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‘paracrystalline arrays\}ﬁg:eﬁent the outermost layers of

’ : " ABSTRACT

N\
arly-structured (RS) arrays of protein or .

glygoprotein bunits have been detected on the surface of

a wide variety ogSEuQE?teria and archaebacteria. Thesa

- 4

the Bactérial cell envelope and form a highly-orgahize
barrier at the external interface with ﬁhe enyironmént.
They have provided gxcéllent models for tﬁe.study of _
macromolecular arrangement and assdmbl}.

The regula;ly—strhctured surface array of the

Gram-negative bacterivum, Aguaspirillum se¥bens MW5, was

-examined in this study. The surface array of this organism

o

consiéis of two layers of hexagonally—érfanged subunit%
which, together, préducé a complex ;nd linea# surface
p;ttern. The comp;nénts of the structure re isclated and
identified as proteins and the biéchemical and in vitro
assembiy properties‘of these proteins'were examined .,

The array was removed f;ﬁm cell envelopes and

dissociated by treatment with 6 M urea, 1.5 M guanidine

~hydrochloride, or 20 mM lithium 3,5-diiodosalicylate. The

éurface components reaS§embled (provided that Calt or srit
was,preSQnt)'onto the outer membrane surface from which

they were removed and onto the outer membranes of a mutant

of strain MW5 which had lost its surface array. The

S




components also reassembled onto thé outer membranaes of

S

other strains of A. se€rpens (VHL aﬁd 12638, the type

strain) but not onto the outer membranes, of Escherichia

-

coli or Pseudomonas aeruginosa. The‘isolated surface

components self-assembled in:vitro (again,‘requ}ring Cact
. or Sr2t) into planar sheets which possessed the linear
patterﬁ characteristic oF the intact cell surface. Image

-analysis of these sheets showed that they wete Highly

- o -
similar to the in wvivo structure.:

'S

The twe layers were remoyed séqueﬁfially from cell
envelobes by a two stepﬂextraétion prpcedure involving -
initial treatment with pH 10.3 buffer to remove the
outermost surface layer and subsequent treatment with 6 M
ufea to remove the innermost layer. Analysis by sodium
dodecyl sulfate—polyacrylaﬁide gel electrophorésis
(SDS-PAGE) showed that the guter and ifnner layers of the
arr;y were composed of ¥wo proteins with molecular weights

~"of 125,000 (125K) and 150,000 (150K), respectively.
‘ The two layérs assembled.éequentially; ﬁhe 150K
pfotein formed an érray, either alone by self-assembly, or
on an outer membrane surface, and €he lQSKnpro;eih required
. that array as a template for its ig vitro assembly.

v

Negative stainiﬁg—electroﬁ microscopy of the 150K

protein extract, éhowed that it contained circular,

doughnut-shaped units (11.5-12.0 nm in diameter) which were

14
b

iv
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" proteins shpwed them to be similar to each other and to

similar in size a;d m?{3h6iogy to the units which comprise
the inner, hexagonally-arranged sﬁrgace layer. ~?he
isolated units were dissociated byfﬁeating in 1% SDS at
100C. SDS-PAGE of the intact units showed them to have an
apparent molecular weigh; of 420,00Q. Thi; sﬁggésted that
each unit was a trimer, consiéting of three 150K monomers.
The 150K protein, therefore, can bé isolated both as an
oligomér and as an %ntact unit. In contrast, the 125K
protein was always isolated in its monomeric form. The

assembly of these layers, therefore, involves two steps:
1] ° .

The assembly of monomers to form intact units (oligomers)

- and the assembly of the units into a hexagonal eray. The

latter was identified$as the calcium-dependent step. The
conditions required for the in vitro assembly of monomers
to oligomers were not determined.

.

The amino acid compositions of the two surface array

that of the RS protein from a related strain, A. serpens
VHA. They also demonstrated a numberypf properties in{
common with other bacterial RS proteins‘including a high
propartion of acidic ;nd‘hydrophobic residues. fhe aqiaic
naéure of the préteins was confirmed by their low

iscelectric point {4.7). Carbohydrate was not detected./

The interaction of the RS proteins with calcium was

investigated. Calcium was: required for the jin vitro



>

assembly of the proteins and for the retenti&n of the
' array on the cell surface ddring growth. Afhe 150K and'1?5K
proteins behaved as calcium-binding prot;ins_in a |
'épgctrophoiometric assay‘for calciu& using the éhromogenic
agent, cresolphthalein compleione. Thé electrophoretic
mobility of thé‘two prote;né in SDS-polyacrylapide gels
_increas;d~in the presence of calcium. |

) Degradation of the two proteihs was observed during
their isolation from cell envelopes.; This degra@ptioﬁ
interfered witﬁ»the attempted purification of the proteins
by gel chromatography and protein precip;tatiop methods.
&he proteolytic degradation of the 125K protein was, "
minimized By including certain anti-proteolytic agents
(dithiothreitol, L-cysfeine hydrqchloride, N-tosyl-L-lysine
chloromethyl ketone ([TLCK], N-tosylphenylalanine .
chlorqmethyl ketone jTPéK], p—chloromercuriéhenylsulfonic
acid [PCMBS]; or aprotinin) during the isolation procedure.
Dggradation of both RS proteins increased in the presencé
of EGTA but could be partially inhibited by TPCK.

The relatedness of the two RS proteins of strain MW5

was examined as well as their relgtedness to théiﬁs protein
of a closely-related st;ain, A. serrvens VHA. Antigenic

cross-reactivity between the surface array proteins was

detected using the Western blotting method. IgG specific

® s N ‘vi
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for the 150K RS protein of-strain MW5, however, did not

bind to the 125K protein and reacted only slightly with the

140K VBA RS protein. Crude antisera specific for the 150K

.'proteiﬁ cross-reacted slightly, however, with the 125K RS

p ] .
protein. Peptide mapping of the,three proteins showed

that, while all shared a certain

differehces were alsb apparent.

core of sequences,’

The 150K and 125K proteins

of strain’MWB éere more similar to eggh other than werelk

E

either to the RS protein of strain VHA. The sequente

differences detected support the

assembly differences between the

observed biocheﬁicql and

.

RS proteins of strain MW5.

The regularly-structured surface array of A. serpegg -

MW5 proyides an excellent model for bhe assembly of a

~

compleg macromolecular structure.

vitro assembly properties of the
examined in this study, provides

‘study of ‘the in vivo assembly of

vii

N
The biochemical and in -

component= of this array,

a basis for the

the structure.
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CHAPTER 1

6 . IN TION

In 1953, Houwink described a '"'macromolecular monolayer"”
on the surface of shadowed ceils of a Spirillum species.-
Th9 monolaye£ had a definite periodicity with its.unit;
arranged in a hexagonal pattern over the cell surface.
Salton and Williams (1954) then detected a similar hexagonal
pattern on the surface of Bhggggpigil;gm rubrum while Labaé
and Mosle; (1854) described é tetragonal ar?angement of -
units oﬂ the surface of an unidentified Gram-positive
bacteri&m. In the thirty-three years which'have passed
since these initial ;eports, regularly-structured (RS)
layers of protein have Been detected on the surfaces of
members of over fifty-five bacterial genera including
representatives of every morphology, physiology and habitat
({reviewed in Sleytr and Messner, 1883).

