©

, .




" at 30°C with slow-étirring t%°avoid settling of the )
: . o
cells. Phase contrast°mlcroscony showeﬂ that approx1m-

o

oately 95% of the cells formed spherdplasts lq-less than‘ o
‘nlnety nlnutes, but that® there was con51derable lysis S o

© . o »

fell to 50 to 60% @f the origlnal value.
660 nm ] . .

Increa51ng £he tonicity of the susoendlnc medlum w1th e

n ~ e o

andothe h

, sucrose was' moderately effectlve in reduc1ng lvsls°and S

P

' ;nterferred with spheroplast formatldm. It is important

o ®

ta note,that all operatlons up t0°thlsypoint were con- .

ducted at 30°C; 0any cold shock or reductlon below grOwth

- ° 5

temperature Was,carefully‘ay01ded untll completlon of

. spheroplasting: = °,,

w
rd <

o . - .
- 04 o

.'C. _Separation of Inner and.Outer Membranes

. X} .- [a} ‘0 . B 5 >Q.

el . - . 3 .
R The -spherbplast suspension, was- cooled in arr ice-salt.
. s 2 o & N o ©

ER ® - v o2 o h -
bath and senicated at 20 KC (M.S.E. ultrasonitc power unit)
£l o A > 3 ) :
‘in Jbursts of one minute wikh ong minute inptervals. Thig °

was continuéd until the optisal density reached 10% of . o
. e o } ° " ¢ '

,the starting vﬁlue, and reﬁuired;usually fourqsgch

o o Tt

bﬁrst%.n Teo the Cleared §uspension were“addéd~bwase at

10 Ug/ml and RNase at 20 ng/ml (Pokh* frem 81 ma Chem;cal

1

Co., St Lours, Mo ) and MgCl2 Eo a .final COncentratlon

° >

of l 5°mM the mlxture was 1n&uba¥ed for one hour at 30°C ) °

wrth slow stlfrlng in order to reduceav1sc051ty.p Follow-

.

ing this” step, membrahes wére always handled at 4°C to, 'ﬁ:B.a

mlnlmlze tha actlon of endogenqcs“gh sphollpases and

"

° ',v}' °

,,proteases. The lysate was centr*}yged (Sorvall RC ZB)

° v




RN

-
“
&
«
Ve
o
2

© e e & v (‘0 N [P o

‘at 1&85 Xg for twenty ﬁlnuteé to remove unlysed sphero- <.

3 s o [}
[ ‘o > "6 o ° N o

f« plasts and wpoie cells. The supernatant conta;nlngg°°;
membrane vesches“Was centflfugea\at R V“b 54 500 xg

;(Beckman MoéblaL 2 ultracentr;fuge, 30 motor) for°one

? B . o B £ e

hoﬁr‘ the vdiume-of sdgpenslon at thls step wasousuallyo L
"9 :‘ g e ” < o © o °
i 200 ml 0 Peileted>membsaﬁes wereggently reéusnehded 1n

o 2

'ff cqld L4°ﬁ) 3.3 mM T:ls HCl, pH 7.6, 0 30 oM sucrOse: and

o s . s "o g .

£ aagaln reéove&ed by ultnacentrlfugataon undernconéftions

- <
° o ot e v,

iden%ital to‘those above. The washed Delﬁets, resuspended

iingl.ﬁ ml éeld°30% (w/w) suchse 1n 5. G mM FDTA, pH 7 <6,

’ BQ

. were layered oﬁﬂan kl 5, ml llnear graélent of.30 t& 55% T
(w/w) sucrose a&so made 1n 5.0 mM FﬁTK oPH_ ? 6, with - J

°
©° 5 <

ﬁ 0.5 ml,sucroSe cushlon Qf 60% %w/w).o Membxanes werepthen

n @ e

centrlfugedoto equ1llbfaum.1n”saxteen hours u51ng aOSW 41
s ° L. < N o © N . . .
rotqr at R av = 149 80@ xg, 51°G.~ RN gf o . L e

. j ., gréctlonatlon of the‘gradlent waé py quard dls— :

o -
9 © ¢ 4 8

plécemenb (Isco Modei & densgty gradlent ffaptxonator)

and forty fractrons of 6 35 ml were cmilected op lcé

<

Lv,
K

W Each' actlon was analyzed at ambLent ﬁemperature for xi"

oga ° ® 5 3, 3

. emzymatle mafkers apd the - major pedRs were 1dent1f1ed °

o0 o

by cont1nhoﬂs monktorlng of the effrh@nt At A280 ams

Membranes were récovered frém poof%d fracglons by<ultra~

P

° Centr;fugation,atw1ce washed }n dlstll}ed water, and

-
3 e o <

<

eassayed forctotal carbohydrate heptose, proteln, ahd o

o - o v ,“‘ o . o . >
"organ1C»phosphorpus. . - . ey °o s L, e et

: ©
- - P

. Thls Drocéduge"ls 51m11ar to that deécrlbed for the

0 2 . 4 fog - &

HS
separatlon of 1nnen and outer memhranes from Escherxchla

I ’ -

-

oF
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COll (M;ura and M;zush;ma, 1 8 1969) asafurthef

o
oo o
Q <
v .

elaborated by Osborn e% al. §l972

Lo ) ’.a(’
v

1974) fbr Salmonella o

<
‘T

typhimurlum therent differences in embrgpeg derlved

o

fromlga rgens however neee351tated ntroduction of .
o v

. . < <

(<]

severad modlfacatlops ins order to achlewe ‘good s%paratlon

=
« Ve

(seé Results) we, © 'u
) s -0 N a . -°
° ° ‘\ -~ R 7
o o . : < B

n ‘ ] @ s © . "'. s, [ v
‘D. Enzymatic Digestions of Membrgne Prepgrations ‘

o o

ot

<

o

. Lo [ K < a,
v

densx@y qradlent of buoyant den51ty 1- 25 g/ml were

E

'1ncubated

N 0

[

<

g

°

at’3Z°Cnln the presence of.thnée dlffereni

‘o

iliquqts p»f membranes ffom a.region of‘the’sucr65e

@

N

® Y

< LA

- enzymes. At lntervals up to elewgm hours asamples were

T . cn “ . ¢ @ v\',.' L
wiEhdnawn agq prepared for” electronamlcroscqpy._ Chlorqm-:

phenicpl was a&ded at: 10 ug/ml when‘brolohged dlqestlon

was requ;rea.

o

o o

The enzyme:enve lope préteins ratio

(yg:uq)

° was maintained at’'l:10 as‘'recommended by Mescher et al
o . .. R —

" {1974).
'02“.' o

tion k

(Eqsign and,W&lfe,

«

_R. 8. Wolfe, Unlver51ty of . .Illinois; DCC- 1nh1b1ted

23

. trypsin from bovine,pancreas

" from Clostridium welcHii

&

[

2 .

. Myxobacter ‘AL-1 ‘proteaseé,

3

LS

«

o

o .

(Sigma) ;

©

E i : . - : : N

o

1965) and kindly,supplied by

O

known to cause lysis of whole ‘cells of Sp.\serpens

a homogenéous prepara-

=]

apd phospholipase-C

(Sigma) Werelﬁsed in this study.

Ay

.- Incubation with Chaotropic Agé;té P °
.. = - : ” . . .
o ZDissocig%iVe effects of several different agents 6n .
s outéfﬁﬁémbrqpe‘vesicle.prépératibns;wéré examined by - "p;
"éiectgpn miéroscqay: °a 50 Y ali

. A 50 ui aliguot of ‘purified membranes,

. +
[} - -



wasididlyzed’against 2000 ml. of 5.0 mM FDTA, pH 7.6,

. , ° g . R o
° for twenty hours at 4°C to demanstrate. the action of a’

© - . N

cmetgl—chelatlhg'agent. Alternatively, membranes were °

© . ° 4 . <

-4
incubated directly-with the .hon-ionic detergents Triton
¢ ° <,

« X=-10Y KSchwar%/Mann, Orangeburg, N.J.) at a final concen-
tration of 1%, Sarkosyl NL=30 (Geigy Chemicals, Toronto,
o ! < ) N " . . ] ’ R "“ . ) y ¢
L. . Ganada) at 1%, or Brij-58 (Sigma) at 2%: The ionic

o W

° ‘detergent sodium dodecyl sulphate (NaDodSO4, Fisher
o b o
Scientific Co., Falr Lawn, N. J ) was also used at 1%

N

o dlsrupt membranes ,Exten51ve d1a1y51s was necessary to

I -

remove the detergent prlor to ultrastructural ohservatlon.-'
-

In a slmllar.manher, n—butanol 4Maddy, 1966) or chloro-

a e

form:methahol (3:1) (Bligh and Dyer, 1959) were added to
preparatioﬁs of membranes, mixed vigorously, incubated

4 “for uo to one hour, qu ‘the organic and aaueous phases ) .
*.‘w o : “‘" V,A
& w1thdnawn for dlalyszss, Aqueous phenol (E D.Ha Chemicals, M

3

g ?oole, England\ at ' 80%4w‘/w-) was also adde’d to small

hvolumes of membranes and 1‘bubated at either 37°C or’

4 .

70°C (Wastphal and 1965),°the two phases were
N 9
séparated and the solute was removed before EM examina- .
o, 5 ‘o.
° °.7  tion. ° . C e | > : o
°© Lk . . ° . & .
. c . | o , Y

Q0
@

o«

“ "+ F. Chemical and Enzymdtic‘Analyses

Protelns were, determlned by the method of Lowry -
3_'“(1951) using bov1ne serum albumln (Calblochem,
- N B

. ;aJolla, Callf ) as standard Total carbohydrate contént

'}
s o

I‘ﬁ’;=

. .- was estimated by the phenolfsu;pbhric acid procedure of

v, [}

e 3




B
8 ‘ ! <

~Duboi§ et il' (1956); when L~rhamnose (Sigma) was
~» employed as standard, the limit of deétection was 5 ug.
The assay for héptose was that of bische (1962) as
modified by. Osborn (1963) using,d-glucoheptose (Sigma)
’/aé standard. To£a1 inorgapié phosphoroﬁs was measured
»with a sensitivity of lvuq by the method of Chen et al.

L\ d
(1956); the reference compound was KZHPO4 from Fisher

-

Scientific Co., Fair Lawn, M.J. °

* Analyses of the activity of auccinate'dehydroqenase

» © .

(SDH) and d-lactate dehydrogenase  (d-LDH) in ffactions
g of the sucrose déhsity.gradient were carried oug as

follpws: For SDH, the reagents used were 60 mM sodium

phosphate buffer, pH 7.5, 30 ug/ml 3- (4, 5-dimethyl

- sthiazolyl-2)-2,5-diphenyl tetrazolium bromide °(MTT

.

° . .‘tetra;dliumi, 10 ug/ml phenazine methosulphate (PMS),

o

25 mM succinate,. 1 mM éodium cyanide, and 0.10.ml

‘o

sample in a total'volume of 1.0 ml. Alternatively,

¢

for the‘d-gDH reaction, the cuvette contained all.the

above. reagents but substituted 2.5 mM d-lactate for

gsuccinate. All chemicals for enzyme aSéays were °
obtained from Sigma. The change in absorbance at e

> 550 nm was ‘reécorded on a Gilford 2400 Spectrophotometer

over an interval of five minutes, and activity expressed
o -, ‘. . .

;
i
!

as Units/0.1 ml sample. One Unit is defined as the

~change in absorbance at 550 nm of 1.0 per minute.

R




'laver of the c¢ell wall of Fscherichia coli B Sta

)

G. Preparation of Murein Sagc¢uli

The basis for isolatjion of murein sacculi from o

Spirillum serpens and from §éjrillum volutans was_the

elaborate procedure”first deecribed by Weidel,‘Frank,
and Martin (1960) which was used to 1dent1fy the r1q1

onarv

phase cells were harvested by centrifugation 45 vall’

' 65-3) for ten minutes at 1085 xg, room tempepature, and

twice washed in distilled water. The pelleted material

was then resuspended in a solution of
/

sulphate in distilled water, and 19mersed in a b0111ng

% sodium dodecyl

water bath for thlrty minutes., The sacculi were re~
covered by centrlfugatlon (Sorvall RC-2B) for fifteen

minutes 'at 27,000 xg, 4°C, and washed six times in

distilled water. The wasHed pellet was then éxtracted:

. -
. —

with an aqueous éolutién of 80% (w/w) phenol for two '

‘hours at ambient  temperature, gnd again washed as

described above. Finally, sacculi were incuhated in

0.10 M Tris-HC1l, pH 7.6, containing 250 ug/ml trypsin

A

for twelve'hours at 37°Ce Afterrtﬁree washes in
, . © 4

distilled water, the sacculi were negatively stained and’

examined by electron microscopy.

H. 1Isolation -0f Intact Flagellé . , .

o

Intact flagella from Splrlllum ‘serpens were isolated

‘ by the procedures of DePamphllls and Adler (1971a). If

all steps in their method were falthfully ‘reproduted,’




31

. | . o
the yield of basal qrgaqelle plus hook plus filament
for Sgirillum was very low hy comparison to their

value of up to 40% intact flagella. Prebarations of

Sp. serpens séheroplast membranes do not display the
same'sensitiviﬁy.eo disrupfi?n by the concerted action

of Triton X-100 and EDTA, as 4o Ehe spheroplast membranes
of E. coli. For this reasonf'membrane vesicles appeared
as contamlnatlng materlal in the flagellar preparatioﬁs.
This dld not preclude, however, the finding of intact

basal organelles which were suitable for agcurate

measurements of the fine structure oi‘the four rings,

connecting rod, hook, and filament.

‘I. Polyacrylamide Gel Electrophoresis

Two methods of polyacrvlamlde qel electrophor951s ()
were employed the first was that of Inodye and Guthrle
(1969) for doubly radicactively labelled membrine pro- -
teins, andAthe second was a modified slab qgel procedufe,
simila£ to the discontinueus gelzsystem'of Laemmli
(1970). ©Since modifications eo each of these;probedures
were ineéoduced, the systems will be described briefly.

‘ The compeéition ef thedgel for enalysis of membrane
proteins'ﬁhieh were radioactively labelled with‘l4C—Asp
'eﬁd 3H-Aep was as’follows: 5 5% (w)v) acrylamide
(electrophoresxsrgradé‘ Eastwaﬁ Kodak Co. Réchester;
N.Y. ), 0.13% (w/v) ethylene dlacrylate as‘*cross- llnklnq

agent (Electron Mlcroscopy Sciences, Fort washlngton,




Pa.), 0.1% NaDo'SO4, in a‘buffef conéaining 0.10 M
Nauzpo4/N52Hpo', pH 7.1. Polymerization was initiated
by the addition of‘O.G'Ug/mi3N,N,N‘,N'—tétramqthyl
ethylenediamine (TEMED, Eastman Kodak) and 1.2 mg/ml
ammgnium persulphate; and. was completed iﬂ‘the presence
of_fluores\
were preﬁé}ed in tubes of 150 x 4.5 mm. Electrophéfeéis

- P : R N
cent light for a minimum of one hﬁaﬁﬂn\yhe gels

was .carried out in the'NaDodSO4

above at 4 mA constant current per gel for ten hours at

/
-phosphate buffer dgscribed

A

i

room temperature, using a Shandon Vokam powep/supply.

When the tracking dye had moved ‘to within }g'mm of the

/

end of the tube, the run was terminatea. LGels were

removed from the tubes and‘immédiato{y frozen in liquid
nitrogen. A Joyce Loebl gel slicing apparatus was then
used to section the frozen gel into approximatgly 140 x

1.0 mﬁ sections, each of which was transferred to a’
.
. . ‘ .
separate liquid scintillationqvial. The slices were
A .

solubilized by addition of either 1.0 ml of 1.6 M

4

' NH,OH, 3?°C, sixteen hours ({(Goodman and Matzura, 1971),

or 0.5 ml NCS Tissue Solubilizer (AmersqamJSGarle),
50°C,‘%ixteen hours.b insta—Gel (Packard) was used'as
the sciﬁfillétion éoéktaii, and saﬁples were counted‘in
a Beckman LS-25d‘l;quid scintillation counter.

" The use of slab gels for improved resolution of .
.' N

- bacterial ‘proteins has been: described in detail by'Aﬁés

(1974). - Multiple samples from different preparations

may be run‘éimultaneously, givin§ patterns of perfect

- »

{'.,' . '.“ R ' .

«\

)
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correspbndancé. When coupled with a regimen of labelling » -

. . 35 . . 5. C .
membrane proteins with ™ S-methionine, maXimum resolving

1Y

power for sensitive detection of nanogram qgantities of
material may be expected.
The composition of the separating gel was 7.5% (w/v)

acrylamide, 0.20{ (w/Vv) bisadrylamidé ({Fastman Kodak),

«

0.1% NabhodSO in 0.375 M Tris-HCl, pH 8.9; the polymer-

4’
izing catalysts were TEMED, 500 ug/ml, and ammonium

persulphate, 500 ug/gl. The spacer gel and the finger .

. -

gel were each prepared in 60 mM Tris—H3P04,

cont$ined respectively 4% acrylémide, O.lf% bisacryiamide, -

"pH 6.7, and

6.1%4NaDodSO4, and 20% acrylamide, 0.54% bisacryvlamide,
q,l% NaDodSO4. fhe running bufferlin both:the.upﬁér and
{ower chambers was 0.05 M Tri;—glycine, pﬁ_8.4,'0.1§ ‘
NéDodSO4. Electrophoresis was initiated at a constant -
.current Bf 20 mA, giving a potential difference of 63 V.
After four hours and fifteen miﬁutes, the tracker dye
(pyronin Y) had migrated 140 mm and the voltage had
increased to 160 V. The slab Wéé fixed in 10% trichloro-
acetic acid, 25% isopropanolvfor thirty minﬁtes, 37°Cy
‘washed in 25% isopropanol; 10% acetic acid for thirty
minutes, 37°C; ané’stained overniéht at 37°C in a
solution of 0.10% Cdoﬁassie brilliant blue (Schwarz/
Mannf, 25% isoproéanql, 7% acetic‘acid. Destaining was

achieved By repeated, changeé of 10% isopropanol, 7%

. acetie acid. o .

To prepare a gel for autoradiography, the éiab was

Y
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dried under vacuum at 110°C for four hours, mounted on

a cardboard form, and placed in firm contact with Kodak

~

N-S 2T Medical X-ray film. s«Duration of expoeure was up
: . [ :
to twenty-one days, depending on the radioactivity of

/
the samples initially applied. Comparison of the rauto-

. radiograms was mgde from a contact print of. the exposed

‘proteins were made by runninag a-

film.

Estimations of the'molecularﬁ*bights of membrane

“éries of protein

" standards (Weber and Osborn,>£;€9). The standards and

their respective molecularQﬁ%ights included cvtochrome c

(12k), lysozyme (14k), trygsin (23k), ovalbumin (43k),
bovine serum albumin_ (63k), and R—galectosidase (130k).

o

J. Labelling of Membrane Proteins ' .

Two procedures were used to obpaih radioactively

~labelled meﬁbrane proteins: Spirillum serpens was grown

at 30°C .for twenty generation times in mediqm.supplemented

‘“with 0.8 uCi/ml L-aspartic acid (UL), specific activity

160 mCi/mhole (ICN Isotope and Nuclear Divisien, Irvine,

Callf ) and 20 ug/ml col& carrler aspartic Abld For

cel;s grown at 42°C athe medlum contained 4 0 uCl/ml

L—aspartlc a01d 4?— H), spec1flc act1V1ty 820 mC1/mmole

(ICN),,and celd carrler. ‘When cells had reached mld—

' logarlthmlc phase of growth they were poeled and‘the

procedures of spheroplast formatlon and - separatlon of

}nner.and outer membranes were ‘followed, as presented -

4

34
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.earlier. The memb;énes péoled from the sucrose density

gradieht were thus differentially‘labelled.according to

<
<
-

°  their growth temperature.

[\

Fot comparison of membtrane proteins by autoradio-

’ N _7 . ‘ LA
graphy, cells were grown either at 30°C or at 42°C in ’

veast extract-tryptone medium containiﬁq~2.5.ugi/m1

35S—methionine,osp,ecific.activity 265 mCi/mmole {ICN)

E and 20 ug/ml unlabélled carrier methionine. Fach batch ¢

of cells was then sepérately harvested and converted to

-

spheroplasts; membranes werxe isolated as previously , >

-
o ¢

. described. The resulting preparations ‘therefore were
35 '

3 . S-methiogine labelled membranes from cells grown at
it : 30°C, and 35S—methionine labelled membranes from cells
) . grown at 42°c. Before loéding these samples onto the ©

-

‘'slab polyacrylamide ‘gel, the radioactivity was determined

4 . for each sample to ensure that the same number of counts

o

was placed into adjacent wells.

o \ .
o . 4 S

" K. Preparation of Antisera and Isolation of Gamma

Globulin Fractions

. w °

Four samples were prepared for injection into-

.

rabbits (2.5 kg, New Zealand white, female) in order to
" raise specific antisera: (i), a preparation of flagel%pr o

. . filaments isQlatéﬂ'by'shearing of whole cells and L s
- differential centrifugation;ﬂghg_sgterial was con?ifmed
2 , ' . ‘ .

. "by electron mjcroscopy to be free of Fontémiﬁating

[r=3

- membrane ‘vesieles; (ii) a preparation of puter membrane-,

+ ﬁ M o 1}
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<

vesicles of Sp. serpens grown.at 30°C; (iii) outer
membrane vesicles from cells grown at‘42%C;

(iv) formalinized whole cells of Sp. serpens. The
material containing up to 100 ug flaéellaf protein or

290 ug of membranes protein wgs mixed with an equal °

- x . , .
volume of Freund's complete adjuvant (Difco) and in- :

e

jected into the-foot pad at six day intervals foshfour

‘after a test bleeding demonstrated the

injections.

the prot n.to,whi%h antiisera migﬁt'be raised.  Hence,
a preparative polyaerylamide slab gel was considerably

‘overloaded (approximatély 1600 Lg outer membrane protein),

and eledtrophoresis arrieq out as usual. The fixed,

bstaipegiiana destained slab was then dried, and hori-’

» corresponding to tHe desired

-]

zqntal slices excised.
\ . L ‘ .
proteins. These protein-containing gel slices were then
8 » ;‘0"
d aliquots were injected into

reswollen in saline-
! ' »

¢ .
rabbits at weekly intenvals for,a total of, five injec-

’?A . o . . v
biOné (Weintraub and Raymond, 1963). Blood was withdrawn

ﬁ?y the marginal ear vein, allowed. to clot overrniight in
thescold, and gafma globulin isglated as follows. ]
- : o] 6. - ‘ , .

A saturated, solution of ammonium sulphate was added:

es

-
4

[

ataroomutemperéture to whole serum to effect a final -

+ Q@

.

°
N
a . -
A -

(-]
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' saturation of 0.33. After sﬁirring for two hours to

[

avoid trapping.of Serum components other than gamma

- ¢ F> I ' - ‘
globulins, the suspension was centrifuged for thirty
minutes at lQOO=xgﬁ The precipitate was dissolved in

0.85% saline solution to restore the original volume, ‘o,

o o - - f M .
-and " the ammonium sulphate precipitation repeated three »
. o ¢! . o ? . . ¢ . ..
‘ : times. The final precipitate was taken up in a minimum

)

volume of borate-buffered saline, and .exhaustively

« - dialyzed against this solution. Additional details of

© - -

o theéprocedUre are described by Campbell et al. (1964).
. 3 [y

@ ' . [ERE Y

« -

L. COUElngﬁOf Antibodies to Fluoresceln and to Ferritin

] LY

-~

° Gamma globulin'raised against isolated flagellar -

‘fi;amengg wds couplked to fluorescein byuthe‘mqthod of
‘Walker et al.. (1971). The ‘reaction was carried out by
. mlx1ng fluorescein and protein in a rat10 of 1:20

. - (mg: mg) at pH 9 0, and stirring® overnlght ‘in the cold.

S ‘ © The con]ugate was separated from free’ flmoregceln by

gel flltratlon chromatography on Gephadex G-50 Medium

equlrlbrated.W1th 0.05.M Tris-HCl, pH 7.5, 0,5.mM EDTA.'#d

El

e Storaqe of the conjugate was. at 4°C.
< : Gamma globulln preparatlons raised aqalnst four -
outér membrane protelns.eluted from a preparatlve pely~

“acrylamide élab‘gel wereesébafateiy coupléd to ferritin;‘

-

yleldlng conjugates for electron mlcroscopy.. Since

ferrltln of high quallty 1s essentijal for optlmum . o ]

o 4

results, cadmlum—freeocrystallized horse spleen ferritin.

o

. &
‘e : ’ ' . .




RO (lot 71793, Calbiochem) was Hurther pgrlfied, according

Q
4

_to_Hsc (1967). The ferritin was thén conjugated to

\\ ‘. : . anti-membrane protein'antibodiee'as describead by Schick ".“ o
' - o “’ - , < ‘ .
. . and Singer (1961), using the bifunctional reagent toluene
2,4-diisothioeyanate. ‘The conjugate was always centri-

fuged (10,000 xg, fifteen minutes.) -before use“%o pre- < . .

e Sipitate aggregated protein.. °

Al

i
- . ." o ) 8
hd : .

M.. Croesed ImmunoelectroﬁhoreSis ‘ & , ’ . .
Theemethod adopted for identificatioh of oute; | .- ‘~°t,

membrane protelns required caetiﬂg avl% {(w/v) agarose

gel (Sea Kem HGT (P) Agarose, Marine C01101d lnc.,'f N

Reckland, '‘Maine) cOntalnlng 0.1% Trlton X 100" (Research

. Products Inc )'in barbltal qu buffer, I-O 02 pH 8.6. -°

Plates of 50 mm x 50 mm (Kodak Sllde Glass Cover) wh;ch

had been thoroughly washed wdre overlald Wlth 3.2 ml

§ . ] -

d molten gel and allowed to harden A well was ‘cut and - - ‘o
. / Wt i, ¥ . -

a 50 pl sample of solubilized membrane proteins was -

A . . . k4 ’ .
. , . i [

L introduced. The first dimension elect&phoresis was

carried out. at room temperaturefatﬁﬁ V/cm for seventy- : : .

wé//\f~\:] five minutes, until a’ tracker dye'had micrated 40 mm

The antlgen containing strlp was then left 1ntact on T jw

Athe sllde, and the remalnlng agarose dlscarded. A . ‘ L

'

e
" S second gel (2. 7 ml) of the same comp051t10n as above R ",’;

A ' was then cast contalnlng allquots of concentrated gamma

globulln ralsed agalnst membrane ve51cles. The second SR
,.o o -

dlmen51on electrophore51s_yas at rlght angles to the f ",., .
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s s o

first .and’ contlnued for’ fourteen to 51xteen haours at . °,;.

° ° . &
v

2 5 V/cm, roém temperatures Gels. were- pnessedh washed

a

repeatedly Wlth sallne and then dlstllled water %o '

- S

_ remove unbouﬁd p%otelns, sﬁa1ned°w1th Coomass;e brllliant,

blue, and destalned.. Procedﬁres for croSsedrimmuno— . ¢

electroﬁhone51s have been éxten31vely rev1ewed by ‘e Y

a Yo ob-

Axeleen.gteal. (1973) and- spe01f1c examples of 1dentL- .
fication of bacterial membrane protelns are found in 4 s

‘o

. paperé by Owen and Salton (1975) and bv Gmyth et al T

- (1976) . - __,; o :
R . 'k’ ‘ . . L ' 1- -, ) ¢ T

"-‘ v.‘_ ) ' ‘ \N "'r' : v ’ . B ' - ) .
N. ~ Electron Microscopy ' ‘ S5 e e -

. € . ° , s
Lk [N . . ) . ] .

%Q} UJ Negaglve StaLnlng Negatlvely stalned preparatlons

were routlnely made by allow1ng a b ul sample £o partlally

- A o«
ES >os <

dry on the surface of & Formvai’coated carbon stablllzed ’
Zoa—mesh copper grld The excess lquld was then with- »

. drawn with. blbulous paper and ‘a thln 1oopful of staln ?i
1 was broken over the surﬁace of the'qud ‘Stalns weree, . .

either 1% ammonlum molybdate 1n 0.05. M ammonlum acetate, ' -

..Q
°

pH 7 ‘5, or 1% pota551um phosohotungstate, pH 7.5.

(11) leatlon and Embeddlng. Samples were flxeﬂ in 2%
. ' N
glutaraldehyde bufferéd in O 10 M sodlum cacod?late, o,

C -

pH 7 5 for one hour at raam,temperature.' After enroblng ‘ :
“,the materlal in agar blgcks °the samples were postfxxed s :4: ? o
. w1th 12 osm;um tjtroxlde and’ then w1th 1% uraﬂyl acetate. - fh 7
Embedd;ng was in Eéon 612. Sectaons vere: —eut’ w1th qlass

knlves on ‘a’ Relchert ultramlcrotome, plcked up on 200—~ _ .

e,
B

\




mesh copper @rlds &overéd wrth Formvar/cq;boh, and then

stalned with 1% uranyl acetateoand with lead C1Exatep

°

o

. prlor to electron mlcroscoplc observation' -

(=4

.:c . 5 . (lll)

. _  minutes

°

, and-a portlon ‘was deposrted on copper dLsc§.“

3

v

~_Freeze'Etch:mg..

> material was immediate

v o w

o

[

e

¢ e Y N . L R N .
.cryoprotectant and ceﬂtrifuqed (27,000 xg,-twenty -

Oy

a

Vestcle preparatlons or whole

¢

DR

D

frozen in Freon 22 amd stored,

a0 cell ‘'preparations were'suépended‘in 20§ glycerol as

o &

The *" <

¢ in liquid nitroger. . Freéze etching was carried dut -

accordlng to the method of Moore (1966) ua&ng a Balzers

apparatus (model BASlO M, Balzers AG, Llchténsteln)

After the Sample was fractUred,

D - o

repllcas were washed w1th dlStlllEd water, concentrated
-

H 304,

: grids;

e

.and Javex, and then transferred to 200—mesh copper

el ° o

5
2

<

0

it was “etched for one

<

The -

« mlnute “and Shadowed w1th platlnum and carbon.

s

Cl

v
a
o

v
°

MicroSoopy;

L . mlcroscopy weré examlned w1th a

hi‘nips EM- 300,

. operatlng at 60 kV wlth an apertune of 50, um.

nSaﬁplés érepa:ed'fo;'elecﬁron

‘Micro-

' amblent temperatune) to concentrate the sample,d

>

R

o °

graphs ‘were taken .on 35 mm Kodak Fine Graln poeltlve

- e in o 3' ! s ! o - o 0. ,:-
fllm. ol . « : . LA . :

! ' . . °




5 ‘ o CHAPTER III

]

RESULTS AND INTERPRETATION

F) 2

A. Growth of Sgirilluﬁ ée:péns VHL.. a ,

Spirillum serpens VHL was grown in -complex %iquid . -

E u :

medium at 30°C, 379c,'or 42°c: since flageilation and
: motlllty reflect active processes, ¥t was considered ) o °

1mportant to harvest cells whlch were, of known physio-

logical age. Hgnce, growth curves were determined for
~cells grown at each of the above temperathres,“and a. = )

-
¢ . P .

Lcorrelation was established:between“optical density-

reédings and cell number:, Figﬁfe 6 Ehows'tYpicai groth.

3

qurVes for cells whlch were grown at G7°C and whlch were _
fully motile, and for cells grown at 42 C and which were =

[ A .- ! [
° . ¢

.determined by phasé coﬁtrast microscopy to be hon—motile.
Klett readlngs were taken at either f1fteen or thlrty

.mlnute 1ntfrvals, ‘and in the case of 37°C growrn cells, a
- 5. - 2 .
small sample was - flxed with 0 2% formalln in’ sallne and ' :

c . . k

the cell number was . dqtermlned 951ng a Coulter counter

The flgure 1nd1cates that the generatLon time for both “';- s

Es ‘og

. cultures was 51xty to 31xty f1ve m1nutes,,and that [' e

4

stlonary ‘e was reachéd at a klett reading of 150,




- rg

v
<

The‘cell numbe# per ml also‘reacheé a;plateau in a manner,
similar té'the bptical density_measurements. -
. “n 5 B £

The extent of fLagellation of %E' serpens was deter-
mined 5y electron‘miCrcscopic QbserQation.('Saméles were ’
withdrawn'periodically from £he”culture during loqarithmle
phase or early etatidnary phase and negatively stalned. ‘
The number of flagiile per pole was highly variable, aﬁdl
could be up to ten; this number was indep;ndent o%_the'

phase of growth. Attempts were made to enrich for

T

flagéllatlon bv selectlnquapldly swlmmlnq cells from

the: periphery of semi- solld=agar plates which were

inoculated'at the centfe. The Rrogeny from repeated ' ‘

&

.selections initially appeared to haye more flégellé per
. ‘ - - . . "

cell as judged by'electron mlcroscepy; but after séveral
weeks of'sub—culturing, this'enrichment was no longer
evident. Varlatlonsfln orowth conditions were also 1ntro-'
duced in order to obtaln more hlghly flagellated cells,

tryptose was substltuted for tryptone at the same concen-

.tratlon, cells were aerated more or -less rapldly, and

3
.,

growth was malntalned at various, temperatures. Nohelof
these condltlons was successful in con51stently observ1nq,\

for example, ten flagella per pole in _R. -serpens.  The

,'mOre usual case‘was to find by elfctron microscopy a

&

Qalueibetweeh.zero and five, Figu;e'7.shoﬁsva negatively

. ) L R . N . . KY R . E . B > . . . "
stained cell, with two. tufts of flagella splayed from the
Vpdles, " Judging py ite,lenqqh of 6 um, it is probably. a

. new-pborn celﬁ,”sinde i%’appears;vibripid rather than



having a sinusoidal curvature.

E

B. Rroperties of flagglla from Spirillum serpens

Flagellar filaments were readily-isolated from

. Spirillum serpens by shearing cells in a blender, followed

bv successive differential centrifugations at 2,500 xq,

&

12,100 xg, and 95,000 xg. The final pelleted material’

was subjected to a second cycle of differential centri-

o~

fugations in order to minimize contamination by membrane

o

fragments. Negatively stained preparations of flagella"

filaments were relatively free of.membranous vesicles

(Figure,Ba); the constihuent‘subunlts are close“packed’
~and reveal no subuhit structure; the polarity of assembly
is'evident, e%emplified by arrow heads proxiﬁalfto the
cell surface and V—shaped wedges at the dlstal end of
the flagellum The drameter of the fllament is 16 nm.

Attached at the proximal end of some filaments is an

[y

enlarged ahd-slightly curved "hook regidh, but in sheared

preparations there were very small" numbers of hooks and

[y

no basal complex structures were observed.

Poiyacrylamlde slab gel electrophore515 was carrled

¢ e

out on a proteln solutlon of flagellar fllaments which

had been heat dlssocxated at 60°C for twenty m1nutes.

- N »

By electron mlcroscopy, no. 1ﬁtact fllaments were observed

after heat treatment. Flagellln mlgrated as a single

.proteln band 'in 7.5% (w/v) acrylamlde, and was shown-to

have a slower moblllty than ovalbumln (43k) employed as a

+ . . “

~
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standard in an adjacent well (Fiqure 8b). This would
confef a molecular weight on. flagellin from §E,4sergéns
of 45k, slightly higher-than.the value of 40k reported by
Martinez et al. (1967). " -
Antisera were raised in rébbits to flaqellar/fila-
ments such as those shown in Fiqure B8a, and the éamma
Q}obulid fraction was obtained as described in'Materials

and Methods. To demonstrate its specificitv, the pfotéin

was coupled to fluorescein and the conjugate separated

from the free fluorescein by gel filtration,chromatqgraphy.