RS layers (or arrays) are thermodynamic assemblies of.
SAentical protein or glycoproiein subunits which interact
non~covalently with one anothef and wiéh underlying cell
-wall layers. 'They are self-assembly systems in ;hich all of
the information required for their polymerization inte
regular arrays lies within each subunit through their
inherent bonding capacities. This, combined with their

paracrystalline regularity of fine structuré, makes them

1




\ 2

excellent models for the study of macromolecular assembly
and arréngement. Within a single genus- (or even speciess
great differences in the morphology and biochemistry of the
arrays can be demonstrated (Buckmire, 1970; Hollaus and
Sleytr, 1972; Lapchine, 1979; fMessner ot al., 1984; Word et
al., 1983). The RS layers of several members of the genus
Acuaspirillum have been examined and provide examples of
protein a{;ays of varying complexities (Murray, 1965;
Buckmire, 1970; Buckmire and Murray, 1970, 1973, 1976;
Beveridge and Murray, 1974, 1975, 1976a,b,c; Koval and
Burray, 1981, 1983, 1984, 1985). Recently, the sﬁructure of

the double-layered surface array of A. serpens MW5 Has been
examinpd (Stewart And Murray, 1982) and has provided a#
opportunity to study the assembly and biochemistry of a
complex surface structure. ‘

This introduction will‘be pursﬁed in four sectioné. The
first réviews the archit®cture and biochemistry of the
bacterial cell envelope with emphasis on the Grgm—negative
cell envelope and the biochemistry of the Aguaspirillum
serpens gell wall. The structures that are discussed En
this thesis are intimately associated with the ceil wall.
Consequently, much of the work involyed in isolating RS
layef proteins agh in determining the nature of their
assembly and association wrtéfcomponents of underlying wall
layers has required an understanding of the structure and

properties of the latter. There is extensive literature pn

this subject and it is necessary to review current
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understanding to put this sfudy into perspective. The

second section of this introduction describes the properties
; Jes

* ra

A}

ﬁbf surface arrays in general while the third outlines

-

c%rreng khqwledge of the RS layer of Aquaspirillum serpens
MWS5. Finally, the goals of this study are)outlined.
) . !
1.1. Architecture of the terial Ce nvelo .
The division of bacteria intoc twd major groups on the.

basis of how they stain with the Gram reaction (Gram, 1884) .

has remained the primary step in the taxonomic
~ y ‘
classification of bacteria. Early electron microscopic
studies demonstrated clear structural differences between
Gram-positive and Gram-negative bacteria- .
Thin sections of fixed and embedded Gram-positive
eubacteria revealed cell wall profiles of relatively simple

-

arganization. The cell wall of Bacillus Qﬁ;gg; appeared to

-

.consist oﬁly of a thick, densely-staining, mucopeptide layer 7
(Chapman and Hillier, 1953). A distinct piasma membrane *
could not be detected in these early electron micrographs .
{Chapman and Hill%er, 1953). The introduction of improved
methods for the fixation, staining, and embgdding of

specimens led, however, “to the_clear_demonstfatﬁon of a
7.5-8.0 nm doublg-track cytoplasmic membrane in a variety of
bacteria (Muarray, 1957; Kellenbérg;r and Ryter, 1958; Van

-

Iterson, 1961).

Even the earliest of studies demonstratéd the cell

walls of Gram-negative bacteria to be multi-layered

-




structure in Gram-positive bacteria. Inittal .examination of

)

compfexes in contrast to the relative simplicity of

thin sections of embedded Escherichia coli cellé\revealed a
AN

7.0-8.0 nm double-track plasma membrane and a tfigie:}ayered ///f“\\\

.~ —_—

——

wall (Kellenberger and Ryter1,19583. 'One 6f\the components

of this triple—layeré&jyall was a second double—track

membrane which was termed the outer memB;Zne since it
comprised the outermost layer of the complex envelope
(Bircthndersen et al., 1953). - With advances in fixation
(Kellenberger and Ryter, lQ58) and staining techniques
(Zobel and Beer, 1965), bame'the demonstration of a 2.0-3.0
nm murein, or peptidoglycan, layer aligned between the two

membranes (De Petris, 1965,1967; Murray et al, 1965); an

organization which has been termqp "trilaminar”. Similar

cell ehvelope profiles have since been demonstrated in -a

number of Gram-negative bacteria (Glauert and Thornley,
1969)
Many bacteria have been shown to possess cell envelopes

of even greater complexity with additional layers found

\°

external to the peptidoéiycan layer of Gram-positive and the
outer membrane of Gram-negative eubacteria. Today it is
knowp that an enormoﬁs variety of bacteria carry capsules,
slime layers, and régularly-stfﬂﬁtured arrays of protein on
their outermost surfaces (Beveridge, 1981).

THe architecture of the bacterial cell envelope and

the spatial organization of its components has been revealed

largely through: (i) developments in electron microscopic

. -
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techniques (ie. improvements in specimen preparation and

~
~

staining); (ii) the introduction of isolation methods for
the various layers and their individual components; and
(iii) the development of various eléctron microscgpic*aided
localization techniques.

All of-these methods have contributed to our pre;ent
Vaew of the a‘tritecture‘of the cell envelope of
Gram-positive and Gram-negative eubacteria shown in Figures
1A and B. The diagraﬁs are not, however, rep;ésentative for
all baétgria.‘ Notable exceptions are found amongst the
oldest.prokaryotic lineages, }he érchaebacteria, which .
possess cell boundaries of vefy simple organizatién. The
cell envelopes® of sqmemof these orgaéisms (eg. Sulfolobus

acidocaldarius, Halobacterium cutirubrum) <consist only of a

cytoplasmic membrane and, lying external to 'this, a
regularly-structured array of glycoprotein suHﬂnits
(Stoéckenius and Rowen, 1967; Weiss, 1974) (Figure 1C).

N [ 4

1.2. Comgéngg&g of the Bacterial Cell Envelope

1.2.1 pPlasma Membrane .
The plasma membranes of Gram-positive and Gram-negative
bacteria are similar in st?ucture and composition except for
the presence of li%oteichoic acid in'the membranes of
Gram-positive bacteria (Ward, 198l1). The membrane is
7.0-8.0 nm thick and appears, in stained thin sections, as a
double-track (ie. electron.dense-light-dense) (De Petris,

]
1965, 1967), which surrounds the cytosol. The plasma
' /
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membrane is multifunctional (Salton, 1971, 1974). It

[y

possesses enzymes and other components involved in
]

respiration-and energy production, oxidative
f L3

phosphorylation, Fhe biosynthesis of wall materials, and the
active transbort of metabolites. It qiso possesses
components invélved in motility, (flagellar apparatus),
chemotaxis, photosynthesis, and nitrogen fixation.

Chemical analyses of plasma membrane isolated from both
Gram—positi;e and Gram-negative bacteria show them to
consist of lipids (mainly phosphoLipid3 and protein. The
most common phospholipids are phosphatidylglyceéol,
diphosphatidylglycerol (cardiolipin) and
phosphatidylethanolamine (Lechevalier, 1877). These
phosphollpxds /psmzafl as lyso- phosphatldylethanolamlne were

found to be present/ln cell envelopes of Aquaspirillum

serpens VHA (Che§¢er and Murray, 1975). The fatty acids bf
‘ bactergal lipids are,generglly oé the’sapurated,
’ ,mqpouﬁsatﬁ;ated, or qycloé:opane variety (Kaﬁeda, 1977) -
The types and pfoportions of these.Qary with the conditions
u;ed for the growth of the &rganism (Abel g&ﬂﬁl., 1%63;‘Mafr
and Ingraham, 1962).
- SDS-PAGE of isqlated plasma membranes indicates a wide
variety Qg proﬁeyné present in minor quantities. '
Approximately.30fﬁ0 polypeptide bands are usually resolved
in unidirectional SDS-polyacrylamide gels (Rogers et al.,
1980). The number and‘variety of proteins detected reff;cf

the multifunctional nmature of the membrane (Salton, -1974).

-
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1.2.2 Periplasmic Sﬁace

The periplasmic space is defined as the region\between
the glasma and outer membranes of the Gra&-negative cell
envelope. The periplasmic space may not be continuous since
localized adhesion sites between the plasma and outer \ ‘
membrane have Been reported (Bayer, 1968) which ma&
represent siteéxof export of newly-synthesized wall and
capsulér material (Bayer, 1979). The peptidoglycan layer of
Gram-negative bacteria is found within the periplasmic space
as are a qumber of peripherally-located proteins.of the
plasma membrane and a weaith of free proteins. Proteins
which have been identified in this region includé solute
binding-proteins (Kellermann and Szmelcman, 1880; Lo, 1879)
and a number'of hydrolyt{c enzymes (Wetzel et gl.L/lQ7O;
Curtis et ;i., 1972; Anathaswany, 1877). The periplasmié
space, thegw forms a microenvironment in the Gram-negative.
cell. The region betwéen the plasma membrane and
peptidoglycan layer of Gram-positive bacteria can'aiso be
thought of as ; periplasmic space but it is generally

regarded as less active since these bacteria tend to secrete

more enzymes (Glenn, 18976).

1.2.3 Peptidoglycan

Y

The peptidoglycan layer of bacterial c¢ell envelopes is
responsible for maintaining the shape and rigidity of the
cell (Weidel and Pelzer, 1964). It is lysozyme-sensitive;

jreatment with this enzyme causes rod-shaped cells to round:
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up and form spherical bodies (Weibull, 1953). The
peptidoglycan, or murein, layer resides within the
periplasmic space in Gram-negative bacteria and appears, in
stained thiﬂ sections of some.organisms, as a 2-3 nm
electfon—dense line. In Gram-positive bacteria the
peptidoglycan layer is much thicker (15-50 nm) and contains
a number of polymers including neutral polysaccharides,
teichoic and teichuronic acids, énd covaiently—associated
proteins (Rogers et al., 1980).

Peptidoglycan is a heteropolymer consisting of glycan
chains which are interliﬁked into a meshwork surrou;ding the
cell by cross-links formed between repeating peptide
subunits. The glycan chains are the structural backbones of
the polymer and consist of alternating B-1,4 linked
N-acetylglucosamine and N-acetylmuramic écid residues
(Jeanloz et al., 1963; Ghuysen, 1968). The tetra or
pentapeptides which cross-link these chain; are
covalently-linked to the carSoxyl group of the
N-acptylmuramic acid (Schleifer and Kandler, 1972). The
nature and extent of cross-linking varies with different
bacteria (Schleifer and Kandler, 1972). Interchain bonds
may be formed by direct linkage between the pentapeptide
substituents orsthrough short peptide bridges between them.

The peptidoglycan of Aguaspirillum serpens has been
examined and found to closely resemble that of most

Gram-negative: bacteria in terms of its amino acid and amino

sugar composition (Kolenbrander and Ensign, 1968; Martin et

-
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al., 1872). One differenle detected, however, was that the

organism’s peptidoglycan appeared to have a higher

o
-

percentage of cross-linking (54% according to Kolenbrander
-~

aﬂd'Ensign, 1968) than most other Gram-negative bacteria -

such as E. coli (30%, Takebe, 1965).

1.2.4‘ Quter Membrane

The outer membrane appears, in stained thin sections of
whole celis, as a 7-8 nm-bilayer external to the
peptidoglycan layer of Gram—negative bacteria. Analyses/of
isolated plasma and outer membrane have showﬁ that the two
are structurally and functionally different. Outer membrane
is composed of 20-25% phospholipid and 45-50% protein (Di
Rienzo et al., 1978). However, the outer membrane also

contains an unusual component, lipopolysaccharide’ (LPS),
which ig considered essential to the integrity of the
membrane (Osborn, 1968; Costerton &t al., 1974). The
phospholipid compqsition of the outer membrane closely
resembles.that of the plasma membrane except that the former
contains a much greater proportion of
phosphatidylethanolamine than does the latter (Rottem et
g;:, 1975). The phospholiéid of the outer membrane is

found primarily within the inner leaflet of the bilayer;

the lipid A component of LPS constitutes a major proportion

of the lipid of the outer leaflet (S5mit et al., 1975;

Funahara and Nikaido, 1880).

] All Gram-negative eubacteria examined ,to date contain

4




lipopolysaccharide (Osborn, 196§; Costerton et al., 1974).
LPS is an amphipathic molecule consisting of two main
components: lipid A (which is embedded in the outer leaflet

of the outer membrane) and a polysaccharide chain extending

-

outwards ‘from the surface of the cell (Luderitz et al,
1871). The polysaccharide chain itself consists of two
parts: an oiigosaccharide core (usually containing heptoses
and ketodeoxyoctanate) directly linked to the
N-acetylglucosamine of lipid A and a repeating
polysaccharide side chain. The monosacchar;de composition
and linkages of these side chains are specific for certain
b;cterial strains and represent the 'O’ antigen of
Gram-negative bacteria (Ashwell and Hickman, 1871). The
O-side chains of LPS often act as phage receptors and

. provide a basis for the serological typing of Gram-negative

organisms (Luderitz et al., 1971).

The LPS of Aquaspirillum serpens VHA has been examined

and found to contain L-glycerol-D-manncheptose, rhamnose,
glucosamine, ethanolamine, and phosphate in common with many
of the lipopolysaccharides isolated from the

Enterobacterjiaceae although 22keto-3-deoxyoctonate could not

be detected (Chester and Murray, 1975). The LFS of strain

VHA has recently been analyzed by SDS-FPAGE and has been
shown to be smooth with limited heterogeneity of the O-side
chains (D. Wiseman and S.F. Koval, personal communication).

The protein composition of the ocuter membrans of

Gram-negative bacteria is quite distinct from that of the




plasma membrane. It should be emphasized that the general
features of outer membrane proteins which are discussed here
refer,.primarily, to the enteric bacteria (notably E. coli)
and do not necessa;ily apply to all Gram-negative bacteria.