The conjugate wés,first adsofbed with washed cells of

Sp. serpens grown at 42°C, a temperature at which no

components.df the flagellar apparatus could be observed

by electron microscopy. Antibodies specific for cell’

o

surface antigens were therefore removed by this step;
After reacting the conjugate with formalin-fixed Sp.
serpens, threads of fluorescence were observed at the

polar regions of flagellated cells, indicating the

specificity of the gamma globulin—fludresééin conjugate

(Figures 9a, b). No .flagella were labelled when cells

‘ were pre-treated with unlabéliédvéamma globulin and then

reacted with‘conjpgéte (Figure 90)) or when cells were

- treated with® fluorescein alone (Figure M). .It is also
. , ! . ik

to be noted thét~Staining.of the walls was minimal, again’

-~ indicating the high spécificrty~of thg,antiserum prepara-

-

‘tion for native. flagella..

. ) \‘ i ’ ' - " -
These ‘experiments confirmed current concepts of the

R

A4



85
flagellar fflameﬁt of Sp. serpens: that it is a homo- .
polymer of the monomeric proteln flaqellln, and can act .
as an effectlve 1mmunoqen to produce highly qpec1f1c

antisera. T L S ——

.Although it was possible to observe the flagellum
connected to the hook region in sﬁeared preparations, it
.was desirable to'maintain the natiyve association‘of the
basal complex with the flagellum. Hence, preparative
'conditions were.selected which would minimize the ehearinq
proximal to the hook'reqion,lwith the intentron of iso-= .
* lating "intact flagella" *qpheroplastlng prov1ded the
c1rcumstances for ly51s by a non lonlc detergent (2%
Triton X- 100) ; fractlonatlon by ammonlum sulphate pre~
01p1tatlon, and d1a1y51s against Tris- Mg f (see Materlals"
and Methods) were sufficiently gentle to obtaln 1ntact
flagella. ‘The basal~organe11e (Figure .10) consisted of
'two.paire ofldiscs: the upper pair (L aud P; nomenclature
of:DePahphilis ahd‘Adler, 197lb) appeared very closely:
apposed and were approx1mately 18 and 21 nm in dlameter,
respectlvely, -the lower palr (s and M) was’ probably not
.ent1rely free of adherlng membranes, and these remnants
ltherefore made their width appear sliqhtly expandediat )
284§ﬁd 31 ﬁm, respectively.' _The connectlng rod was 10 nm
in diameter, a value whlch will become cr1t1¢a1 in thl
reuisigis to the madel of 1nsert10n of flagella 1nto the' :
.Gram;negative cell envelupe.‘ Attentlon should also be .
dlrected to the regular flbrlllar progectlons 'which .

- . .
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appeared.at the base of the lowerﬁost disc. The regu-
larity of these four elements may provide some evidence

for an attachment into eytoplasmic membrage.
.

3

C. - Recognition of a Structure Auxillaﬁy'te the Flagelluh
Initial indicetiens of an additional component of

the‘flégeller apparatus were obtained from neqatively !
stained preparatiohs of whplﬁ'cells‘that had been lvsed

by sonic oscillationfor by brief treatment ‘with a proteo-
lytic enzyme (Myxobacter AL-1 protease). Cells which'had’
béen twice washed in distilled wateryﬁere sonicated for
two x two second bursts, and the lysate was transferred

to a copper grid. The qud was.extensively washed with
\dlstllled water prior to negative staln;ng because of.
release of cytoplasmlc contents during preparatlon For
the enzymatic dlgestlon of the outer nembrane, approx£m—
ately 107 cells in. 1 0 ml dlstllled water were treated
with 100 ug of AL- l enzyme (l 0 mq/ml ‘in 0. 05 M.Trls-HCl
'pH 7.5) for five minutes at room temperature. This treat-’
ment with protease loesened some of the envelope'etruc~
tures in.the immediate'vicinity of tﬁebasal'eom§1e¥:
:With either‘sonicétien (Figgree 11; 12) or enzymatic

digestion (Figdre 13); the butline 6t a halo lateralrto ; )
,the basal crganelle of the flagellum was observed If
- the spe01men lay in the. plane of wall ‘or membrane, a

collar—llke dlSC was recognlzable.’ It is 1mportant to

note that cond1t1ons for the obqervatlon of tbese struc-



o
L+ ]

~tures did not reaulre the atidition of compounds to the
incubation medlum or to the buffers which would result in
"their preservation, assembly, er eggregation. They were
subsequentlQ'found to be Qery stable when subjeceed to
fmechanical-handling and to the wide variety of fractiqn-’
ation procedures used for membranes separatlo;. This -
structure, made up of concentrlc, membrane ~associated
rings (CMR's) (Figures 14,  15) was the object of further

study to determine its anatomical position in the Gram-

negative cell envelope.

v

El
-

D. Separation of Iqﬁer and Outer Membranes of Spirillum

serEens

Confirmation that CMR's weYe associated with one of

the two membranee wes.bbtéined by preparinglspheropiasts
of Sgirillﬁm. The method finally adoptea for sphefo-'

' plas%ing has been presented ielﬁﬁéxéhapter on Methods:
10.5 mM EDTA and 50 ug/ml lysozyme were'added to cells
suspended at a selected optical den51ty. Hiéher'densities

of cells GASGO — 12} did not allow effectlve sphero-

! .

plasting, nor was it adv;sable*to plasmolyze cells in
0.75 M sucrose, or.to‘subject cells te-washihqs, to cold
shock (4°C11z0r to loQ femperatdre (4°C) 1ncubat10n w;th
’»iysezyme' ‘Ali such iaeas Hé&e been mentloned in the
llterature (erdsell and Cote;Robles, 1967;,M1ura and
Mizushima, 1968; Osborn et al., 9717 Witholt et al., -

'e‘1976)2as being des1rab1e for good epheroplaeting, but -

1




—
these conditions were not applicable to Sp. sérgens.-
Preparations of thin sections of sgheroplésts (Figure 16)
shéwed that the cell had co%pletely lost its helical shapé
and had become rounded. The rigid dense layef identified
'as mucopeptide was no longer evident; oute; membrane_had»

; i
formed small vesicles on its lower surface and had peeled

éway from‘the.underlying.cygoplasmic membranes; discontinui-
ties indicaéed lesions in the outer membrane, whereas the
innef méﬁbrane éemained intact and enélosing the cyFopl#sm.
Effective spheroplasting was the ‘critical preliminary step
to sepafation pf inngr and'outer membrépes, and hence to
structural l;calization of CMR's. 1If this process wege'
iﬁcomplete; then hybrizdized ﬁémbfénes of jntermediate
buoyént density were obtainedlfdllowing sucrdse denkity

: p R '
gradient centrifugation. It Was.also mandatory to maintain
the low ionic strength of tﬁe spheroplast buffer, 3.3 mM
Tris-HCl, pH 7.6. ) '

| Lysis of spheroplasts by osmotic shock qaveviarqg‘
fraqmehté of membrane vesicle® within veéicles (Figures
.lf; 18). It was'breferable:toﬁxeduce the vesiéleﬁéiiz)
‘prior-to lo&ding on thé_gradienfs, and so 1ys£s was i
carrieé out by exéended sdnicatioﬁ (four minutes) which
reduced the ‘optical denSify of the solution to 15% of(its"
initial‘valuec 'Comparisdn,qf total membfaﬁes folléhigg
spheroplasting but ‘before repeated waéhings was often

conducive. to recognizing differences in .surface character-

' istics, as shown in Figure 19. .Here two distinctly




different membranés are shown, bu£ the identification of
t

kel

a kY
inner or outer membrane was ultimdtely dependent upon

<
B . <, .
their separation.

@ b

The composition of the sucrose density gradient was
vdried considerably in attempts to obtain membrane frac-

tions as free as possible of contaminating membranes.

-

' " L )
Inclusion of mono or divalent cations (1.0 M NaCl, "
‘ v 4y e ? o ®
l«to 10 mM Mg , 1 to 10 mM Ca ) did not separate the
’ -]

membranes, but instead caused aggregation and co-

=3

sedimeﬁtation of the material. Even the buffprs {3:3 mM - o
Tris—HCl,'pH‘7.600r §.o mM sodium phosphate, pH 7.5) had

a deleterious effect on separation,.and altered the- band-

o

ing profile. The procedure, finally adopted was to_ .
construct a linear gradient of 30% (w/W). to 55%'(W/w);: . o

. ' ' < ¢ n\ .
. sucrose 'in unbuffered 5.0 mM EDTA, pH adjusted to 7.5.

Analysis of the fractions recovered after iSOpyEnfc

.,

ultracentrifugatign is presented in Figure 20. 'A bread

el

band of material adsorbing- at 280 ni eluted near the ‘s
middle of the gradient, with theopeak having a buoyant

density (o) of 1.17 g/ml as determined by an Abbe re- o

’
°

fractometer. Towards the bottom of the tube was a second .

band dfoheayiér matdrial {o = 1.25) close to the inter-. .

face of the 55% and 60% sucrbséacusbion. ‘The trough

a

between fnqptlons 23 and 32 in the A280 nm scan is }nd%CQ-

° $ive of a minimum of hybridized membranes. Identification

‘of the two peaks was based upon the localization of tQé ,

.eﬁzymes,known to be associated with .the cytoplasmic -

-

[
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membrane and thought to be\abséhtfgrom the outer membrane

™

(Oshorn et al., 1971). BRach fraction of the gradient.wae ) .
B — r— I3 u R , . ¥ .
assayed for succinate dehydrogenase and d-lactate dehy-
- ¢ 0 < : N

E drogenhase, and the results are also given in Figure 20..

o In both instances ‘the markers werelpredominantly,localized s .
to the material' ih the lighter band, which was therefore )
presumed to be inner membrane. By comparison, very little

o ¢ -~
- o

enzyme act1v1ty was. observed in  the heavier band the pre- : ¢
° sumptlve outer membrane . B ‘ . N~

0

Membranes harvested from the sucrobe density gradient
L ) (8 ) P . L o

by dltracentrifugation of pooled fractions;(L4 to 22, and CF

33 to 40) were subjected to biochemical analysis after
S ¢ two hign’speed washestin distilled water to remove re-. v

&

s sidual sucrose. Results of such analysiehare,qiven in
[ i 5o N

. Table 1. The protein Content'bf the outer membrane was

always higher than that of "inner membrane fractlons,

.
4 - -

o ‘W perhape'lnd;catlng a more thhtlynbound arrangement of f]

&

these proteins than those .of the cytogflasmic membrane ° - g

. 4 = (3

o "o

q which may be more réadily:removed by washdngs. The
carbohydrate contént wag srgnlflcantly hlqher in the S P

‘outer membrane whlch is known to contain the bulk gt the
¢ .

. lipoporysaccharide.: When this value was related to mg’ .

v

of proteiny'the ratio of carbohydrateftq prqtein was: only

v

marglnally hlgher 19 outer membrane as compared to rnner

membrane. Slmrlar results were obtalned 1n comparlson of )

°

the heptose content of the two fractlons. Phosphollpld

-

Aphosphorous per‘volume of membranes sample - was not *

4

- X ©
¥ B N . °
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d’,
‘Table I; Analysis of membrane ve51c1es recovered from
. sucrose density gradlent
b
-~
? Outer - Inner
Membrane Membrane
. Suocigate deﬁ§drogenase 0;08 2.58
(Units/mg protein) :

o 2 . L .
d-lactate dehydrogenase 0.04 1.00Mm\

. (Units/mg protein) : .
protein. estimation 9.8 mg/ml 5.9 mg/ml
total carbohydrate 1.35 mg/ml 0.40 mg/ml
ratio carbohydrate (ihg/mg) 0.138 0.066

- : proteln ‘
. total heptose 317 ng/ml 80 ug/ml

ratio heptose (ug/mg) 32,4 13.6

. - protein .
" organic phosphorous . 815 ug/ml" 543 ug/ml

ratio phosphorous (ug/mg) 83 ’ 93

protein X
d ) ¢ .

] . These values are representatlye of analysms of any given
.. ‘ preparation of membranes, and show the average of at least
three geparate assays for each membrane macromolecule. in
“ghis preparatlon.tﬂv T
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appreciably différent in*the two membranes,‘and the ratio
-of phosphorous'to protein was almost thé& same. If pooled”

membr%nes were analyZed for the two enzymatlc markers

selected for 1n1t1a1 1dent1f1cat16n-of the membrane
'.f ' ! o fractlons on sucrose den51ty gradlent, then the spec1f1c
C . ’ 14

. ‘ act1v1ty of SDH and d-LDH assoc1ated w1th the outer

membrane would reflect the efflcacy of separatlon achleved 't

0

free of inner memBrane. As 1nd1cated in- Table 1, only 3 ° -

3

to 4% of the total. recoverable activity of each of these'

- LY

. _%S * markers was found in outer membrane preparatiohns. Thé

N . k -
- [ . -

prooedure employed for the separation of membranes is&

" - o

therefore satlsfactory ~V’ ‘ . s .

- Exam1nat10n-of negatlvely stalned preparatlons of_ the

-3 pooled membranes revealed -differences in each of the two
- fractions. Outer membranes were composed of closed

. v vesrc!es W¢th‘some evidence of-pehbllng where the negative
. A P X " . , ,
‘ stain had penetrated the-surface af the vesicle (Flgure 21)

- - "',, -

a The ve51cles were devold of cytoplasmlc contents as con-

firmed by both th&n sectlgn (Flgure 22) and freeze/etchlng

a

. - " (Figure 23) Suchnsamples revealed double track unit

0

o

. o, . membranes whlch ﬁad sealed upon themselves and showed no

[P <

evadence of mater1a1 wrthln the veSLcle. Freeze et/hlng

-3

f-‘ .- ln the presence of cryoprotectant also demonstrated a

' o

"
=

cleavage plans of outer membrane ve51cles. The convex .

surface (FLgures 24a, b) . showedngranular partlcles whlch

' | were. more densely packed than the concave fracture whlch
revealed a sparse partlcle dlstrlbutlon (Flgures 24c, d e)
"' . e . .. , i ,’”’ ' ‘ ) ‘

. ,
e ot /S s e s e
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t

-4
b

in the absence of cryoprotectant, the veslcles did not

Q

fracture, but Lnstead showed the hlghly pebbied outer

- % .

surface of the outer membrane (Flgure 24f) .

?‘“‘CytoplaSmie membranes on the other'handeere not

.o > -

formed igto asfuniform spheres as was thevcase-for the

-

outer membrane preparatlons, and of%en appeared as sheets

‘e

of membranes w1th°;rregular features of the surface,. |

perhaps 1nd1cat1ve of some state of dlsaqgregatlon

[

‘(Figures 25,°26). - -;,;,

sl " . °
. . . . o
o h
&

E._ deatlon and Characterlzatlon of Qoncentrlc,Membrane

o - ) P “ . a . . ‘ ”, M
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Rlngs L e

-
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Exten51ve scannlng of the two membrane fractlons was

o 2

reﬁu;red;to locallze the concentrlc_membrane rlngse Outer

. 4
>

membrane preparatlons 1nc1uded these structures, but the

k% .

cytoplasmlc membrane showed none.’

- Conflrﬁatlon that thlS structure was assoc1ated w1th
} 4

¢

“y

'-oneeof the two membranes ‘of this organLSm was obtalned by

ly51ng spheroplasts in the presence of Trlten XleO at a

flnal concentratxon of 1% (v/v) ’ When partlal daaly51s

T the nonelonlc detergent allowed electron mlcroscoplc “

‘o . -
k3

examlnatlon,«negatlve'staln revealed bhat the CMR' s\had

|(r_/

not been lost or solublllzed (Flgure ZZa, b) - The
Trlton X 100 res;stant materlal demonstrated to be

s

outer membrane 1n other Gram-negatlve bacter;a

L.

A‘..,,' . »

veslcles. IR j, S e

>
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_Indirect methods were used to.probe thecnature of

Q

these structures and to attempt to 1dent1fy some of thelr

blochemlcal propertles. A serles of enzymatrc dlgestlons

-

w1th s or phosphollpase C was carrled out on
with p

IS
‘e

ﬁreparations of outer membrane ve51cles and samoles pre-

o E :
°

pare@ for electfon mlcroscopy after varmous tlmes of

B

;lncubatlon. When ve51c1es were‘lncubated w1th proteases

for a long time, the CMR“sfwere‘degraded to such an extent

~
2

" * that the discrete‘rings-were,no*longer,recognizab;e, but

T e . a v R . [

ran inner collar,surroﬁnding the-ihsertion'of the basal

complex perslsted-as a remnant of the structure.. Ifl

. ®

-samples were taken afteruonly brief exposure ‘to elther

trypsmn or AL- 1 pxotease, then‘the CMR s seemed to be

P

) accentuated on ' the .surface of the ve51cle, reflecting

preferentral’dlgestlon of membrane protelns in the -

. . - »

’»;immediate vicinity of the rings. A sequénoe'showing the

¢

efiect of dlgestlon w1th AL 1 protease is 5hown 1n Figure

“;28@ The ve31¢le 1tself remaLned morphologlcally 1ntact,

< o

«

-

“buttnheerlngs of the CMR's became progressively less"

&istinct.  The innerioollarawhioh was'released'showed

<

unusual lateral moblllty over the surface of the vesicle.

Where formerly the dimen51on of the CMR's had deflned an

"1nter—flage11um" dlstance by a centre*to-centre spac1ng

o,

¢

“of 90 nm, it now appeared that the collar remnants had

sllpped lnto closer proxlmlty to each other..