SDS-PAGE -of isolated outer membrane reveals 10-20 minor
proteins and 3-5 major proteins (Inouye, 1979). The major
proteins consist of a peripherally-located polypeptide (Tol
G or Oﬁp A) and two types of integral polypeptides (matrix
and lipoprotein).

Omp A is a surface-located major outer membrane protein
as is suggested by  its susceptibility to tryptic cleavage
(Inouye and Yee, 1972) and by its ability to act as a

receptor for bacter&ophaga (q?tta et al., 1877; Manning et
%;., 1976). It is thought to funct}on in F-pilus-mediated

conjugation (Manning et al., 1976; Manning and Reeves,

1976).

The outer membrane also contains 2-3 matrix, or
’peptidoglycan—associated, proteins. Their molecular weights
vary from between approxim;tely 30,000-40,000 depending on
the organism studied and SDS-PAGE system used (Osborn'and
Wu, 1980). These proteins are strongly associa?ed with the
peptidoglycén component of the envelope via ionic linkages.
Cell envelopes must be heated in 2% sodiﬁm dodecyl sulphate

at temperatures exceeding 60C in order to solubilize the

proteins (Rosenbusch, 1974). In some organisms (eg.

Salmonella, E. coli) the matrix proteins are seen as

hexagonally-packed particles on the peptidoglycan following

11
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5olub}lization of the outer membraﬁe by detergent treatment
(Steven, et al., 1977). Most data suggest that each
particle probably represents a trimer which forms a hollow
channel (Steven é& al., 1977; Palva and Randall, 1978;
Tokunaga et al., 1979). These hydrophilic t;ansmembrane
channels function in the passive diffus}on of nutrients and
waste éroducts across the outer membrane and, for thig
reason, have also’been termed “"porin' proteins (Nakae,
1976a,b; Luktenhaus, 1977; Nakae and Ishii, 1978).-

The lipeprotein (molecular weight,_7006) was first
described in E. ¢coli by Braun and Rehn (1969): One third of
the lipoprotein found in the outer membrane is covalently
linked to meso-diaminopimelic acid residues of the
reptidoglycan (Braun and Sieglin, 1970; Braun and Wolff,
1970). Both bound and free forms of lipoprotein are
strongly associated with the matrix protein trimer and
contribute to the integrity of the outer membrane (Di Rienzo
et al., 1978). '

The outer membrane of Gram-negative bacteria also
contains approximately 10-20 minor proteins (Inouye, 1879).
These pfoteins f?nction in the transport of essential
nutrients, vitaminé and metals but may also act as receptors
for phage and bacteriocins (Di Rienzo et al., 1978).

Few enzymes have been identified in the outer membrane.

MacGregor et al., (1979) have identified a protease in the

outer membrane of E. coli and phospholipase activity has
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also been reported’ (Bell et al., 1971).

.

1.3. Surface Errays

1.3.1 Ultrastructure

Thé contribution of electron micfoscopy to our current
knowledge of baéterial cell wall struéture cannot be
overemphasized. .Without the resolving power of the eiectron
microscope we would have no sidea that structures such as RS
layers*ev;n exist;d. The initial report of a bacterial
surface array was made in 1853 when Houwink described a

macromolecular monolayer on the surface of shadowed cells of

a Spirillum species (Houwink, 1853). The monolayer had a

definite perdo ity with units arranged in a hexagonal

the celN surface. Salton and Williams '(1954)
a Simiiar hexagonal pattern on the surface of

un rubrum while Labaw and Mosley (1954)

ntified Gram—positive bacterium. Metal
shadowing,- with or without prior freeze-etching, was also
used to demonstrate sériodic arrays .for sevesnal
Halobacterium specigs (Houwink, 1956; Mohr and Larsen, 1953;
KushnerAand Bayley, 1963). In 1963, ﬂurray demonstrated a
hexagonally-packed-array on the surface of negatively
stained cells and cell-wall preparations of Aguaspirillum

c " serpens VHA. Regularly-sftructured (RS) layers of subunits

were subsequently detected on the surfaces of various

Bacillus species (Nermut and Murray, 1967; Ellar and

. -
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Lundgren, 1967; Holt and Leadbetter, 1869), Clostridium
species (Takagi et al., 1965; H;llaus and Sleytr, 18727,
Acinetobacter sp. (Thornley and Glauert, 1968), . L

Ectothiorhodospira mobilis '(Remsen et al., 1968),
Lactobacillus species (Barker and Thorne, 1870; Kawata et

al., 1974), Chromatium (Remsen et al., 1970), Flexibacter

polymorphus (Ridgway and Lewin, 1973), Aguaspirillum sp.

A 3

(Beveridge and Murray, 1974, 1975, 1976a), Campylobacter

fetus (Winter et al., 1978),1and Pseudofionas sp. (Lapchine,

r
1979). In the thirty-three years which have passed since

Houwink’s initial discovery, patterned surface layers have
been reported for'members of over fifty-five bacterial

genera (Sleytr and Messner, 1983). - In recent yearsﬁ the

&
ultrastructure of the RS layers of Aeromonas salmonicida

I

({Kay et al., 1981), Caulobacter crecentus (Smit et al.,
1981), Bacillus brevis 47 (Tsuboi et al., 1982), .

/
Aquaspirillum serpens MW5 (Stewart and Murray, 1982),

Azotobacter vinelandii (Bingle et al., 1984), Clostridium

1., 1984), and Bacteroides sp.

difficile (Kawata et

(SjBgren et al., 1985) have been described. C
Most of the arrays c§n$ist of a single layer of

subunits. The first evidence for multible;la;ered arrays

was provided by Chapman et al. k1963). They examined the

cell envelope of Lampropedia hyalina and detected a surface

array which consisted of two patterned la&grs. The inner

(perforate) layer was a honeycomb network of

’

hexagonally-arranged units with a center-to-center spacing .




r-—/
of 14.5 nm. The outer (punctate) layer was composed of

outward-projecting spines, also hexggonally—arranged. but
with a center-to-center spacing of 26 nm. Watson and Remsen
(1970) showed that the individual layers of a multi-layered

array are not necessarily of the same lattice typé. They

e§amined tﬁe tw0jlayered surface array of Nitrocystis
oceanus and found'a tetragonal arrangement of,gubunits
within the innermost layer and a heXagbnalvgrrangement g}
subunits within the outermost-layer. Beveridge and Murray
(1974, 1975, 1976a) examined the RS layers of several

Aquaspirillum speceies and described multi-layered arrays of

varying complexities. More recently, the surface arrays of
Aquaspirillum serpens MW5 (Stewart and Murray, 138982) and

l., 1882) have been shown to

Baci%lus brevis 47 (Tsuboi et
be double-layered structure;:
It is apparent that the ultrastructure of bacterial

surface arrays is’best studied using a Eombiﬂation of
electron‘microscopic methods since any one technique, may

prove inéffective. Several workers, for_example. have
reported difficulty in obtaining uéeful struciural

information from negatively stained preparations of whole
cells or cell enve}opes, possibly due to masking effects by
surface polysaccharides (Bingle et al,, 1984; Messner et

al., 1984). As well, RS layers are not always easy to (
demonstrate by freeze-etch analysis. ‘Smit et al (1981)

found only weak indications of a regularly-structured array

on the surface of Caulobacter crecentus using this techni&ue
. kY
- \‘
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although the array was easily detected by negative étaining.
Similarly, RS iayers are not a%ways evident in thfn sections
of embedded cells (Thornley and Glauert, 1968).

The arrays studied to date consist of hexagonal,
tetgagonal, or linear arrangements of protein subunits on
the cell surface. The pattern of the ar;ay, as well as the
size,\ morphology, and center-to-center spacing of these
units, vary'greatly between even closely-related strains

within a species such as Aquaspirillum serpens (Buckmire,

1970) and Bacillus stearothermophilus (Messner et al.,

1984). The array covers the entire Bacterial cell and
appears upfform in lattice over the entire surface. Faults.
in the lattice may be found at cell poles and séétation
sites where the packing ongder of the lattice ma& not be able
to accommodate changes in the curvature of the surface
(Murray, 1963; Watson and Remson, 1969; Sieytr and Glauert,
N . .
1975) . Murray (1963) showed that, in RS layers with -
hexagonal symmetry, compensation can be made through the
insert{on of pentamers at these sites. The RS layers of

[

certain bacteria (eg. Lampropedia hyalina, Methanospirillum

hungatei) encompass groups, or chains, of cells (Pangborn

and Starr, 1966; Beveridge et al., 1985). For this reason,

~,

the patterned surface layer of Methanéspirillum hungatei has

been termed a protein "“sheath" (Beveridge et al., 1985).
High resolution studies of various surface arrays have
been performed on negatively stained or shadowed

preparations of isolated RS layer fragments or on RS layers

16




which have self-assembled in vitro. Finch §£ al. (1867)
were the first to apply image processing teéhnigggs to tﬁe
analysis of a*bactérial su%face array. They used optical
‘diffraction and filtering méthods to examinenthe fine
structure‘of the RS layer ;f Bacillus polymyxa studied S}
Nermut and Murray (1967)."Aebi et al. (1973) later applied
computer-aséisted digital filteriﬁg to the analysis of this
protein array. Since this time, the fine structure of -
numerous RS iayers have been'examingd uéing these techniéues
(Crowther and Sleytr, 1977£ Stewart and Beveridge, 1980;
Stewart et al., 1980; Stewart and Murray; 1982; Burley and
Murray, 1983; Stewart et ;L., 1885) . To date, RS layers
with hexagonal (p3, p6), square (p4), énd OblaéQS‘(pZ)

lattice symmetries have beén observed. Center-to-center
spacing of individual unit; fanges from approx;mately 2.8-g0
nm (Sleytr and Messner, 1983; Stewart et al., 1985) and pore
sizes are usually in the 2-3 nm range (Aebi«éﬁ al., 1973;
Crowther and Sleytr,.1977; %tewéit‘and Beveridge, 19802
Stewart et al., .1980).

- L] A

1.3.2 1lsola#sion Procedures

Ideally, a surface layer could be removed with ease and
¥ .

purified without excessive complications due to extracti®n
, L]

of other cell components. " Only a few bacteria,.however,
such as Qadgzlgbao&gr fetus (Winter et al., 1975) and
Caulobacter crecentus (Smit et al., 198l), excrete soluble

RS protein or shed excess surface‘ar:ay into the growth

17
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medium, allowing the RS proteins to be recovered trom the

cuziure supernatant.
A e
‘The mbjoriﬁy of arrays are not so easily removed

beqause the RS layers are more firmly attached to underlying
structures. Extraction of whole cells produces., then, an
unmanageable mix of cell proteins. The development of

effective isolation.procedures for bacterial surface arrays
. S O .

has benefitted greatI& from the introduction of cell
breakage techniques which allow the prepar%tion of cell
envelopes from whole cells. Breakage of microorganisms_bLy

ultrasonic disintegration was first introduced by Harvey and

1)

Loomis (1929).“£ With the introduction of the electron

micf@scoﬁe, Mudd et al. (1941) was able to demonstrate” that
cell wall fragments of various Bacillus species could be

prepared by sonicating whole cells. Salton and Horne (1unl) ¢

. \
descr#bed the ballistic disintegration of whole cells of K

S

coli, Salmonella pullofum, and Streptococcus tecaelis using

glass beads in a Mickle shaker with subsequent recovery of
cell enveloée fragments. Cell breakage due to éhear forces
was introduced with the development of the Erench preséure
cell (Milner et al., 1950) and therHughes press (Hughes,
1951). Schnaitman (1971) and later Filip et al. (1873)
show;d that treatment of bacterial cell envelopes with
certain detergents (Triton X-100, Sarkosyl)’effectively
removed adhering plasma membrane while other wall layers
remained intact.

.

A
Goundry et al. (1967) were the first to descpibe

W
-~
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the isolation of a bacterial surface array. They incubated
cell wall preparations of Bacillus polymyxa in 1% SDS for 1
hour at room temperature and observed that the

regularly-structured array was completely removed by this

treatment. Treatment with 6 M urea only paptially removed

‘

the array. Nermut and Murray (1967)‘examined the effects of

.

a wide range-.of detergents, chaotropes, and enzymes on the
surface array of Bacillus polymyxa. Their experime;ts
showed that the concentration of the extractinsg agént and
the lenéth’of t%me used for the treatment were critical.
They found that the array was removed as intact sheets by
tregtment with low concentrations of guanidine hydrochloride
while higher cdncentrations of the agent ‘resulted in the
dissociation of thé iscolated sheets into individual units.
Sleytr ;nd Plohberger (1980) later showed that the RS layer
of numerous thermophilic clastridia and b;cilli could afso
be removed intact from—qell wall preparations by treatment
with low gconcentrations of urea or guénidine hydrochloride.

Intact RS layers have been isclated from several clostridia

and bacilli species as well as from Sporosarcina-ureae by

treating cell wall prepafations with lysozyme which digests

the underlying peptidoglycan layer (Sleytr, 1976; Beveridge,

.~

1979; Sleytr and Plohberger, 1980). The solubilization or
extraction of the individual units -of the surface arrays
from cell wall preparations of Gram;positive bacteria has

been achieved by treatment with high concen;rations of

chaotropic or chelating agenés or detergents  (Howard and

i



Tipper, 1973; Sleytr, .18976; Hastie and Brinton, 1979a;

Masuda and Kawata, 1979; Sleytr and Plohberger, 1980; Tsuboi
et al., 1982)..

Thé isolation of surface arrays from Gram-negative
bacteria has always proven more difficult since the arrays
of these organisms are glosely:associated with an underlyiﬁg
outer membrane which is filled with proteins also
susceptible to many of the agents used for the extraction of
RS coéponents. The RS layers of Gfam-negative bacteria have
been isolated by treating cell enveloﬁé preparations with

urea or guanidine hydroéhloride (Buckmirerand Murray, 1970;

al., 1974; Kay et al., 1981; Phipps et al.,

Thornley et
1983), lithium 3,5-diiodosalicylate (Koval and Murray,
1983), detergents‘(Kévai'and Murray, 1983; Winter et al ..
1978), low pH (Bever;dgeland Murray 1976a,c), cationic
substitutdon (Beveridge and Murray, 1976a,c), low ionic
strength (Bingle et al., 1984) and metal chelating agents
(Watson and Remseh, lQéQ; Thornley et al., 1974; Beveridge
and Murray, 1976b)‘with or wf%hout further purification by.
gel chropatography (Thornley et g;.,11974; Phipps et al.,
1983).