2

L Not all CMR's ‘in any glven preparatlon were sensitiue’

A . ) - . to ‘e 3 F : .

tojprotease'digestion, howeveg}_and this'%as considered to




-

" be due to the presence of CMR's on the inside surface of"

. v

the vesicle. 1If the ve51cle was evertéd durlna the
preparatlve procedures, such a cLosed sphere would show a

. . : . .4
different dlstrlbutlon,of macromolecular components as

comparedyto the native orientation. It‘was therefore of
1nterest to Jlocate the CMR s anatomlcally on one or. the

other aspect of, the blmolecular leaflet of the outer

© -membrane. Enzymatlc dlgestlon of whole cells with trypsin
dr AL-1 protease, followed\by electron microscopic

/

examination for the presence‘of~CMR's demonstrated that

’
°

the structures in theyintaét cell were resistant to such
1Y ) - T :

treatments. This suggested that the membrane was inter-

posed, preventinq the access of ‘enzyme,

’

Phosphollpase C was qmployed in a slmllar fashlon to
determlne whether the underlylng membranes could be

loosened suff1c1ently to allow selectlve release of the‘

v

rings. Short digestiOns of vesicles'accentuated the
morphological. appearance offthe CMR's, whereas proio@ged

treatment caused a loss of the Qiscrete aspect of the

structures without the complete digestion observed for

proteases (Figure 29). . N e

r

Attempts were made tp 1solate the CMR's because

L

dlrect blochemlcal analys;s of the structures w0uld only
be p0351b1e if: they could be 1solated in their natlve
form._ The flrst approach was to. use agents - dls?uptive

to 1ntr1n51c and to eXtrlns;c menbrane protelns Langer,

1971) in antxcxpat1on of belng able to sl1p the structures

-
L
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'frdm'membrane5wes provided by extensive'déalysis against
;of the structures did noi lose their intimate associatitn
'Vesxcular morpholoqy was maintained and some substructure'y

materxal was also observed as a’ result of dlssociatlcn of

'macromolecular components:of the membrane. Complete 5

56

3

ot

eff the underlying membrane. chu.k)ation of outer menpranes. ~
in }% b;aDedSO4 severely - -disrupted the §hape'or form of the
vesicles (Figure 30) and the CMR's Mere not observed‘
following such treatment. Use of non-ionic detergents
Brij—EB and ‘Sarkosyl ‘(final conceht;ations of é%'aqd lg
respectively) yielded vesicle preparations which were very '
smooth in their,elect;dﬁ mieroscepic eppeerénce (Figdre'Bl),‘
and the .CMR's were not recovered. Partitioning of plasma
membrane of ox egytprocytes inva two phase system of n-
butanol/water.has yielded effectiQe seperaiioniqf proeein
into_tﬁe aqueous phese‘end lipids into the organie phase
(Maddy, 1966), but when the methéé’wa; repeated on outer .
membrane‘preparégions of Sp. serpens, v151b1e agqreqateé

were observed at the interfaCe Sf the two phases and the

CMR's were not observed by electron microscoﬁy.; Both
éhlorqqum—methanol_extraetion aﬁd treatment of §esicles

w;£6 seﬁu?ated aquéous‘phenol gabe a resul;:similar te
ﬁwbugenol extraction.

The most‘effective procedure for removal of CMR's e

-~

a large excess volume of 5.0- mM EDTA, pH 7.5. -While most

~ >

w1th the membrane (Flgure 32a), some CMR's. were found to’ f.

be detached from: the underly1ng ‘layer: (Flgure 32b,,c)

[




. dissociation was not achieved under such mild conditions
either by ‘EDTA alone,aor by the concerted action of EDTA

‘and Triton X-100. A decrease in the optical dénsity
(A400 nm) t9"88%°of the original value was observed when

membranes were aialyzéa against’EDTA under the. above con-

<

ditions, but subsequent addi;ion of Triton X-100 lowered
"this value to only 76%.

e '’

F. Double Labelling of Outer Membrane Proteins

- A method that hasoqften been explodited to detect

differences in the presence .f absenge of biological
. VRS

macromolecules has been to utilize a double labéiling
technique. Samples are rqdioactiVer labelled under:

“different phyéiological conditions with two different

‘iéotopes,'the preparations pooled, the samples into which
label has been incorporated are fractionated or isolated,
and two_channel counting is carried out to assess possibie

. . . 3 o
differences in the incorporation of precursors into pro-
p A
, . '

duct.
1

Such a technique was adapted with the intention of

detecting CMR protein in the outer membrane of §E,{éergens :
as followé: ‘Cells. were grown for twenty génerations.in

14c-aspartic acia (30°C). ‘The -

?H—Aspértic aéid‘(42‘Ci and
* cultures vere miked, and'dqu;yilabglled'ohter membhranes
were iqolatéa.’:At the higher of these two teﬁpepgtures,
_mo éoﬁppnen£s<of<the fiagel}ar apparatu§3(filament, haook,
bééa} compng,.or CMR's) were observed by eleégrégr




microscopy. One might'antiqipate that the'électrophoresis

patgern‘of_;adibgctivity on NandSO4—polyagry1amide gels
T Qould indicate .one or more membrane-associated polypeptides
whose synthesis was restricted by growth at'thé higher.
fehperatﬁre. ,fﬁis'ébseryation could then be related to’
absence of the %tructural-érray of CMR's.,at 42°C
The spectrum of radloactlvely 1abelled outer membranyg
protelns (Figures 33 and 34) was determlned by sllc1ng

the gel 1nto 140 x 'l mm sections and countlnq for 3H and

i
l4C; the difference in the figures is in -the témperature

of solubilization with .1% NaDodSO, + 1% ﬁ—mercaptoethanoi:“

4
70°C, thirty minutes, of 100°C,'Ehree minutes. In both

cases, there is an apparent coincidence of the two.radio-

. isotopes. The‘same result was found if membranes ere‘
.%"' dlfferentlally labelled with 3H leuQ1ne and 14C—leucine.-
In all cases, peaks of radloact1v1ty from proteins of 30°C

. grown cellS‘and of 42°C grown. cells were detected as over-

*

| lapping. : . .
-~ ' For purposes of comparison, a second pair of poly-'
"« - " acrylamide gels was run, using the same membranes prepara-

tion as above, but stalned w1th Coomassie brllllant blue

- »

L (F;gure,BS). A qualltative %omparlson ‘may bé made between 
the;sé;ies 6f radiocactively labelled proterns anq.the

S ‘hohofdbous proteins which are'étained vHohever, it.would'“

seem that the w1dth pf the.prcteln bands mlght have pre-'
cluded detectlon of such a m1npr component as CMR protein.
Desplte the success of this polyacrylamlde gel system and

"?’

* * -




. _ 59
£ “ N ' - " J

radloqeflve labelling technique as the source of consider-

able information on thL outer membrane of Fscherlchla 0011

(’ouye and Guthrie, 1969; Inouye and Lee, 1972

. Hirashima et gl., 1973; Halegoua et al., 1976), it would

L4

not abpeaf'fo have. demonstrated the d1fferences in labelling’

-

pattern which were anficipated for a minor component of the

outer membrane of §E_. serpens.

G. <Crossed Immunoelectrqghoreqis
. ' ‘ ¥

Recent technical developments 1n crossed 1mmuno-

electrophore51s (CIE) were exploited 1n pursuit of
identification of the proteln containing comporfénts Wthh
contn&buée to the structural array of CMR' s. The potentlal
of this* technique- lles in the ablllty to detect in a
sen51t1ve manner ' a multlpllclty of membrane antiqgens
(Axelsen, l9?3). Such mult1p11c1ty is a feature of Outer’
hemhrane of §E ergens, to 3udge by the large number of
polypeptldes reVealed on NaDodSO gplyacry;amidefgeii
‘electrophore s ‘ 7 ' a
The pre:‘Lée of CMR's on outer meﬂbfane*vesicies from

cells grown at 30°C and by the absence of ‘these structures
~on outer‘membrane VQSches from cells grown, at 42°C define

two populatlons of membranes . Antlsera ralsed agalnst 30°C

vesicles would be expected to be dzrected towards a battery
;bof membéane components 1nclud1ng the CMR proteln(s),
e whereas antlsera raPsed agalnst 42°C vesicles would be

dlrected agalnst a sxmllar battery of - antigens but 1ack1ng
. > ) -

. . . . . L L . R
b ' . . et . . : . . \
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the CMR ﬁ{otein(s). . Pram theoretical considerations,
thgreforéﬁ one miaght detect a difference in reactivity
» toe . \
. ) ) \

of the .two antisera.. o ' ‘

. . 4 . B . i . ’ re
° The antisera made for the CIE experiments were first

é¢

"tested for thévpreseﬁée‘ofvpyehipitatipg antibodies

N (bacterial agglutination test) and found to be poSitiQe.

damma globulins were then-partially purified by three
, successive ammonium sulphate precipitations, as‘imdicated

. . .

 in Materials and Me thods. !
- , - . ! . N ) : «’ N
The antigen preparations against which the above anti- _

sera were directed were purified outer membréne vésicles

o

from cells grown eithét at the temp¢fatnre permissive for
CMR's, or at the temper&ture restrictive fé; CMR's;o These
veﬁicles were derived_from‘ihejheévY bandihg region of‘lhe .j :
sucroéé’density.qradient (p = 1325), and were free of

’ .cytoplaéﬁic membranés,'as previouﬁly demonskrétedt A wide
varietf ofuprbcadurés-for sqlubiliéinq the quter membrane

', ‘ o | proteins was carried out. To én aliquat of Yesiciés was

added a concentrated solution of detergent, }iqlding the

final‘concehtrationéflisted below; samples were incubated

. . as follows: - o . L >

- (i) 1% 'NaDodSO, +-1% §-mercaptoethanol; 100°C, three

w

a - minutes; Co L o

| ,(iis 13 NéDodSOA‘+11§”B;mercaptqe€hapol:ﬁ70°C, Eﬁirty
ﬁinﬁtes; | . ,. | :

(iii): 1% NaDodSO# + 1% a-merpqpxqftﬁa£olj131°€f:sixte§p‘ o

" hours; - .

R W 8 AT WA B T §
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(iv) 018, 1.08 or 4% Trlton X-100; 70°C; thirty minutes;
(GS 0.15, 1. 0% or 4% Trlton X-100; 37°C, up to sixteén
| hours; , . o - "'Q
(vi) dgdécyltrimethylammonium bromide (DTAB), 250 mM;
37°C, 51xty mlﬂutes | - |

;n al} of the above solubllzzan systems, the mémbraqe .
.sample eontaining- deterqgent was cither éppi&ed ﬁ;reckly
dg’thq antigen well on the CIE slide, or the sample was |
centrifuqed (28,000 %q,,fifteen minutes, 22°C) to give a
vesicle—fre;,.protein—contaiﬁing éﬁperhatant. This éuper—
natant was then elther used as the anthen sample, orx \ 
dlalyzed agalnst 1000 ml barbxtdl i1c1 buffer, I=0.02, |
pH 8.6, containing D.1% Triton x—lOO, in an attempt to
decrease the conCentratlon of the solubilizing” deterqsnt.
Such a procedure would Eherefore exchanqe £he driginal
.detergent in favour of Triton X-100, and avoid amomalous - .
" effects dﬁe qude;ergentlinierfacesi‘ Proteip concentra- ¢
tions wéfe deférmihed for all sampiés aDplied’to the wells.

Figure'36a shows a CIE pattern of outer ‘membr ane
-vesicles (30°CLgrown cells) solublllzed thh 1% NaDodqo4
i+.}% B—mercap;oethanol, 70°C thlrty minutes, and then =
'dialyzed agéinst'bérbitalvﬂcg buffer containing Tr}toP'
X-100; Lhe gamma-glbbuliﬁ prepéréfion_was’direétéd‘§gaipst’
joe°c Qesicles.. It is~ev‘&éﬁt‘£hat.oniy gix immuno-
preczpltxns\Qize formed on the slee, and that this pattern
'does not reflect th/ant1c1pated heterOg?nelty of ouier

membranes. " No "rockets" formed in reacting antisera




?:‘, . '~ against vesicles solgbi;ized with NaDodSO4 AQ 100°C for

: | three. minutes, probebly because severe denatur;tioh of
the bolyﬁeptides would not allow fer immunological
recognition. It was also necessary to dialyze the
.selubiliéed‘pro}eins_to~decfease the concentrabion of
zhe’ionic detergent; failure to do so ;esulted in a CIE
pattern with only one diffuse "rbcket“ (Flgure 36b) ;

¥ - - ~NaDodSO4 appareptly interfered with 1mmunoprec1p1tatlon .

- Triton X-100 was almost ineffective in solub11121ng

outer membrane’ proteins for detection. 1n the CIF qystem
Three components of weakly anodic moblllty were detected
by CIE when outer membrane vesicles were treated w1th )
Triton X-100 to a final concent;aﬁion of 4% kEiguks 36c) .

Incubation of outer membranes in the presence of 250 mM

ae

DT@B, foilowed by ﬂiely;is ofﬂthe sample against bérbiﬁal—
’HC1'buffer containing;gfieen X—LOO,_yieLdedvfbur veffc o -
=lightly staining'immunoprecipitates {Figure 364) .

, In lieu of u51ng membrane vesicles as the preparatlogv

2. . from whlch protelns were solublllzed, a "total membranes"
‘samp}e for use in -CIE was prepared as .follows: Whole
ce%lsjof Sp. Seréens were harvested aﬁé twice waehed in
0.85%'Naci. ‘The cells wereathen soniceged in 2 x 30
second bursts in an ice bath. ' Unlyeed eellelwere pre- .

h c1p1tated at Low speed (1085 xg,‘ten mlnutes, 22°C5 and

' membrapes were;recovered by centrlfugatlon (12,100 Xxg ,

- ,'(twenty‘minutesLV22‘C). Fol;oﬁihg two washes of this

ppepa;ation in distj*led water, the "total membranes"” r

i
if : ‘ -

i ST e

. " "‘ ) i ‘ . ’ . ’ - .
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were resuspended in distilled water and Triton X-100 was

e

added to a final concentration of 4%. The sample wis

incubated (eight hours, 37°C), centrifyged to precipitate

»

the membranes, and the‘supernatant containing solubilized

AN 4

material was decanted ané used for CIE against gamﬁe
globuiins to 30°C outer me;bfane vesi%les.;‘Tﬁe pattern
iFiéure 36e) is bipeasic and polydisperse, pessibly
,ref}ecting hetergqeneity in charge and size’of éhie.
compoheqt, - It is interesting to no}e that two forms of

lipopolysaccharide have been detected i; Sp. seréens

»(Chester and Murtay, 1975; and unpublished ‘data) and these

forms may well be 1nd1cated by this slide. > .
The necessity of using an antigen sample of high pro-

2

tein concentration Has been indicated by~other workers

@ -

(Smyth et al., 1976). In using NaDodS()4w to extract -

membranes,dthe ranqe of protein subsequently applied .to

the CIE plate well was from 5,4{ig to 170 ug. These antigeﬁ

"samplesfgfter electrophore51s in the first dlmen51on were ~
- .
then reacted with qamma qlobulln preparatlon coﬁta{nxng
! L it
. from-100 ug to 10.3 mg proteln. Desplte thls w13k range,

[

'1t became evident that the antlgenlc ccmplex1ty of the
outer membrane of §2 ergens Was not readily establlshed

by CIE in terms of mu1t1911c1ty‘of 1mmunoprec1p1t9tes.

“H. Selubilization of Membrane Proteins

These results prompted a search fqr a better method

for solublllzatlon of outer membrane protelns, and an
o 4

< P
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’,Oniy DTAB at 500 mM appeafed moderately effective (64%~G

which might: be solubjlized by bgaiDodSO4 waSIobtaidéd-by

investigation into the stoichiometry of this phenomehoﬂ.
A sﬁéi‘faliquot of .radicactively labelled cuter membranes
was incubated in a large excess volume of detergent or

chaotrope, at a selected concentration for a given time

»

interval angd temperature. ' The extracted membranes were
then. subjected to ultracentrifugation and-the supernatant .

was decanted and counted for radioactivity Tﬁe percenteqe

’

of total dpm found in the supernatant would therefore
,

indicate the degree to Wthh membrane proti\os were ‘re-.

v

leased by detergent. As indioated in ‘Table™II, NaDodSO4' ;

was most effective in solubilizing outer membrane protein

V

el

from Sp. serpens, but there was a dramatic decline in the

ease of solubilization for :dlmost all other reagents.

release of counts). The non-ionic deterqeﬁt Triton X- 100

at 4% flnal concentratlon showed dlfferences ‘in the extent -

of solublllzatlon accordlnq-to the source of the reaqent;

let and 29% of total. dpm were released by the reagent from i
Slgma Chemlcal Co and from Research Products ‘Inc. (RPP.;.J,
respectively. — :

. . K e | j &

I., Polyecrylamide Slab Gel Electrophoresis .

Parallel information on the.identity of proteins .

electrophorésis on a sléb of polyacfylamide gel, andlg
photograph of the gel is shown in Flgure 37 Atv37°C,:.

neither 0.1% nor 0.5% deterqent resolvad outer membrane

»




" " . . . N
o ¢ ' ) ‘
< ' ' - < - N L d N 6 5
. A ! .