These treatments usually result in%he disintegration
of the RS layer into individual subunits; ie. they are not
usually removed intébta One exception is the RS layer of
Deinococcus yadiodurans which can be remoyed intact from

isolated outer membrane vesicles by dissolving the membranes

with 2% $DS (Thqmpson et al., 1982). . Recently, the

. N
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regularly-structured protein sheath of an archaébacterium,(
Meéhanéspir;llum hungatei, has been shown to be particularly
resistant to chemical and enzymatic degradation. The
surface structure was isolated intact by treating cells with
dithiothreitol at an élkaline pH and remained fully intact
even after treatment with a w;ae Vvariety of detergents,r
chaotropes and proteolytic enzymes (Beveridge et al., 1985).
Isolation procedures have also been developed for the RS
proteins of those archaebacteria whose surface arrayé are
closely-associated with a plasma membrane. These include
tréatments with detergents (Weiss, 1974), organic solvents
(Mescher et al., 1974), and extremes of pH (Micﬁel et al.,
1980). -

The isoclation précedures which have been effective
suggest that the forces involvedﬂin the attachment ©f these
protein arrays to supporting layers and the bonds betweeﬂ
the individual subunits are non-covalent in nature and

’

probably involve hydrogen and ionic bonding (Nermut and

ﬁurréy. 1967; Buckmire and Murray, 1970; Béﬁﬁridge and

t al..

Murray 1976$,b,c; Héqard and Tipper, 1973; Thornley
13974; Sleytr, 1976; Hastie and Brinton, 1979a; Masuda aq?
Kawata, 1980; Michel et gl., 1980; Sleyff and Plohberge;,
1980; Kay et al., 198l; Tsuboi et al., 1982; Bingle et al.,
1984) .and, in some cases, hydrophobic Epteractions (Thompson

et al., 1982). ‘

’
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1.3.3 Chemical Characterization

Goundry et al. (1967) were the first to show that
surface arrays were composed of protein. Amino acid
analysis of the detergent-extracted RS layer of Bacillus
polymyxa showed it to be riéh in aspartic acid. Since this
time: biochemical analyses have been done on the isolated RS
layers of numerous bacteria and have shown them to consist,
usually, of a singlg, homogeneous polypept}de species which
may contain a minor (less than 12%) carbohydrate component
(Mescher et al., 1974; McCoy et al., 18975; Mescher and
Strominger, 1976; Sleytr and Thorne, 1976; Winter et al.,
1978, Hastie and Brinton, 1979a; Michel et al., 1980; Sleytr

and Plohberger, 1980; Wieland et al., 1980; Sleytr and

‘Messner, 1983; Ward et al., 1983; Kupca et al., 1984;
]

Messner et al., 1984).

The mqlecular weights of the RS p;oteins'studied to
date range from 40,000 to 200,000 (Table 2, Sleytr and
Messner, 1983) and the aminb acid composition of many
isolated RS proteins (Table 2, Sleytr and Méséner. 1983) has
shown them ,to share many common features: (i) RS proteins'
contain. a high proportion of acidic amino acids. This has
been supported, in certain cases, by isoelectric fécusing
(Thornley et al., 1974; Sleytr and Thorne, 1976; Hastie and
Brinton, 1979a; Smit et al., 1981; Kay et al., 1984; Koval
and Murray, personal communication). (ii) Sulphur-containing

amino acids are either absent or present in very minor

amounts. (iii) RS proteins contain a high proportion of

22
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hydrophobic residues. (iv) The calculated gecondary
structure of all RS proteins show them to consist, on the
average, of 40% alpha helix and 20% beta-sheet domains

»

(Sleytr and Messner, 1983).

‘1.5.4 Relatedness

Within a single bacterial species ﬁany strains can
often be found which pessess RS layers. Several workers
have examined the surface arrays of closely-related bacteria
for possible taxonomic implications.

Buckmire (1970) examined tﬁg RS layers of wvarious

Aquaspirillum serpens strains and found that, although all

consisted of hexagonally-packed subunits, the center-to-
center spacing of the subunits and the type of linkers

connecting the subunits differed greatly-between the

strains. Comparative studies of the RS layers of various
' - - A
species and strains of Clostridium and Pseudomonas have

-also indicated remarkable morphological héterogeneity
(Hollaus and Sleytr, 1972; Sleytr and Glauert, 1975; 4
Lapchine, 1979). Masuda and Kawata (1983) exawined 22

s ‘ o
strains within six species of Lactobacillus andifound that

the moclecular weights of the RS proteins éf thos;uorganisms
which péssessed a surface array varied‘from 41,000 \to

‘ o .
55,000. Antisera specific for the RS protein of L.\‘
ﬁgghng;i did-not precipitate the RS proteins of five other -
Lactobacillus species in an immunodiffusion assay. Word et

"al. (1983) surveyed 61 strains of Bacillus sphaericus for
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the presence of an RS layer. They found that, even within a.
DNA homology group, surface arrays were nqt'uniformly
present or absent. Antisera specific for t»e‘RS protein of
B. sphaericus P-1 precipitated the RS pratejins of onlg 7 of
17 strains within its own homglogy group and only partial
idehtity could be demonstrated in the immunodiffusion assay.

Messner et al. (1984) examined the RS layers of 39 strains

of Bacillus stearothéermophilus and, on the basis of the

great differences observed in lattice constants, subunit

molecular weights, and qualitativg and quantitative

carbohydrate compositions, concluded that these strgctures

could not be considered useful taxonom?c markers.
Recently, howevgr, Kay et al. (1984) examined the

biochemistryiof the RS proteins of three Aeromonas

~ salmonicida strains isolated from,diffe;;nt sources. They

found that the molecular weights and amino acid compositions

1
of the strains were quite similar and were within twenty

residues of each other in terms of size. The N-terminal

sequences. of the proteins were compared and found to be -

highly conserved. Certain differences were detected in the

-

iscelectric points and tryptic digestion patterns of the

.

proteins; overall, however, they were quite similar. The
proteins proved immunologically cross-reactive. In
addition, twenty-five strains of Aeromonas salmonicida

reacted positively with fluorescent antibody directed

against the RS proetein of A. saimonicida A450 indicating

common surface-exposed peptides. Since the virulence of

-
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this organism is dependent upon the presence of an RS layer,
the surface protein may have selective value.

Further information as to the relatedness of bactérial,
RS proteins should become available with the application of
genetic analysis. Smit and Agabian (1984) have cloned the

w—

gene for the RS protein of Caulobacter crecentus and are

currently using probes to detect similarities or differences

in other strains and species of Caulobacter as well as in

other organisms. Comparison of two Caulobacter crecentus

strains (CB1l5 amd CB2) by the Southern blot method
demonstrated homology between the surface array genes using
a probe prepared from strain CBl5. Significant

’
hybridization was also obtained with approximately twenty

isolates of marine Caulobacter strains (J. Smit, personal
comﬁunication). No significant homology, however . could be
found when the probe was éested with varigﬁs Agquaspirillum
species whose RS léyers.appear to share common properties

with those of Caglobggtéf;species (J. Smit, personal

%

communication).
' - ‘Y 1
Y
1.3.5 Assembly .