. .
= o Table II. :Effect of various reagents in solubilizing
‘ outer membrane proteins of Sp. serpens.
'solubiliziné concentration dpm released & of total
reagent . ] - into super- dpm ‘re-
° . , ’ - e - natant “ leased
Ngl.S. tissue .’ , ) 20,200 100 .
* ‘!Elubilizgr\ ' . ) )
guanidine .. 6 M . '~ .5,060 C o 25.1 .
hydrochloride - , . : ' € > ;.
) DTAB | 500 mM 134900 " 4.0 ,
spdium deoxy~ s . - 6,970 34.6
cholate - R ’
urea t A6 M 1,890 9.4 “
Triton X-100 SRS ‘ 3,260 16,2
<. (Sigma) A . o ) B ¢
Tritom -X-100 T 4% S 5,900 - 29.3
(R.P.I.) , , L
NaDodSp, + - 1% + 1% © 20,400 101 '
B-mercapto- . B . .
.ethanol ' : - . . .o
. . NaDodS04 .+ 1y o+ 1% ., 20,200 100
‘ f-mercapto- - ' .
.. -ephanol (70°€, o
. d Jthirfy minutes) ] - _ T
© distilled water < 1,670 8.3
A‘flve(hlcrafit}e séﬁple of. 14C leucfne labelled membranes
was added to 250 mlcrolltres of each of the above reagents

at ‘the indicated concenttration: the effect of dilution by
“this addition was considered- ne911q1ble.f The mixtures
werevlncubated for . sixty minutes at 37°C, or in one ¥
instance at 70°C for thirty minutes. The samples were then
centrifuged by Ray = 1065, 000 xg for sixty minutes at 15°C,
e T and the.vesicle-free supq;natant was decanted into a-
I SRS -seintillation cocktail vial. Insta-Gel (4.75.ml) was

Y . added to each, sample and the rad10act1v1ty was determined. - , -
! . Total radidoactivity in-non-extracted membranes was deter-
- nided by addition of 0.5 ml of N.C.S. tissde solubilizer
(Amersham-Searle), incubated at 37°C- for sixty minutes, .
e . and similarly counted for: radioaét1v1ty —

e

-

-,
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solublllzed a. "major proteln ‘of molecular we1ght

-

. protdins o%~the PAGE slabm at 7Q° -1.0% NaDodSO

38 000 daltons, whexeas-&?qe-;ncubatlon with %-03,

detergent was 1ncapable of doing, so. =

1

. These results shoula]be éEBE??ad with the electro%

i e

phore51s pattern of oﬁter memﬁg:ne protelns ancubated

with 1.0% NaDodSO rcaptoethanol at’ 100°C

.4
for three: mlnutes (Flgure 38),Atetal dlsruptlon of the

4

'and l 0% 8-

membrane. gave the maxxmum\numbef Of protelns (twenty
3

three) detectable by stathng ‘It 1s 1mportant to men-
tlén,bhOWever, that the resolutzon of- proteln bands by

stalnlng w1th Cooma551e br;lllant blue ls inferxor by
* ‘Tt & : * . '.\..,'
- comparison- w1thu3ss—meth10n1ne autoradlography of «uef.

-

‘ electrophoresed protelns, as presented elsewhere 1n‘thl$

[y -

Chapter. Heneg only thBSe protelns whlch comprlse a’

*relatlbely larqe fractlon of the total-membrane protelns

L
P

would be ‘detected, as 1s shbwn 1n quure 38 "t: ,

Autoradlogfaphy of rad;oactlvely labelled protexns:

:’

affotded the opportunlty of dlrect comparison between the

v

spectrum of components 1nsérted :nto the membranes*bf two
LAY . - - - / "

separate prepa;atlons.' Nelther 1nspect10n of stalned

) slabq nor denbrtometry of " the‘stalneéiiroteln bands was Lo

< . L

able to 1dent1fy dxfferenceg between protexps aSsociated

. . f [

w1th outer membranes frdm cells grown at 30¢C (”parm1SS1ve"

for CMR s) and the protelnB assocxated w1th outer mempranes‘.:l

“ w

fromqﬁiils grown at 42°C *"restrictlve“ for CMR s),

rd

«

A

Because of the absence of the structufal array of CMR s




ey

- . % at the higher temperature, it. is reasohablé/to suggest

" that .one Jr: more protelns whlch contrlbute to such an

. assembly would be absent from the electrophore51s patterﬁ

. - . < «

; of ° 42°C outer hembranes. .
oy . &
Fa
Therefore, ‘a culture of SE §ergens was labelled at
35

30°C with S-methronlne, and a seCond culture was '

labelled identically at 42°C, as mresented in Materials

o ¢ s

o : and Methods. Thls prov1ded for £wWO preparatlons' one of .

outer membrane ve51cles from 30°C qrown cells which, by

"o

electron mlcroscopy,idlsplayed CMR! S; and the .other of.

" Vs ° - a

e i . 1outer'membrane vesrclee from 42°C grown cells, which were" ' -
-, cdhfirmed‘by microecopy not to possess the assembled o -

agqreqate “of CMR's. Each Sample was solublllzed in-. 1% ,
, o ey
‘ NaDodS()4 * 1% B mercaptoethanol, l00°C for three mthtes,;'

: a procedure knOWn to ultrastructurally disrupt CMRls° To %

ﬂtwo wells on a NaDodSO4 slab polyacrylamide gel were added

i * ’ B S
: : the same number-of radloactlve counts from 30°C Ves1cles

- . o

. - ° as 42}C ve31c1es,‘1n drder tha

ﬁhe”inteneity of the bandsf°/
- "on the exposed £ilm mlght be comp red ,' .f,fw L
Coe vh “ iﬁ‘. ' ﬁhe autoradiogram of the prot‘ 5 labelled at the two
” o dlfferent temperetures is ahbwn in F;gure 39. It is
Uo'readbly apparent‘that the,membrane protelns from 30°C .
"L't_ves;i}es dlffer in twc regbects frpm those ofe42°c ffji |
. 1.”'V3810138. (1) four bands, with relatxye mobil;ty (M) in
o o7 5% acrylamlde gél of: 0. 80; 0. 77; 0.72, &nd 0,36; and o

: havrng es,f?,ted molecular welghts -of 46k, 54k*,72k,,and

A greater than 200k respectively, are presentlamongithe .-




,teLnSjnng_E, ens, as derived by this téchqlque.

30°C protelns but dlstlnctly absent frOm the 42°C protelns,

‘(ll) the 1nten51ty of selected palrs of protelns other than o
' . . s

"those listed above appears to differ, although the Slgnlfl-
cance of this finding is uncertain. -, ” .

The correlation between CMR protéin and one or more

of ‘the four proteins found only in 30°C membranes may

therefore be tentatively established. It was somewhat ¢ -

L . X . . -

unexpected that as many as four proteins did not appear

in the autoradiogram of 42°C outer membrane vesicles:

. -~

Nevertheless, the ldentlflcatlon of CMR ptotein was coh=

51derab1y narrowed from the spectrUm of tWenty nine pro- -

-
- !

. -

e

J. Ferritin-Gamma Globulin Reactions
« - *‘ - ' « , : ‘:L e ‘
Locallzatlon of macromolecules 1n blologlcal speci-
‘mens by the use of ferritin- con}ugated antlbodlegpwas'

.-
. -

flrst 1nvestlgated by SCthk and Slnger (1961) A pur1~

fled antlgen was selected for an- 1mmunlzat10n serles ln'

-

rabblts, and followlng several 1n]ect10ns the)antlsera

-

wére conflrmed'for spec1f1c1ﬁy towards the glven ant;gen,
Gamma giobulln was then fractlonated and coupled to . gyJ5

ferrltln by means of a blfunctlonal reagent,ztoluene R 7;*,{ﬂ}n‘

M-drgsothlocyanate.‘ The conjugate was allowed to react . o
w "‘»' - ._‘ i g :

T with tlssues whlch had.been flxed qnd embedded 1n a water }jerf

A e o v:ﬂf
soluble.matrlx. Locallzatron of antagen was possxble usrng ;j‘i-f,

" the electron mlcrosc09e, since the electron denee core of

ferrltxn could be readlly reoognized




T":and then overnlght at 4°C-. amPIBwaere w;thdrawn and

.‘.4

- PR A
The pr1nc1ple of such spec1f1c stalnlng was adapted

for possible detectlon of membrane antlgens in S ergens

as_fol}ows: ?ss-methionine autoradiography sh d that‘

four protéins were present in outer: membrane at 30°C but

»

e - # ' - * N
‘%psent at 42°C. A preparative polyacrylamide slab gel

was,heqvily overloaded with 1600 ug outel membrane proteins-

& o

(30°C) which'had been solubilized at 100°C for three min-
utes in 1% NaDodSOil + 1% B—mercaptoethanol. The fixed,

stained, and'destained gel was then dried to a thin film,
. - { - -

. . ) . . , .p,h .

and compared with the autoradiogram. Those four proteins

£y

(46k, 54k 72k qnd *200k) shown on the X—rav fglm were
then located as very falnt blue bands on the dried slab
gelﬁ Thin horizontal strips of the stalned materlal Wgre ‘

-¢cut out, resuspended’in’saline, and used as purlfled

-

'membréne*antigens to immunize rabp;gs. - Gamma glogxlln

. L]

“was isolated fromlthé antisera, and was covalently,coupled .

P

to ferrltln to producé»four reactlve conjugates. An

allquot (5 ul) of each conjugate was suspended 1n 500 ul

.-
' of 0’05 H TrLs-HCl pH 7. 6, 0 1 M NaCl, ;O mM Mqu aﬁg

reaqted thh a amall sample (5 k= 92 ug protein} .of

- outer membrane veslcles of §g_ seggens which dlsplayed

‘EMR"S.” Reactlon condltlons were at 37°C for: four- hours ke =

b

éxamlned*by negat;ve stainlng W1th ammonlum moledata. ‘ﬁi?’
Comparlson of the el&ctron m;crographs of samplesr

withdrawn~after reactzon,of ferrxt;n—gamma globulxn wit@

v

“{;”“ GMR' sylelded an xmportant result. In the casg of the

e’ -.,'
- ’,

i ’ .
oo
" 't ‘ o
-
v. .
g - - H ‘
B, L
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coh)ugate coupled to ant1 =72k proteln, a con51derab1e .

density of ferrltln molecules was superlmposed upon the
-membrape-assocxated array of CMR's (Flgure 40).. Thls

= } ' specificity was not displayed by.the antj-46k, anti¥54k,

- -

and anti->200k, prepared in an 1dentlcal manner, and
. , allowed to react with outer membrane.veSLCles under theﬂ

conditbd&é elabordted aone (Flgures 41, 42, 43). 1In .

..these Situations, a random dlstrlbutlon of ferritin

.particles was observed. If the vesicle—preparations were .

a

initially reacted with gamma globulin to 72k protein, and
then Witp conjugate, no labelling‘was:observed; Blocking

of the available sites on the CMR's had occurred. Further-

»

.. more, vesicles 'from outer meﬁbfanes of 42°C arown cells:
. &
which showed no CMR's did not reveal any such clustering .

. of ferrxtln as was ‘the caSe for ant1-02k proteln.
The 1nterpretat10n of thls Lnformatlon is that one
N : prbtein of estimated molecular weight 72,000 daltons is

5 o responsible either”tdtally or in paét for ths.strﬁcthral
assembly of concentrlc membrane rlngs. This conclusion
. . is”’ based upon flndlnq by 358 methldnlne autor&dlography

. . -
L] b

Afouk dlfferences 1n the proteln compositlon of outer

»

membranes at 30°C and 42 C. Testlng the 1mmunologlcal

.

;;‘-' spec1f1c1ty of these four protelns by use of ferrltln-- ',.‘7 L

/’cdnJugated antlbodles showed failure of three of the con)ugates

) ’ T . -

e tofblnd to CMR“s. Immunolqglcai apecxficity of one Y

. compcngnt was retaxned, and by electron mlcroscopy thls S

"

72k proteih was correlated wlth CMR's.
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K. ‘Perforation of the Murein Sgcculus - . -*

.One of the reesons-for selecting a bipolarly flagel-
. : i’ ’ .- ’ . ¢
lated organism in a search for membrane-associated compon-

1'ents of the flagellar apparatus.was that ultrastruotural

observations would be dirécted to a specific area of the

cell surface. Slnce the -basal organelle is known to

. penetrate the layers of the cell envelope, it seemed

L .

logical to suggest that perforatlons_should be‘observed‘in

'the peptidoglycan layer. Hehcg, preparations of the

‘murein sacculus were examined in the electron microscope
S . 4 .
.. by negative staining and by castinq a carbon/platinum

reﬁllca Sp. erpens possesses a varlable and low number.
of flaqella at each cell end as dlSCUSSGd earller in

this Chapter. It was dlfficult to assess wlth confxdence{
which reglonof the polar cap to . search for holes through
whlch flagelLﬁ mlght once haVe penetrated For this:

reason, the more rlchly flagellated Sp. volutana\\\ells

-

'straln) was used as a. source for saccull, and examlned in.

the same manner/as descrlbed above. Thls organlsm also s

¢

possesses CMR's on the lower face of the outer membrane,.

- 4 PR

and has a basal organelle glmllar to that'of Sp.. 'ergens.
/ : .
_ Ammonlum molybdate and uranyl magnesrum acetate as neqative SN

stalns were not. effect1 e in demonstratlng surface

. & , A
irregularxtles at.the les of _E* volutans. Shadow cast S

B

: repllcas of murein saccu11 gave the same\result.' However;

4% phosphotungstate clearly penet hted t flagellar.




"

) ——

"halo" su;rbundlng each perforatlon (Flgure 44) A number
of holes equivalent to. the number of flagella appeared at
both ends of the cell, and no holes were observed alonq/

. [ ' .
the lateral walls. °
The diameter of these stain—containinq pits in SB-

volutans was estimated by meésgrinq over 200-holes, and

o

yielded ,an average v?lué of 15 nm. A comparable value °

L

h was obtained for tHe size Qf the perforation in gg;

« " £

N attentlon to the cytoplasmxc dembrane.'

g sta;ned with ammonlum molybdate. Some cells, free of

serpens, wherever such ééuld be identifi€d. The -diameter
.of the "halo" was determined as '35 nm. These numerical

-valuas'will‘later become significant in posjtioning of

)

glycan‘l@ye} of the cell envelope. .

o -
2 [

L. InsertJOn of the Basal Organelle 1nto Cvtoplasmlc, :

L3 - . * ’
. ) e »

Membrane . :
7 s « - . *

'Three dlfferent sets of 1nformat10n proved valudble

- in assessing the attachments or 1nsert10n5°of the flaqeilar

"basalgorganelle into the ceLJ ehvelqgﬁ Wlth partlcular

. - Lo

- -

~-'“_Auto'lyzed pneparétxons of gg erge were usaful far

electron mrcroscopxc examxnatlon only iﬁ cells wpre,devoid

of Cytbplasm. A culture of the bacteraug/malntalned at

;aom temperature for several days was harvested by centri-'

fugation,“twlce washed thh;dlstllled water. and negauively

!

cytosol, st111 retazned the orientatxon of thé’flagellqr

.-.

the P ring of the-basaizenganelle relative to the peptido-'.

14

£
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w1 nat1ve

v ‘ ‘\‘ , ' (] . ’
. hook and basal complex fitmly attached to the cell

H

envelope (quure 45) despite cqn51derab1e retractlon of '

the tvtcplasmlc membrane at reglonq other than the polar
' cap. Presumably the flagellar apparatus caused the ad-
R
herance of wall and membrane at the flageliar insertions.

The reparations demonstrated the foilowing: S

- (i) ‘the orientation of .an Suter membrane and an inner

membrane o ’ : .

'(11) that CMR' s were clearly assoc¢ated with the external

.membrane and not with the 1nternal membrane,

(iii)_ that CMR's cquld ‘be discerngd'"on,edqe"'bi the
\regular.Spaéing_éf'subunﬁts on either side.of flagellar .

hooks ; '

1iv) the contour of outer membrane was,not continuous.
and smoath at the lnSertlon p01nts, but'.Wwas slightly

infolded by the presence of CMR's; theqe iﬁ’;ctures

therefore appeared to confer- a rxg;dlty to the area at

cwhlc,l\ tht*‘flagf’rllum emerged‘ o o o e

. v) .the s ring (thi:q'ln regxster) ‘and the lowermost M-

‘Ting appeared in contact w»th the Pplasma membrang, but

- —

thelr:hpegxftc attachments were unclear.

* .’

Electron mlcroscoplc study of these autolyzed prepa~7

rations y1elaed maxlmum informatxon on the most prbbable

0

€ 4
Activeiy growxng cultures were* not amenable to these

 - aobservatxpns pecausé of tﬁe necessrty to. dlsrupt the .

. cells, generally by.sonic oscillatlon,

Th;s‘procedure"

Orientatxon of cell envelope'and basal organel;e,%?g



»

& - : ) ,
in isolated membranes. '

' larltxes.an the freeze etch Fracture face of the cyto-

~p1a5mlc,membrane could glve a clue as to the level of.

‘etchlngs of :E, sergens. Because of (a) the number af .

flagella only at the poles and (b) the embeddlng of "thé

pheared of f both filam@ﬁt and hook, and'usuaily also led

to such mutilation of' the basal complex that it could not

.

be recognized. -

Fractionation of the innerland the outer membranes -
. D
made it possible to assign CMR's to outer membrane. B

Eitengive exa@}nakion of cytoplasmic membrane vesicles bx
negative staining, however, at no tlme dxqplayéd any c
structural reaturg!thluh might have been assoc1ated
Gomponents of the flqgellar apparatus. - No "hole" through
thzh stain midht have éene;rated (as ithrough outer

-

membrane) n:i’regular surface elements céuld be detected

-

' i v
- The second set of information on the orientation of

baaq§ organelle and membranes was derxved from freeze-

lower rlngs 1nto cytoplasmlc membrane as shown in auto-

-
”

lyzed preparatlons, one mxght GXpect that.some 1rr7gu-

1nsertxon of elther the S or the M ran. One can readily

A i,

apprecxate that thls &ypothesls necess1tated'fortunate
fractures at the- polar caps of cells well endowed w1th .

flagella. suspensions of whole cells of Sp. gergens were N P

“»preparedcfor freezeoetchxng in*lSi.glyperol as cryoprotpc&-"@'.‘-

.
-

gnt, and processed as descrxbed 1n Matetiuls and Methods.

Such samples are known to, cleave prefe;entxally through the

H . 5 ¢
. , -_'-, o
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Y . « , f

hvdrophobxc 1nter10r of tho cytoplgsmlc membrane (Snellen
and Starr, 1976) so that the qpnv;x faco is, hlthy studded

with partlcles (Figure 46). Attontlon must be directed to

»

a parallel seriesf micrographs (quure 47) where several

]

large depressions appear on this fracture .face. 1In. the

.. . =~ .
centre of each of these depressions is a circulayg "plug",
3 ' g

ad& in-a strikingly regular -fashion, the poriphsgy of each

. ! o w,
depression is lined with.a ring of-fifteen™studs.

¢

The interpretation of these micrographs is as follbws:
Thé cleavage has fractured through the polay cap ef cyto-.

plasmic membrane into which flagella*were once inserted.

The depressions~(€iameter = 23 nm) have-been caused by the

S ring which has been torn out during i€eleavage. The 6nly~

‘e

rempant of the;basél 6rganelle is the céntral rod which

»

75

1

- ¢

-agpeafs in the’centrg of the deéression ag a "plhq" with a .

:’assoc1at10n w&th the. basaf oruanelle.~ /

A ~ . 2
diameter of 10 nm. ~The circumferenxial barticles are dis-

tlanIShed by the;r uniformity of 51§e and spacing, and are'

thus the untqsé féature of the cytOplasmlormembranes

)

. . [
. {

Thxn seetions ‘of fixed ,and staimed whole cells of s

. -

: Sgirlllum provgﬁed ‘the. third kind pf information on the

{glgtionshiptof'baSAl organelle and cell énvbldpe._*As with
the identification of tHe holes.in éhqg@urein sacculus, it
- J ' S ‘

: becamé'advantaqeousvto use ‘Spirillum volutans because of

1ts coqsxderable enfichment for polar flagella. Again

‘fortunate sect;ons were necessary, and where obtained

(Figure.Gﬂ) showed tﬁe followxng' , | 5

wJe

.
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’(i) a tuft of flagella in thin section- appearinqg as
strands at the'cel;;poles;
(ii) additional electron density where the flagellum

- penetrated the cell envelope; this was presumably attribu-
.

table to the four rings of the basal organelle, although
they coula n6t~be individuaily‘differentiatea;

-(i1i) ' additional elactron density beneath the double
t;a?k'pytoplasmic membrané;vthis was manifest as a pﬁlbous
component, not recogﬁiqu!e by ahy of the other ﬁreparative
.teéhniques for electron miérosqqpy. This protuberanée:
cbuld'not be'attribﬁéable to deformation of qytoplasmic

membrane because of its regularity beneath those regions
| 9 Y )

from which flagella were splayed from the pole.

- . (v" .. ) ’ .

4"




CHAPTER IV

-4

. DISCUSSION

‘e
s

The study of bacterial membranes h&s advanced con-
siderably‘rm recent years, chiefly due to the multi-
plicity‘%f approaches in studying these membranes. ' E

Genetic manipulation of membrane components, biochemical

fractionation of cell envelopes, physiological response

s

hd to the milieu, and structural integration of macro-

mohecules ,into each layer of the cell envelope has pro-
. - . *
vided insight into the nature and complexity of these

rkrocessesAin pfbkaryotic cells. This éomplexity may be

14 . .
higher in.eukaryotes, but since bacteria are readily

subject to experimental manipulation, more definitive®

’

answers concerning observed blochemlcal defect and

L] - . .

Valtered thSLDlogy and structure can be obtalned by
. -
their study (Lelve, 1973) .

>

2 The membrane is now regarded as the site of most

.

fuhctlonal dszerentlatlonmln the bacterial cell.

- ariety of intern s membra e systems has been stu;}eéTq;—a4‘9¥”
73 e sys g

and most are ext7ns1ons of the plasma membrane<where a

concentratxono{ functlon occurs. These 1§c1ude meso—A




d&th . - ﬂ . 7fg
} ‘ s . ' ‘
somes, specialized vesicles, lamellated membranes, photo-
f

synthetlc, and spore membranes. Isolated fraotlons‘from
bacterial memb}aneeiafe also known to have maltifunctional
properties: electron tranSport,'active.transport‘carrier‘
systems, phospholipid biosynthesis, and sYnthesis and

‘ assombly'of cell wall polymers - The dlver51ty of struc~
tural and functional 1nterplay is also reflected in

3

studies of bacterial flagella. In this system, synthesis

of spec1allzed components of basal orqanelle, hook, anq

-

filament, . ordered assembly into a hlthy dlfferentlated

organelle at a specified time often‘coordlnate with cell

division, response to signals, and activation into cell

movement all prov1de -for study of a comparatlvely sxmple_‘

[y

sub—Cellular organelle. Hence, condltlons which govern
the genetic circumstances for Tlagella synthesis have '
' been determined; p;oducxion of flagella.is‘known to o .
fayour certain .physiological conditioné{ flagella have
been readily lsolatéd for stuoy of their chemical—proper—
‘tles and biophysical polymerlzatlon' and experlmentq have
‘ been conducted on 11v1ng cells to galn lnformatlon about £

thelr behavioural responses.

" One aspect oflbacterlal flagella that has recelvedﬂ <
.consxderable attentlon is the elucidatlon of their
merphology and ultrastructure.v As presented in the
Introductzon, ‘one can apprecxate ‘that advances in

electron microscdpy and in bxochemistry of cell envelopes ”‘

contrlbuted’to correlation of structure with functlon.




A

i

- . . L) .
ove?looked,'ﬁhat some component of the apparatus might

éoﬁponente of the flagellar apparatus,'wiih particular

aExamlnatron of autolyzed pfeparatlonsﬂprovmded llmlted

.

(LIS "

;?f:f&t as to the exxstence and orientatlon of spec1allzedg'
( et < e

str ctures whijch anchored the flagellum to the cell sur-
faces. By 1solatxng 1ntaot flagella, it*became possible

to appreclaﬁe the comple§nty of flne structure-of the

o

ibasal organelle with.- LtS‘fQUI stacked discs and central

rod, attached flrmly to the hook and ultlmately.to the

filament. . L. . o~ i }

ta

. -
. s -

But ‘the dissolution of the layers of.the Gﬁamf. .o
negative cell envelope included tHe possiBility, usually

H
’ -
. . - 4

4

have been. lost or degraded Furthefm fe, the evxaence for

*

of the envelope has thus far been indlrect * The ana—‘ ‘a

tomicaL arrangements put.fordard.ln the literature have

.

not . specifically considered those 'regions of wall and. .
PR ] - "‘ . . .° -

. ' S T ‘w‘ " N \.
membrane which were once.the site of -flagéllarminsertions.

Y Thisjetudy is thelresult~$f a geareh for sadditional”

attentlon directed towards the Cell envelope layers. "It

~

V-4
- xncI‘aes EH ‘Teoiation“and characterlzatron Of’spebLﬁl*

-

ized reglons of wall and/membrane into whlch fits the

/ .- ¢

basal-organelle. Recognltlon of.a structnral arra"ﬁEllnt L
,.r U

whlch has now beeﬁ termed concenttlc membrane rlngs

(CMR‘s) was flrét made by examxnathn of whole cell'

preparatlons of__g Egens under the electrog/micrOSCOpe.

.

Negatlvely staxned materxal led ta ab apprecxatlon 6% more o
/-

s ,"’4’ « .o 1 . ’ -+
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than 5ust\au§et\of "basal organeiles" at the pofar cap of . °

- this Gram-negatlve bacterlum Pr@ﬁaratlons of lysates by
. ‘ {
sonlcatlon or 1ncubat10n with non ionic detergent or cell
Jwall proteases enhanced the clarlty of mlcroscopy, and
. [ x '
_ assisted in locallzlng thlsﬁgtructure to.one\of ‘the cell
-‘\;‘” '
envelope layers. , Coe

.

T~

»

Isolatlon of inner membrane and outer membrane of

»

§p.{serpens,was‘the‘approach of cho;ce\to conc1u51vely'

demonstrate the association'of CMR's on one or the other

.

membrane. This task nece551tated develOpment of a rrqor—

~-

T ous procedure and set of condltlons allowing reprodUClble

—

-

;preparatlogf. Many procedures have been reported 1n the'
. g .

llterature to be su1table for such separatlon. Miura and

iMlzusblma (1968, 1969) separated membranes of E. coli;
. .

Osbofn et al. (1972) obtained. good fractionation of

membPanes from Salmonella typhlmurzum;.Proteus mlrabilis
' a

. . ’ .
ioltmann and Stouthamer} 1973; Hasin et al., 1975), .
3 +
Acxnetobacter sp. {scqtt et al., 1976, Rhodosplrlllum

ﬂrubrum (Collzns and Nlederman, 1976) have all been the

e

object of study. None of these methods, however, proved

i

'entLrely effect1Ve for membrane ;solatlon in Spirillum
Varlous comblnatlons of ideas presented in other work

were incorporated into the f1na1 procedure-«as outllned

a»l\\

1n Materlals and Methods.

The anatomical. p091t10ninguof CMR's on'the outer.

. B -~ \
membrane was based upon observatlon uSLng the electron s

mlcroscope. Furthermore, by taklng advantage of the

13
. —




‘structure's sensditivity to protease,\IEFWas\determiﬁed*
. . N . . o . ~ o ] . - ) s '
' . L 3 T~ ’ N .
that this auxillary component is harboured on theunder-

side of the outer membrahe, "facin@? the mucopeptide

layer. Sensitivity td;variods detergents, organie sol—‘

vents, and enZYmatlc dlgestlons demonstrated the ecullar
( P

re51stance of CMR's to a wide spectrum of agents fre- o
: quently emplbyed in menbrane research.'-Such resiStance

~ ‘ /

. to solublllzatlon appears characteristic of outer mem-

branes of Gram-negatlvp\bacterla, and 1S.Qrebably
attrlbutable to the presence'of 11popolysaccharide on',_
the exterior surface of'the~bilayef. Our experlments

confirmed this property for duter‘membrane'of §p. erpens

as demonstrated by the low lezsls of 14C--leucme labellea

V
protelns released upon treatment o > vesicles w1th 1on1c,

non-ionic, “and chaotropic agents‘(?able ITI). The -
;“minimum“ requiremeﬁts for méximum liberation of proteins
in the membrane were determlned to be 1ncubat10n with l%

NaDodSO4 + 1% B—mercaptoethanol 709C,'thlrty minutes.

P

Identification of a constxtuent proteinﬁresponsible

for CMR's was achieved by ‘a’ two-fold prggess. The

-

electrophore51s pattern of radloactlvely labelled membrane
protelns %ndlcatedtthe p0551b11lty that qne:op.more of
-four'pqlgpeptides:(46k,;§4k,'72k, and >200k) were ih-:
fcorporated inte the stfuctgralfarray uﬁder "pefmissiﬁe“‘
'conditionb.,;Tbese foﬁr;éandidates &ere"then purified'on'

“a preparatlve polyacrylamlde slab §el arnd mono- - hd

.

‘ spec;flc antlsera were raised agalnst each one.«.Coupllhé

!

-

-

-
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of these immune sera to the‘electron-dense‘ferritin pro- . -

dhced conjugated markers sultable for electron mlé§8§5e9¥<\;
~Labelllng of CM? s by anti-72k proteln ferrltln complex

indicated its un;qoe,spec1f1c1ty for the membrane- - b
- associated structural array,;and elimihated'the Possi4 ;

bilfty that the other three proteins might'be cbnstituents.

It was initially de51rable to search for mutants of.

. . ~

‘? serpens whlch were in some res ect structurall or
P Y

functlonally altered w1th ‘respect to thelr flagellar

apparatus.._ The selectlon of such mutants prOVed elusive,

-

however, for reasons which, are not 1mmed1ately agparent
/
Mutagenesls w1th‘n1trosoguan1d1ne (Adelberg ‘et al., 1965)

r

" or ultraviolet light was followed by screenlng on semi-=

//Vsolld agar plates or agar 1nto whlch anti- flagellar ant1~
}

. serum had been 1ncorporated letsrences 1nﬂcolony
morphology (Ilno andehomoto, 1971) were'usea as a
-criterion'of altered flagella&lon. Slow sw1mm1ng
© Sglrllla were selected from the centre of sw1mm1ng cells ‘
’ on 'semi- SOlld agar plates (Armstrong et al., 1967) cells

whlch settled in long columns were elutez;;n antlclpation

of enrlchlng for non flagell ated or para ed mutants"

‘None of these exper1mental approaches resulted in
selectlon of fla phenotxpes‘ l%ﬂ

In the absence of‘mutants showj ng defects 1?—:£53,.
synthes1s or assembly of the flagellum, we can only '

surmise on the p0331b1e role of the concentric membrane

~,r1ngsg' No mlgrabaon of flagella occurs over the surface
. . , ’ . “ ‘4 ) , B
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of_the cell, since._all of the flagella are found\in,

-

bundles at the two poles. Slmllarly in Bacillus subtilis,

Ryter (1971) has demonstrated that there is no re-

distribution of these organelles once they Hhvefappeared

'through:the cell envelope.' It is suggested that‘QMR's

act as a stabilizing plate about the insertion of the
flagellum.such that it remains rigidly inserted ihto the

_cell envelope. The structure might act to exclude the
fluid phase in Whlch other protelns are floating (Slnger

. and Nlcholson, 1972), thereby mlnlmlzlng lipiq 1nter—

agtioﬁs.iu.the vicinity lateral to the flagellar inser-’

tions.
N
Recognltlon of CMR's on outer membrane of a Gram-

'negatlve bacterlum appears to be the flrst report of

spec1alrzed structural dlfferentlatlon attrlbutable to

'thls‘membrane. It furthermore enhances the understandlng

|

of the functlonal roles whlch this layer contrlbutes to

the cell. The,ndtlon of outer membrane being con51dered

-'solely a permeablllty barrler is gradually belng super-

‘seded by ascr1b1ng to it selected functlons (Costertonl_'

et al., 1974). It has ‘been firmly establxshed as an’

exclu51on 1ayer to compounds of molecular welghts greater -
l'than 700.daltons é?é?ﬁgyand Gllvarg, 1968) and therefore
‘accounts for reSLstance to many antlbxotlcs, detergents,
and dyes (Sanderson et al., 1974) The llpopolysaccharlﬁe
, which extends 1ts carbohydrate strands into the external

vpllleu,(Shands, 1965) contrlbutes most to the bacter;um s
‘ ] ’ . . . .

- e -
~ ’ -
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antigenicity, and'has.been.the'key to serological identi-

fication and genetic,etndies'cf asseﬁbly.oﬁ a biologicalf
polymer (Nikaido, 1973). Bagteriophages may be differ-
entiated'into ppugh-specific'and'gﬁooth-specific accordiné

to their LPS receptor reqﬁirements on the host enteric

bacteria. But for a long time, no specific role could be

-

assigned to any of the proteins in thlS membrane. - With

"

'the discovery of a most abundant lipoprotein (Braun,and

Rehn, '1969). which is covalently‘linked to the underlying

mucopeptide 1layer, a structural function was suggested

1]

-G
*»

for one such protein, in that it might be fesponsible'for.

=]

maintaining an intact cell wall. To what extent analo-

gons or similar'lipoproteins;are,involved in SEirillumf
is a matter of conjecture, but it is attractive in view
of the "pitted" appearance and substructure of its outer

membrane. More recently; Inouye (1974) ﬁropoéed that

._these 11Q0prote1n molecules form an ‘assembly whach spans

the entlre 1ckness of the membrane prov1d1ng a nydro—

phlllc ch el and allowing passage of low molecalaz

welght substances.' ‘

The multlfunctional'aspects of outer‘membrane‘have

ncwibeen extended to include a wide variety of receptor .

spec;flc "klller" molecules whlch attach to membrane .
protelns in thelr prlmary stage of 1nfect10n.j These’
receptor functlons ‘may be sﬁared, 1n some 1nstanceé

w1th other physiologlca%/r”I“e such as iron transport
L

proteins. 'Colicins.(ﬁuria{ 1973) are a Qroﬁp of, bacteria—

84
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. xHahtke'and Braun, 1575). ﬂany'baCteridphaquﬂalso -
ﬁtilize a resgptor.commdﬂ to cOmpqgents of iron transport »
systems  (Braun -et al., 1973, 1976)., It would appe}f‘that' :jl N
some classes of proteins have bifﬁhctional roles. ‘ ©
Thei ﬁay act as scavengers or as a'ﬁeane of retrie¥el
of cations, some of which are rare but‘of exquisite
importance to the cell. Alternativeiy, they may provide
; a target ‘for a molecule or a virus that will eventually
destroy the cell. Genetic data first demonstrated the . : .ﬁ

_coinciﬁence of leci for maltose transport and for“the
.phage lambda receptor (Schwartz, 1967; Szmelcman and
Hofnung, 1975) since the two mapped together on the

E. ggli ehrowosqme.. Purlflcatlon of "the maltpse—brndipg :
protein in'the,buter[membrane'has heennachieveé (Randall-

Hazelbauer and Schwartz, 1973) and this protein iéaalsq,
< _ 4 STl . RY

>

“known to intéract reversibly with the phage (Schwartzu
1975). A final example of shared function is to be - -
found in;the-caee of vitamin B12 transport‘and.the E
‘coiicin receptor (DiMasi et al., 1973) where again the
same macromolecule has evolved dual attrlbutesr

Based upon selected ‘information presented in the .
chapter of Resulﬂe, rev151ons to the cu!rently accepted
mcdel for the insertlon of flagella 1nto the cell
envelope of Gram—neeat1§e bacterla are now proposed.'

- These rev1310ns are establ1shed by 1dent1f1cat10n of

A specxfle locations on the outer membrane, mucopept1de

« . v

layer, and cytoplasmzc membrane whxch supperted a

L o




:" . - :
flagellum, and whlch may ue recognlzed ultrastructgrally

in fractlonated preparatlons of the layeﬁg‘of the v

. envelope. : .
DePamphllls and ‘Adler (1371b, ‘cf-isolated the

flagellum and‘basalqcomplex free of adhering‘memgkanes,:

and accurately mepsured the &iameter and thickness of

the ’four rings, L, P, S, and M. Their -intercalation of

flagellum into the  envelope was made by superimposing
«measurements derived frem'neqatively stained’preparatidns

onto the thin section profile frem f1xed and stalned

whole cells. The numerical values are at best an approx— 2 -

imation, since measurements from these two different - = -~

preparatlons are not necessarlly comparable., Disparity\
in measurements is also compllcated by varlatlons in the

composition, pH, and,uptake of the_stains‘employed. The
/)register‘of discs and envélope‘layers is, hgyever,.in-
» N 7 g ! ! : R . .

 dccurate and mismatched.