-
*

The isolated surface array subunits of many bacteria
are cagable of reassembling back onto the cell envelope 4
layers from which they were isolated (reattachment) or
assembling into an array invfhe absence of a supporting B
layer or template (self-assembly). The ;éassembled products

usually possess the regular pattern characteristic of the
[~
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intact cell surface. The stimulus for these in vitro )
assemblies may simply be the r;moval of the agent used for
the isolation of the subunits (Sleytr, 1975,1976; Hastie and
Brinton, 1978%a,b; Masuda and Kawata, 1980; Sleytr aqd
Plohberger, 1380; Word et al., 1983). Frequently, however,
the proper assembly conditions must be determined and may
involve manipulation of temperature, ionic strength or

composition, or pH (Buckmire and Murray, 1973, 1976; Thorne

t al.

— m— ’

1375; Beveridge and Murray, -1976a,c; Sleytr and

Plohberger, 1980; Tsuboi et al., 1982, Bingle et al., 1984).

1.3.5.1 tta n

Buckmire and Murray (1973, 1976) examined the in'vitro
assembly of the RS protein of Aquaspirillum serpens VHA.
They showed that isolated RS'protein reassembled (in the
presence of calqium or strontium) intc hexagormal arrays on
the cell envelope fragments from which they were removed.
Magnesiﬁm or monovalent ions failed to support reatfachmeﬁt
of the surface array protein. The authors suggested that
divalent cations may form salt linkages between the
negatively-charged RS protein and an outer membrane
compqhent. ”Uﬂ\

Beveridge and Murray (1976a,c) examined the assembly
properties of the RS comp%nents of two Aguaspirillgm'species.
which'possess complex, mulii—layered su;face arrays. The in

vitro reassemblies of the RS proteins of A. "ordal" and A.

putridiconchvlium were also shown to be dependent on calcium
' <
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or strontium. A divalent cation requirement for assembly

~

haﬁ also been demonstrated for the RS proteins of
Acinetobacter sp. (Thorne et al., 1975) and Azotobacter

vinelandii (Bingle et al., 1984).

Several workers have attempted to identify specific
A )
components of the cell wall which are responsible for the

attachment of RS proteins. Thorne et al. (1975) chemically

modified the RS protein of Acinetobacter sp. 199A and outer
membrane components within the cell envelope. They found
that- modifying the carboxyl groups within the isolated
-surface proteinrpreveqted its reattachment to an outer

" membrane surface. The authors suggested that divalent
cations‘may form 3&1? linkages between carboxyl groups

within the RS protein-and a hegativeiy—chggged (possibly

ﬁhosphate) group of a“membrane protein. Masuda and Kawata

(1980) showed that the RS protein of Lactobacillus brevis
would not reassemble onto formamide—ireafed celf wall
fragments which lacked neutral polysaccharide. Removal of
teichoic acids from the native walls did not prevent
re&ssembly and the au; ors suggested that the neutral
polysaccharide component of the wall played a role in the
attachment of the RS protein. —

It is generally believed, however, that the attachment
of RS proteins to the underlying cell wall does not involve
a specific wail component, but, rather; phat only a suitable

surface charge and denstty is required. This is supported

by the reassembly of isolated RS proteins onto heteroclogous




templates. Sleytr (1975, 1976) showed that the RS proteins

of Clostridium thermohydrosaccharolyticum and Clostridium
thermohydrosulfuricum (which form tetragonal and hexagonal
arrays, respectively, on the surfaces of these organisms)
reassembled back into their characteristic lattices on cell
wall fragments prepared from the other species. Similarly,

the RS proteins of Aquaspirillum gserpens VHA 3nd

Lactobacil%g; brevis reassembled onto heterologous templates
in vitro (Chester and Murray, 1978; Masuda and Kawata,
1980). ‘

While a specific wall component may not play a role in
attachment, a specific region of the RS protein may be
involved. Hastie and Brinton (1979a,b) examined the

~

reattachment of the RS protein of Bacillus sphaericus 96d2

to saccull prepared from this organism. They treéted the
142,060 RS protein with pronase which cleaved the native
polypeptide to a lower molecular weight forlm (124,000). The
modified protein failed to reassemble onto cell wall
fragments and the authors concluded that the missing 18,000
fragment of the protein was gequired for attachment to the\
cell wall. Similarly, Koval&and Murray (1984) found that

partially-degraded RS protein of Aquaspirillum serpens VHA

would not reassemble onto cell envelopes.

1.3.5.2 Self-Assembly

Many isclated surface array subunits have demonstrated

the ability to self-assemble in vitro into lattices similar,

28
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/
or identical, to those seen on intact cells (Brinton et al.,

1969; Glauert and Thornley, 1978; Sleytr, 1976; Masuda and
Kawata, 19880; Michel et gl.{ 1980; Sleytr and Plohberger,

| 1980, Tsuboi et :al., 1982; Word et al., 1983). This is not
an unusual phenomenon; the camponents of %-great many
‘biological structures (flagella, pili, spinae, virus
capsids, enzymes, microtubules) are also capable of
self-assembly (Kushner, 1969). It is a common feésﬁre of
biological organization that s%rucfuréé of great dimension
are comprised of smaller units. The upits_;ré synthesized
separately and then interact with one anotﬁer to form. the
completed structurel In self-assembly systems the\individual

‘subunits possess the inherent capacity to direct their own

assembly. The final polymerized structure arises

spontaneously and achieves a thermodynamic equilibrium which

is determined by such conditions as temperature, pressure,
pH, and ionic concentrations. Stability of the
self—assembled structure is attributed to co?rect bonding
which provides a state of the lowest free energy for tHe
system. The bonding is not of a covalent nature 922?
rather, is charactefized by the weaker interactions such a
hydrogen and ionic bonding and hydrophobic interactions
(Caspar and Klug, 1962).
Brinton et g;: (1969) were the first to demonstrate the

)

in vitro self-assembly of a bacterial surf array. They

found that the RS layer of Bacillus sphaericus P-1 could be

removed intact from the underlying peptidog}ycan layer by
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treating whole cells with a low concentration of guanidine
hydrochleride. The isoclated array could then be dissociated
into subunits by acid treatment. Subsequent neupralizatioh
of the subun;t suspension resulted in the formation of
sheets which possessed the tetragonal pattern characteristic
of the'ingact cell surface. Modification of the RS protein,
however, resulted in an alteration in the type of assembly
product obtained. Treatment of self-assembled sheets with
’///’“\pronase resulted in their conversion to cylinders which

. /

retained the tetragonal pattern.