Table III wlll essist'in e#aluation,and revision. T
The'folle;;;g lnfbrmafion should be incerporated'inte eA ;[
reVlSéd model for bacterial. flagellar 1nsertlons, and 1s.
-f;  based upon evldence from the Gram-negatlve bacterlum

Splrlllum Serpens- "l:‘ n ‘

*

1. "That the spec1allzed structural dlfferentlatxon ;n‘”
4#: termesbconcentrlc membrane-rlngs (CMR s) be* anatomlcally
located on the under surface of the outer membrane4
2. _Thet the 12 nm;"holg,mln ;he outer memprane ls[ k | s B

sufficiént to allow forythe‘aiameter,of the Eenﬁfal
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rod (10 nm); theuL.ring is therefore .embedded in this
membrane.. | )
3. That the 15 nm perforation ih the murein sacculus -

is sufficient to accommodate the central rod, but is
‘ o

‘clearly too small for the'P ring's diameter (21 nm);

I3

the P ring cannot be inserted into the mucopeptide layer,
but should be positrgged exterior to this layer.
4. That the depression,(23 nm) on the convex fracture

face of the cytoplasmic membrane is the position of the.
BN .

"8" ring; it is therefore situated on the lower half. of

L

the bimoiecular leaflet ‘and -not "supramembrane“.

5. That the flfteen 01rcumferent1al protein studs of the

convex cytoplasm1c membrane fracture face are the only
1Bent1ftj:%e membrane-assoc1atedAoomponents,of this
) -0 -

layer of\the envelopeée.

6. That account be made for the blebs Wthh are found

”beneath the, cytoplasmrc membrane in thin sections; these

‘ ': - . :
blebs should now be cons\dered to inelude the lowermost'

"M" ring. . . . 3 ‘ : S

« .

7. That the regular solayed fibrils emanating from the

lowermost ang, as seen in. negatlve staln, may provide
add1t10na1 agchorlng onto the’ plasma membrane. v

Dlagrammatlc representation of all of these features

L)

is shown in: Figure 49. Cautlon must be exercmsed in

superlmposing measurements from electron mlcroscoplc data

uslng dlfferent preparatlve technlques, and the hazards

89

of‘such a course,have been referred to above. Nevertheless,

1]



%igure 49 is a "best fit" of rlngs to envebope layers.

The coincidehée ef measurements of the basal organelle

"with the minimum and maxlmﬁm dlmen51ons of the cell

envelope layers 1s excellent in the case of Spirillum
e

Egens, and should clearly be revised in the case of

Escherichia coli to be consistent with the ideas presented
'above. 4

‘One of the mostlattractive-features of the structural
a;rahgements proposed here is the correlatldn which may be
made with information on morphogenesis ef bacterial
flagella. Many pieces~of'evidence have demonstrated;thatA
the monomeric protein flagellin'is synthesized on riho-
somes withinﬁxhe cytoplasm, and is subsequently directed
towards the cell envelope for "e*pert" (Martlnez and
Gordee, 1966). »Sihce flagella areﬁalso known to extend '
. in length by addition of sub-unltS‘at thelr dlstal.tlp
and not in the reéion pro&imal te the cell. surface (Iino, -
l969) a ﬁechanlsmrfor trenspoit of flagellin must be “
‘invoked. The léWermost'M ring sitdatedlalong the hydro-
philic side of the 11p1d bllayer could act asca nucleatlng
centre for flagellln. The protein would be directed
towards this‘accepter regien of the:basar organelle,f
‘enter the hollow rod, and proceed past the hook, to add
on to the grow:mg t1p of the flagellar filament. '

" The ideas hereby presented const;tute a challenge ‘

w0

‘to currently accep;ad lnformatlon on the cell envelope -~

aSSOC1at10n8 of bacter1a1 flagella, and it is. qcped that




“‘ ! . .
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study of othér organisms will continue te expand the

-

¢ understanding of such relationships..

-~
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o ° ° 3 o . . . ’ I
Diagrams to summarize’ the relationship of flagella to '
envelope structure in the region of the polar tip of B ©
Spirillun serpehs5,5heoinset shows d%gails of the envelobe )
-] .~ ° e ‘ . ’ . .
layegg. Legend: a. cell wall: outer membrane plus under-

o . - , |
lying mucopeptide; b. inner cfkpp;asmlc membrane; c. po;?r

<

membrane with linkers to'@ndeg membrane; f£. flagelld

o

2 - 4 .
emerging through the cell‘envelope, with °an internl

. expaﬁ%ion or bukb. . | @

© : ° .

From Murray and Bixcthndersen (1963). By permission,
A ‘ ¢
National Research Council of Canada; Ottawa. -
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. g Figure 2 ‘

~ ,
s

Ca.~ échematic representation of the struéturalvrelationship
between the cortical layers of the polar region of

Rhodospirillum and the basal regi‘on of the flagella.

. .
- ) °

b. . Schematic representation of the various components of

the ﬁ;%al organelle of a flagellum and their position

relitive to the cell membraﬁe and cell wafl. A

"fYagellar membrane"iis]fepreSentéd'connéctimg the

"paired discs of the‘bésal'organelles to eachvother
 and to the polar memb;anei |
Frqﬁ Cohéﬁ?Baéire and London (1967). By permission,
American Society‘for Micfdbioloéy, Wash;pbton.

. ps

"l

@




:- .
.
. e . .
o .
PR ke ]
’ -
.
Y-
=3
. <
? ES
o °
O— .
[~ £ e “g
) L
° ° - °
e ~
. o § "o .
o0 o . i
% .
3 pos
o ¢ ®
» v,
- P )
2 PR LY .
e :
[ é
% .
E} ~ 5
1 o
28 500" -
) ° 5
. - 2
3
o I
- o? )
o0 -
o © °
©
J Q
s o
4 L
:
A S
. °
: o ’ " - -
° -
[y . : L
s @
@ 3
e

i\ Ty - - ’ B
- .
Al
,
.
.
.
.
- . "
G
R .
-,
. .
.
. K]
a=cell wall
‘ N . . -
b=cytoplasmic membrane
e= " (2
¢~ "flagellar membrane
)
o =
- o . N
< l A
. o~
- s o
o . s
s ™
. 2 o °
R i }
2 .
&
2 o«
e,
@ .
e .
3 ;. Sy
O oo SR
P s
. a2
S . -
o ° . . | o
5] s _— E s
. - ° * “ o a
K N ¢ ) i1 - ’
Q4 .
2
o @ u ° 24 ‘e %
s £ s . s
. - A 1) <
% o * s g Jo : o
° ’ EX A
“Da s 9 o R
. s 3 ° <
/- w3 R N v .
. 4
o "oqy a:
w ‘- o
] o’°° P Y °
6w "
o '.ao . , e
" . s6 O, P
: - O,
e :
Y . e’ wo *
a “ ¢ [ L es ¢
° - ’ 5 (7]
» ;‘ Q .t o | - “

"Eg=cytoplasmic membrane
sags-celi wall . -
IO =polar membrane

’
f
L]
o
50" o
n
© oo




Figufe 3
,

\

Dlagram 1llustrat1ng the fine structure of the basal

portion of -the flagellum of Ectothlorho@94gu

mobilis; basal discs (BD) and basal'organelle‘(BO).
° QO
. .
Insertidbn of the flagellum into the polar disc¢. (PD)

basal discs (BD) appear to "clamg flageiia in to

°
o
.
’

¢ o
"

~polar disc.

-
-
3

Relationship of polar disc (PD) to polar plate“??ﬁ){

e

flagella enter ther polar .disc through a central pofé

R T

N - S

]

From Remsen et al. (1968) lBy permission, American

Soc1ety for Mlcroblology, Washlngton.
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. . , Figure 4

~
-~ 1 * N

Model of the basal end of a flagellum from Escherichia coli.

[ .
Dimensions are given in nanometers.

From DePafphilis and Ad}er'(19715§. By permission, American

. 1 ' : _
Society £or Microbiology, Washington. . ' “

‘s , ' Figure 5 .

- °
-
" Q

Médel -0f the "attachment of the flagellar basal hody of

Escherichia toli to the cell envelope. Dimensions are

. o o
" expressed in nanometers., The basal body rings are .shown

o

beipg thinnér than the cell envélope léyers; The dimen- - - e
sions of the flagellar basal end'COme from negatively

' stained prepgrations, whereas the dimensions of the cell
. T : o

envelope layers come from thin-sectigned material.

From DePamphilis and Adler (1971lc).’ By permission,
S T % ,
American Sobief§ for Microbicdlogy, Washington.
. S ' . “ ' L
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Figure 6 -~

.

N ‘Growth curves of Spirillum serpens. Cells.in complex

——,

ligquid medium were monitored in a Klett-Summerson photo-
electﬁic colorimeter (filtér 54) at_either 37°C {(x -x)

or 42°C (A-aA). At both tempe;atures, the genefétion

time was estimated to be sixty to sixty-five minutes.

Cell numbers (O -0 ) were deierminég using a Coulter
counter for the cuiturehgrowing at 37°C to provide a
. : <y . A

'correspoﬁdance between turbidity measurements and numbher .

of bacteria.:

et




- .
BN Tl e, e e e s SN il n Lt e g i 3

AR * - - \
° L
.Y >
- . .
. > 3 ,!: . v,,;
L}
L]
, . -
: FIGMRE 6;
-
’

¥

&

c e

T7T

‘I g T 170
KLETT,, READING

T
N
(e

. . - L o | ‘
1 Voo ¥ DL LN L) . .
60 . 90 120 150 80 . 210

.S‘

o TIME (minutes).
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Fiqgure 7

A new born cell 6f Spirillum serpens; showipg'tufts of

" flagella splayed from both polar regions of.the cell.

b

Negatively stained with 1% phosphotungstic acid. Ang“

eguals. 1 um.
( q

Figure 8-

a. Flagellar filaments (F) isolated by shearing ceélls of

Spirillum serpens in é blender, .focllowed by differential ~
cent}ifu?atibns. The preparatién is fféé'bf’ﬁembrane‘ : . .
contamination. Sligh#lx curved hooks (H)'aré'found

attached ‘to long or to short.flagella,'dependiﬁé-upon

the point of shearing. -Negatively stained with 1%

f

phosphotungstic’'acid. Bar equals 0.5 um.

b. Flagella were dissociated into'hon§mers of flagellin .
by heating (60°C, twenty minutes). Na'bodso4 electro-

phoresis demonstrates that this protein is a single
molecular weight species of. 45,000 daltons (well 1),
. ' . . : . s N

migrating slightly béhiﬁd ovalbumin of 43,000 aaltoqs
(well 2).

b2
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Figure 9

k4

Fluorescence microscopy of flagella from Spirillum ser?ens.

a, b. Gamma globulin to flagella was coupled to fluores-
cein, and reacted with whole cells. Fluorescence
of thq‘conjugate indicates specificity of the anti-

body preparation for flagella..

c.' Cells were pre-treated with gamma globulin and then .

e,
pR

reacted with the ffuoresceih conjugate. No label-

ling of the flagella is observed. -

d. ' Sp. serpens reacted with fluorescein alone demon-
strated_ non-specific partitioning of dyé into the

. cell envelope; again, no flagella are labelled.

-






b ‘ .

°Intact basal organglle, hook (H), and filament (F) from

<

Spifillum serpens. ‘The basal érganelle is composed of.four

o

rings: ‘L, P,‘S, and M (nomenclature of DePamphLlis'and

Adler, 1971b). A réd (R) connects the upper pair.of rings

-

[~

to the lower pair.of.rings, and alsp emergés from the basal

¢

I

organelle to joiqmshé hook. Negatively stained with 1%

phosphotungstic acid. Bar eguals 160 nm.
. o o : = .

.
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v

The hook region (H) of thélflagellum inserting into ring-

o] B . .
like structures which form a plate (CMR's) lateral «o. the
- I3 =

basal organelle.. Lysed fragments of the cell envelope were

negat}vély stained with 1% ammonium molybdate. Bar equals

200 nm. ' : :
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High magnification of membrane rings (CMR's) obtained as’

Triton X-160 resistant material following,spheroplasting.
’ - s . .
Freehand drawings serve to interpret the micrographs, .

<

s P R . . L
showing sefjuestering of negative stain (1% ammonium

molybdate) by these structures. A maximum of seven rihgs

[4
e

-concentric to a ceritral hole (12 nmﬁuforms a plate of
diameter 90 nm. "An electron-translucent collar is located

lateral to the central hoig. Bar. equals 50 nm. .
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Figure 15
o

A compoOsite plate of cdnceﬁtric memb;ane.rings‘from four
different preparations.’ Constancy and uniformity of
structure are demonstrated: each ring of the array is.
discretely spiped frem its adjacent ring; the central hole
into which stain collects is 12 nm in diameter and is
surréunded by a collar in all instancesr .NegativélyA
stained with 1% phosphotungstic acid (a) or 1% ammonium

moledape (b, ¢, d). Bar indicates 50 nm.
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Figufe 16

L
Thip section of a spheroplast_ef Sp. sergens.‘ The:outer
membrane (OM) has peeled away “from underlying cytoplasnic

- membrane (CM), léaving vesicles (V) oh its lower surface.
Lesions (L) in outer.membrane are indicatéd hy diséontin—
uity. .The cytoplasm is still deﬁsely packed with ribosomég

(R) and condensed nucleoid.(N). Fixétion: 2% glutaralde-

7S hyde, followed by post-fixation with 1% 0s0O, and 1% uranyl

4

‘ \> acetate. Embedding was in Epon 812. Bar equals 0.5 um.

P
-
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- Figures 17 and 18

< ’

5
<

Lysis of spheroplasts of Sp. serpens by osmotié shock - . : '

of outer membrane (OM) sur-
"7': - . -

rounding 'inner membrane, and does not produce small size
A

maintains the orientat#on.

vesicles; Cytoplasmic membrane re-seals itself into
smaller vesicles (CMV) as shown both by thin sections a
(Figure 17) and by negative staining with 1% ammonium .

moldeate (Figure 18). 'Bar equals 0.5.um.
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g Figure 19 R o

&

N ° ©
- = o ‘ L.

4

Spheroplasts ‘lysed by sonic @gf:illation, vielding a "tQ‘tal
memgrca’me's" preparation. Outer membrane (OM) displays a
"pitted" appearance4 by negatjfve stai'ning (1% an{‘monium
molybdate) whereas cytoplasmic membrane (CM) is densely.
packed with granular materiél on its surface. ﬁar igéicatgs

Q
0.5 um. . : » .
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Figure

2
2
o
o
o s . - o
.

N B ? o - . o P, R °
., Elution profileofolloﬁing sucrose density .gradient centri-

P

1fu§@tion ofvgotél'mémbranes preparation. The buoyant °
den§iiy of membranes in Sucrose is shown in am/ml by tge
. v o *

©

PR

ke ° o 4 '

. 280 nm (O-06). Enzymatic aésays of individual f

¢ °

»‘diagonal line}’ The efgluent was scanned forlabso§baﬁée at

~were carried out as.degcribed ih the text: d-LDH (&

o £ o N .

and SDH (® --®@). Two peaks of @embrénég were identified:.
) . W B 9 N
. ¥

°
4

cytopla;m;c membrane (p = 1.17) and-outer:membrane *(p =‘f.2§);
o« : ° ’ ° °
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. . Figure 22°

Thin- section of outer membrane vesicles of Sp. serpens.
. a

The collaﬁsed spherés are devoid of cytoplasmic contents,

and exhibit a "double track" membrane profile (arrbw).

Fixation: 2% glutaraldehyde in 0.10 M sodium cacodylatel

" buffer, pPH 7.8; post—fixatipn in 1% OsO4 in éacodylate -
buffef, and 0.5% uranyl acetate. Embedding was- in Epon

..812. Bar equals 200 nm.“ ’ . , - '
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Figure 23 R oy

Freeze etching. of outer membrane vesicles in the presence

of glycerol as cryoprotectant. The membrdnes‘gppear as

«
”

-closed spheres which have been crossed gleaved to reveal

unit membrane structure (arrow). Bar equals 200 nm.
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. Figuré“24

Freeze etching of ocuter membrane vesicles with:glycerol for
cryoprotécfant. Fracture faces Of membrane vesicles demon-
sﬁraée granulag particles 66 the convex surface (a, b) but

spérge particle distribution on the concave cell wall lgyer
d,'e).

o .
(c, In the absence of glycerol, the outer pitted

surfaée of outer membrane is revealed (f). Direction of

shadowing with platinum and carbon is indicated by the

arrow. Bar indicates 200 nm for all micrographs.
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Figure 25 N

<
> ’
o

Negatively stained preparation (1% phosphotungstic acid)

of cytoplasmic membranes harvested from the light region

°

of the sucrose gradient (p = 1.17). Membranes ‘are

<

irreqular flat sheets, not discretely collapsed spheres

+as shown in Figure 21. Bar equals 200 nm.
o 4-. 4 +
. p)
Figure 26 ,

2 ; s \... !

Thin section Qf cytoplasmic membranes, showing vesicles

o

. * within vesicles. Fixation: 2% glutaraldehyde in 0.10 M
sodium cacodylate, pH 7.8; post-fixation in 1% OSO4~4n o
tacodylate buffer, and 0.5% uranyl acetate.  Fmbedding

was Fpon 812. Bar'eguals 200 nm. o
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Figure 27 ) »

. oo o .
ag ¢

Spheroplasts of Sp. serpens lysed by 1% Triton X-100. The

. outer membrane (OM) is resistant to morphological dissolu-

tion by this qpn—ionic detergent, and is shown as lamellae

<

~of vegicles.’ Cytoplésmiqamembrane (CM)} has aagregated into

elumps. Concentric membrane rings (CMR's)vare observed

N
2

.Superimposed on byger membrane. Negatively stained with

- 1% ammpniuﬁ molybdate. Bar equals 200 nm. - : . .
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~ Lo . e ‘ )
A series of electron micrographs showihg‘outer membrane . ~ ¢
ve31cles with conCentrlc membrane rings (CMR s) after ) ‘s
ot
dlgestlon with Myxobaéter AL-1 protease. : L e . )
E "'.~ o o ’ Ve .
a. Some CMR s appear acqentuated on the vesicle after - o
L4 ~
~f1fteen mlnuteﬂdlgestlon.* A ' o . ; )
R i’ A . X ) s * ) N . /‘
° ’ ® v v‘ " . ’ ? : " ‘
b. brplonged incubation bf vesicles for seventy-fibe . o . .
. o B ' . ‘ : ¢ , rv . ] . ‘ ] i "
minutes completely digests’ the concentric rings, but Lo
c . e e . ) ]
. + .. the‘electron translucent collar (C) is not susceptible '
7 * . to proteolysis.: . ., v : ) : \
‘59‘ o N ’ .a‘ \3 Lo ? 5 .
‘ fé. nggregatlon of° the collar remnants 1nd1cates p0551b1e LA )
" 3
redlstrlbutlon of these structures*over the surface of
J " the vesicle. s . . ": IR C o o -
O . ) . : “e‘ :' o ”' ‘ . ) . . s
-} 7 ° "‘u A ‘ . : R L 0 ;-. a . ) . . . L.
Negatively stained with 1% ammonium molybdate. "Bar gquals | I
. 2,00 nm' ‘ # . 'v ‘A' i - . D't . h""‘, ‘ '- - . ) ‘c,. :,A; o : .
. ; .. “,‘“ i e “ 9 * s to, £ ' - s




R T~




4
g e
Q 9
. ° ® o .
°
c [ “ e a
L €
58 " :
. ) . .
o, 7
<]
o U
o o . P )
>
o
- . l{ ¢ <
N3 % . iy L4
. — ,
. 3 Q
Q o <
- < <
.
: 2. s 0 !
i ° 3 <
. ] ~
>
3
[ . ® ¢
° 2 o
) ¢
- a s N f
- i -
. :
.
Y o
o0 . . - 4]
. N v o
R . . I
igure 29 ,
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Tfeatment of outer memprane vesicles af -Sp. sergens:w1th 9..

o

. phospholipase~-C. CMR's are not digested by such Erea;meﬁt,

° - N .- 4 R . [}
'but lose the integrity of the rings, and seem to be in °
. relief on the vesicle surface. Stained with ammonium ‘
) molybdate (1%). Bar equals 200 nm. - o . .
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' Figure 30 : .

Sodium dodecyl sulphate (1%) severely disrupts.the vesicu-

lar morphology ©f outer membranes, giving rise to amorphous

+

material. CMR's are no. l'onger reéognizable foilowing such .

-
-

treatment. Stained with 1% ammonium molybdate. Bar equals‘°

200 nm. o ' o :
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Figure 31

b

Non-ionic detergent (Brij—58), when added to membranes at
. .—a concentration of 2%, caused the vesicles to reseal into

smaller diameter spheres, and no CMR's were recovered.

. } v .
s Negatively stained with- 1% ammonium molybdate. Bar equals

.
~
1

200 nm.
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Figure 32

Dialysis of outer membranes against 5.0 mM EDTA, pH 7.5,
usually left CMR's overlying the vesicles (Figure a).

In some instances, this treatment was effiective in remdvina

¢

the structures from the membrane (Figures b, c), allowipg

them to float free in suspension. Negatively stained with

1% ammonium molybdate. Bar equals 200 nm. .

S
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‘Figure 33
. NaDodSO4—poly§crylamide gel electrophoresis of outer . e
. . . N . ‘ E N
membrane proteins. S$p. serpens was labelled with 3hi- o "
Y o : °
0 aspartic acid at 42°C or with 14C-—aspartic acid for 30°C : . ¢
grown cells. Out?r membranes were prepared frome.pooled -

<

cell cultures. Solubilizafion ‘conditions to liberate

. membrane proteins: .1% NaDodSO; + 1% ﬁ~mercaptqe?haﬁol, e
70°C, thirty minutes.” Dire;tion of e%ectréghoresis is
from left to .right.. The gel was sliced inte 1}9 x 1 mm . ’
°§e%tionsland counted for 3

14C ‘

- . ° oy

H ;nd
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: b
> .
3 * . , ‘Figure 34 »
. 2 . : N\
'Nai)odSO4-po'-lyat:rylamide gel electrophoresis of outer
membrane p‘rotei‘ns; Same preparation and electrophoresis
8 . .
conditions ‘as‘ in Figure 33, except that solubilization of
membranes employed 1% NaDodSO, + 1% 8-mercaptoethanol,
© 100°é};f;t'hree minutes. Proteins between fractions 20 and
“ 60 appear to be heat-labile by. comparison with the 70°C,
. .
thirty minute treatment (Figure ,33). pu
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P - Figure 35 Coo e
[} . .

- > 3

P . . - o -
[ .

NaDodSO4-poiyaerylamide qel.electrophoresis.of-éuter Co
;~membraﬁe‘proﬁeins.~ Iﬁ>lieu‘6f“slicing end cpunting‘fox ‘ ‘ :

14 ‘ e

rad10act1v1ty, the H:and C-aspartate labelled membrane

a

°prq;e1ns were stalnedaW1th Cooma551e brilllant blue. .o

B P 4 . ) ‘e T ! < " YN @ >
. re - M uo - ® . - . K
. . : °
. 3 , LN - “u
. . B
. . ° o p N 2

'a,: Membranes solublllzed w1th l% RaDodSO 18 - o .“ o .
) 'B—mercaptoethanoi 70¢C thlrty mlnutes. CL “ o

LP e
. . ¢ - .
o~ . . " - .

. . R \

b, Membranes solubllized mth 1% NaDodSO F1g e e

B mercaptoethanol 10Q°C, three‘mlnutesu ‘ ‘ﬁt‘
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Figure 36

Schqmatlc representatlon of the crossedglmmunoelectro- e

phoresis patterns obtained by using protelns solubilized

- from outer membrane vesicles of §§ serpens as antlgens, T e

" and reactlng ‘them against gamma:'globulins raised to

membrane ve51cles derived from 30° C grown cells.,
. A An outer membranes.suspension was clarlfled by 1ncuba—
tion in'1% NaDodSO4 + 1% B-mercaptoethancl, 70Q°C,
thirty minutes. - The pPreparatiomr was then dialyzed ! .
against barbitalFHCl.buffer, I=0.02, pH 8.6, contain- e
ing 0.1% Triton X-100, and applied td the antigen well.
The second dimension gel contained 1030 ug gamma -
-globulin protein in 50 pl, =~ e -

B.. Same preparation and sblubilization conditions as A,
. but without dialysis against barbital-Triton X-100
buffer. A decreased amount of immunoglobulins. (412 ug : \
in 20 ul) yielded a higher peak helght of the ma]or
preclpltln as compared to its height in A.,

C. ‘Treatment of outer membranes with 4% Triton X-100
(R.P.I.) was followed by centrifugation of the sample
‘ to give a white residue and a clear supernatant. . The
\ latter was decanted and used directly as antigen-
sample; the antiserum contgined 1030 ug proteln.
. Desggte prolonged electrophoresis in the fir'st dimen-
sion- (mordxthan three hours), it was not p0551b1e ‘to
51gn1f1cantly dlsplace the antigens from the orlgln

D. Dodecyl trlmethyl ammonium bromide (DTAB) was added ‘to
outer membranes to a final concentratlon-of 250 .mM,
. After incubation at 37°C for sixty minutes, the prepa-
ration was dialyzed against -barbital-Triton X-100
buffer, and the recovered sample transferred to the ~ .
= CIE slide. The gamma globulin incorporated into the
second dimension contained 1030 ug protein.

-

. E. .Total membranes were prepared as described in. the - . Ve
4 text, incubated with 4% Triton X-100 (R.P.I.) for’
e . - eight hours at 37°C., The sample was centrlfuged to -
yield a vesicle-fre®e supernatant, and this’ super- '
natant then constituted the antigen preparation.
“ 412 ug gamma globulins were used for immunoprec1p1—
tatlon.-’ : o
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Co ,“ Figure 37

- o

Polyacrylamide gel eleétrophonesis.of outer membrane pro-

»

‘teins from Sp. sergens.o A small sample oflmeméranes°(20 ui
containing }15 Hg protein#) was, incubated with 5 ul of a
concentrgted solution df NaDodSO4 and B-mercaptoethanpol,
yieldiqg three differept final concentratioﬁs; two tehpera—

tures were used for the solubilization. After this treat-

©

ment, 10 ul of glycerol was added, the Samplés were applied

to the-wells of the 7.5% acrylamidgnslab gef containing
. “ . '
0.1% NaDodSOA, and electrophoresis was carried out as

described in Materials and Methods. = The staining reagent

. | . . . '
for proteins was Coomassie brilliant blue. .

2

Well-l 0.1% NaDodSO,

sixteen hours . : . ~

+ 0.1% B—mercqptbethanol; 37°C,

Well 2 0.1% NaDodSO4 + 0.1%'Bimercaptoethanol; 70&b,

thirty minutes
+ 0.5% ﬁhmefcaptoethanol;ﬁ37°b,

3

‘ﬁél‘l 3 0.5% NaDodso,
o éixteen hours
Welg\z 0.;% NaDoqsb4 + 0.5% B—ﬁgrcaptoethanol;'76°c,
| thirty minutes ° .
Well 5. 1.0% NaD.OdS(‘)4‘ + 1‘.0%»B-merc-apto'etha'mol: 37°c,
| sixteen hours. - ;: oo |

Well 6' l.O%lNai)pdSO4 + 1:05_B;mercaptoethgnbl;f7000,

thirtquinutés | - ° |

-
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Figure 38

]
-

Méximum’release of proteins- from outer membrane vesicles,
employing 1% NaDodsO, + 1% B-mercaptoethanol at’ 100°C for

three minutes. Outer membranes (20 ul containing ‘100 wug

protein) were imcubated with the above detergent, and

applied directly to the well Gf’ the PAGE slab gel.’ A total

of twenty-three protein stainind bands could be cohnted by

visual inspection, although .they do notﬂall'appear~upon

+

photographigc ﬂ%production. ' T \ .
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‘Figure 39.

¢

Autoradiogram of 355-methionine‘iabellea outer membrane

-proteins of 8p. serpens. Two cultures, one of cells grown

Y

at 30°C-and the other of cells_grown at 42°C, were sepa-

rately labelled with radioactive methionine. Outer mem- .
» i - -

branes from each were brepared, and were solubilized in
1% NeDodSO4 +;1% H—mercapgeethanpl, 100°C, three minutes,
‘Electrophoresis was in 7.5% acrylamide. Qtandards
.included lysozyme (14K), ovalbumin‘(43k)h R-galactosidase

(130k).

¢ .

ﬁelloA. Outer membrane protelns, 30°C)qrown collq
Well B. Outer membrane protelns, 42°C grown cells
, - B s :
Four bands are distinctly absent at the hlgher temperature
" but appear in the spectruh of 30°C membrane protelns, they
are labelled >200k, 72k, 54k, and 46k. The major .outer

{ ﬁembranevprotein‘(MP) has an estimated molecular weight of

- 13

38,000 daltons.
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Figure 4
Reaction of ferritin-gamma globulin conjugate with outer . )
membrane vesicles displaying CMR's. The g;;mma globulin -
- specificity was directed against 72k protei )
cores are superimposed on CMR's. Labelling, of othe? areas
A . ‘ 2 - T ¢
of the vesicle is minimal, as is background labelling.’
- Negatively stained with l%{ammonium moldybdate. Bar equals ’
200 °nm. ' ' K :
. - M 0 2 ~
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) mgiybgatq._ Bar equals 200 nm.

Figure 41

. Reaction: of ferrltln gamma globulln vs 46k* proteln with

ou er membrane ve51cles from Sp. sprpens.

¢

Figure 42 ' ‘ o -

Reaction of ferrditin-gamma globulin' ys 54k protein with

outer membrane vesicles from §E- sereens:

. aFigpre'43_'”'g

LR S b . °
‘ R ’
- 4,

Reactlon of ferrltln gamma globulin vs >20Qk proteln with

El 0

t e

'outer membrane ve51c1es from gg : erEenSa °

. o

<

'For AIl’of the above threenredctions, ferritin does not

appear aggregated in the ‘area of CMR S. The spec1f1c1ty of

the coupled antlsera is therefore not dlrected agaanst 46k,

54k, or. >200k proteln.“ Negatlvely sta;ned w1th 1% ammonlum

-

-

.. £ . . s | . h
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7" Murein .sacculus of Spirillum. ; )
. - - N . ‘ ’ . o -
: . ca. The glant bag~shaped macromoleculg is dewvoid of
» ) &~
3 s
. adhering’ membranes; some poly-& hydroxy butyrate
f, -
N i granules (G) are- trapped within. The sacculus has
. ‘fcollapsed and become;pleated at the pole. ‘Stain-
3
. contalnlng holes axe found only. at the tip, and are
- . -"A o . X
. absent from the lateral walls. Stalned with 4%.
. D phosphotungstlc acid. Bar equals 0 5 um. o -
1 I s . . - . . s / 4 ,
- ‘ . = \
¢ b, Hagher magnlflcatlon of the. polar cap of lerlll
- o dlsplaylnq perforatlons (P dlameter = li nm) in the L
}
, ':mureln sacculus, through whléh flaqella once emerged
. A "halo" (H; dLameter - 35 nm) sufrouqu‘each pit.
~.° ' Bar equals 200 nm. - e
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Figure 45

-
&

Autolyzed'§piriilum sérpens. Cytoplasmic membrane (CM)

. ™

“ c ! ' :
has retracted from the cell wall layers (CW) and has
. .

rounded up to form an interior vesicle. fiagellar hooks
(ﬁ) project fxom the,ceil sufface, éach displaying a V-

\shaped distal-tip (V). *A rigid zone is conferred by con- )

'

.centrlc membrane rings (CMR' s) 1n.the plane of wall lateral
| L the 1nsert10n of .each hook. The upper palr of rlngs‘
(L, P) are shown 1nser£1ng into the wall layers, but tHe

’orlentatlon of the lowér pair of rlngé (S M) within the
cytoplasmlc membrane is unclear. Negatlvely Stalped‘w;thi

2

-1%-ammon;um.molybdate.‘ Bar equals 200 nm. -

-
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. . : Figure-46

v

Freeze etching of spheroplasts of Spirillum serpens.

Retraction of the outer membrane (OM) confirms that the

. \ K. .

- levél of fracture is ?hrbugh cyﬁdplasmic membrane (CM), .y
. - ' o - ‘
Y A

\ e o g ) .
a: ._Convex cytoplasmic membrane, with densely packed

-

granule distribution. ~ o ' L.

g - ) . . ' R T

+

b. Concave cytoplasmic membrane, showing distribution
b of particles on this face. -
: : ~ ,(
« " - . . ' : ' ‘\. : P A A
, ) ) 4 N L. @ . ) Ce . - .
' . . ) . -~ ‘D ’ . ~ « - ' '
\ These micrographs.assist in the identification of the .
: : > - - ' “ ‘ .- ’ . - -
d ‘ N N ] : - SN ) Cy 1} ) 1 T ' \\
‘ fractures in Figure 47. Arrows indicate direction ©f o
shadowing, .Bar equals 0.5 um. R T
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_Figure 47

9

a N

Freeze etchy of Spirillum, deﬁohstrating"convex cy to-

plasmic membrane fractures at the polar tip of these "

.cells. Numerous depressioﬁs are readily apparent on these
. 2 . ~ ‘ ‘

- N LT - _.. . N . +

~surface§, and their diameter {23 nm) is sgff101ent.to

accommodate. one of ﬁhe membrane rinds of ‘the basal 6rgan-

e

elle.. A "plug" (diameter 10 nm)- is found in the centre of

each depressién; {ts dimension correlates Qell with the
N - - N ¢ ) N ,
organelle as derived by

-

diameter of the rod of the basal
negative.étéining. Arrows indicéte di:eétibh of shadowing,

\

Bar égualé 0.5 um.
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Figure 48

- ~
Thin section through the polar caé’of Spirillum volutans.

£ach flage!lum:YF) emerges individually through. the cgll\
énvéﬁope'la?ers: outer membrane {(OM), mucopeptide (MP),

‘ A | _ . 4 . -
and cytoplasmic membrane (CM). Polar membrane M) is.

. ’

also shown. Additional electron density is pronounced in

v

5

two areas: . °° o P oo ¥
R

(i) in'the’plane of section through thé basal complex (BC):;

the individual rings camnot beé resolved;
(ii) immediately beneaﬁh the_cytoplasmié membrane, as a

-

. bulBous protuberance (B). ‘ .

¢

e

Fixation: RyterJKellenberger (1958) ." ‘Bar équag§ 0.5 um.
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o ; - Figure 49

'\
F)

K generalized anatomical model .of cell envelope associations

of bacterial flagella. Structural features derived from the
. . . . ' v

study of Spirillum serpens have been incorporated into .the

‘diagram, and are .based upon the information summarized in
. -9 ‘ ’ -
the Discussion. The nomenclature for each of the four’

rings (L, P, S,.and M) is that of DePamphilis and Adler
(1971bJ). | Concentric membrane rihgs (CMR's) are oriented ’
on the outer memBrane/(OM). The positions of each ring

rg&ptive to outer membfane,'mucopeptide %MP), ahd cyto-

pfasmic membrane - (CM) of the'Grambnegat;Le cell envelope

. T 2 e .‘” B (
are also displayed. L - /
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