Glauert and Thornley (1972) described the self-assembly

of the RS layef of Acinetobacter sp. 189A. Surface array

L

subunits, which had been removed from outer membrane

preparations by sonication, self-assembled to form sheets
which possessed the tetragonal pattern of the intact cell
surface. Thorne et al. (1975) later showed that the

)
self-assembly of the subunits was dependent on the presence

\ . a \
of chloride ions. . ]

Sleytr (1976) examined the ;elf—assehbly ot the.RS

layers of two Clostridiuﬁ species’and described a variety of -
assembly products including flat sheets, open-ended

cylinders, and closed spheres. As§gmbly was‘ﬁqt ion -
dependent and simpiy fequired the removal of the chaotropic
agents (urea, guanidine hydrochloride) used for the

isolation of the subunits. Sleytr and Phlohbergef (lQéO)

later expanded this study to include 65~thermop?ilic strains

4

‘'of bacilli and clostridia. They showed that the typé ot




assembly product obtained ‘could be selected_for by the

-
correct manipulation of assembly conditions (temperature, :

cation composition).

Ky

1.3.6 Synthesis(and Export
While the morphology, biochemistry, and assembly oi the ;
RS layers of numerous bacteria ha&é been studied in defail,
relatively little is known about the regulation of the
synthesis of RS proteins*orrof‘their ekport from the
bacterial cytoplaém to the cell sufface.
In sorne oréanisms,,the control over RS protein

synthesis appears to be strict; little or no RS protein has

been detected in .the growth media of Bacillus sphaericus

(Howard'and Tipper, 1973) or Aguaspirillum serpens VHA

(Koval and Murray, 1985).. With othersy, such as

. &
Acinetobacter sp. (Thorne et al., 1976), Campylobacter f?tus

(Winter'éi al., 1978), B;cillus brevis 47 (Yamaaa et l..‘ﬁ

1981) and Azotobacter vinelandii (Bingle et al., 1984), this

control is more relaxed since excess RS protein can be

detected in the growth medium in fairly largéyquantities

(Thorne et al., 1976; Yamada et al., 1981l;. Bingle et al ,

1984). A better understanding of RS gene .regulation should

emerge with recent advances made ,in the clbning of K&

protein genes. ©Smit and Agabian (1984) have cloned the Eene

for the RS 'layer of Caulobacter crecentus into a lambda
" . (
vector. The 130,000 Mr protein whicthomprises this -

structure was produced as a discrete prgduct as a result ot

7]
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transcription from a lambda promoter in infected E: coli

strains. /
Belland éna Trust (1985) have‘recently used

transpositional mutagene%is to obtain mutants blockea at

o

various stages in the synthesis, export, and assembly Pf'the
RS protein of Aeromonas §§lmgg;glg§. They found that |
huténts which were unable to produce lipopolysaccharide
(LPS5 with O polysaccharide chains were also unable to
assemble the RS protein on their outer membrane‘surfaces.
With another class of mutation, a single Tn5 insertion
resulted in the loss of both O polysaccharide‘and RS protein
synthesis, suggesting that both may be controlled by the
same chromosomal gene.

Turnover studies have examined the incorporation of

newly-synthesized RS p;otein into the array. Results

obtained with. both ngillgg sphaericus (Howard and Tipper,
1973) and Acinetobacter sp. (Thorne et al., 1976) indicated

- ;
that, once incorporated into the structure, the RS protein
undergoes no appreciable turnover.

N
Labelling S%udies have attempted to localize the site

" of insertion of newly-synthesized RS protein into the array

during cel% divisibn and growth. With Bacillus sphaericus
({Howard and Tipper, 1973) this was found to be at the site
of cell division. Bands of new RS iayer sub;kits wére also
detected along the cylindrical part of the cell, probably to

accommodate cell elongation. Similarly, Smit and Agabian

7 (1982) found that neély—synthesized RS proteins of

\
v
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Caulobacter crecentus also ‘inserted at ihe site of an
incipient cell division. Incorporation, however, into the
cylindrical part of the cell agpeared to be at random sites
and not in discrete bands. Electron microscopic siudies of‘
two Clostridium species showed that an‘excess of RS layer
. subunits were located at the site of cgll division, most
e .

likely to ensure that the newly-divided cells were fully

- .

covered (Sleytr and Glauert, 1976).

1.3.7. Eugg£ion g ’

One of the first functions proposed for surface arrays ’
 nas that they contributed to the determination and retention
of cely shape (Brinton et gll, 1969). Today it is generally
believed that the peptidoglycan component of the eubacterial
cell envelope is’ responsible fer the greater part of this
functidﬁ. It has been argued, however,. that for those
archaebacteria whose cell envelopes consist only of a plasma

‘membrane and a surrounding RS layer (eg. Sulfolobus,

Halobacterium), the surface structure may, indeed, play a

role in the determination of cell shap; (Stoeckenius and
Rowen, 1987; Weisé, 1974). This is supported by the -
observed conversion of rod-shaped halobactérial cells to
. spheres when the synthesis of the sugar component of the‘
organism’s RS protein is inhibited (Mescher and Strominger,
1975). ' .
. Buckmire (1970)’demonstrated that RS layers may provide
p:otec€ion from environméntal.hazerds. .He found that those

N~




aquaspirilla which possessed RS layers were resistant to

invasion and digestion by the bacterial predator,
Bdellovibrio ﬁéctgriovorus, while naked strains were
susceptible. RS layers may, perhaps, prove a less
‘palatable’ coating to predators in the environment.
Surface arrays were also shown to protect certain Aeromonas
salmonicida strains from bacteriophage; for other bacteria,
howevér, phage appeaf to use the protein array as receptors

for attachment (Howard and Tipper, 1973; Ishiguro et al.,

2

1884).

Ultrastructural studies have shown that RS layers
completely surround the cell, forming a protein meshwork
with determineq pore sizes of approximately 2-3 nm. It has
been proposed that éhe arrays may act as molecular sieves
selectively retaining des}rable substances within the cell
and preventing less desirable-ones‘from entering (Crowther
and Sleytr, 1977; Sleytr, 1978; Stewart and Beveridge, 1980,
Stéwart gg‘gl., 1980; Stewart and Murray, 1982). Early
studies appear to support this;_the RS layers of certain
Gram-positive bacteria were‘shown to protect the underlying
peptidoglycan lg;er from ﬁu%amidqses {Nermut and Murray,
1967; Takumi and Kawata, 1974). The presence of an RS
layer, however, does not guarantee such protection since \
Kawata et ;;. (1974) andq more fecently, Messner et al.
(1984) have reported that the peptidoglycan of maﬁy bacteria

which possess surface arrays is easily digested by enzymes

such as lysozyme. The intact RS layers of certain organisms
\ )




(eg. Methanospirillum hungatei)} have been shown to be

resistant to a wide variety of proteases suggesting that the

arrays may shield the bacterial cell from various
- - .
2 . .
proteclytic enzymes secreted by other organisms (Beveridge

et al., 1985).

- The presence of a surface array on the human and animal

1., 1975; Winter et

pathogen, Campylobacter fetus (McCoy et

~al., 1978) and the fish pathogen, Aeromonas §almonicida

(Ishiguro et

1., 1981; Kay et al., 198l1., Evenberg et al.,

18982; Munn et al., 1982; Trust et al., 1983) was found to be

= a

associated with the virulence of these organisms. The RS
layer appeared to contribute to antiphagocytic effects and
provided protection from the host immune response. The‘RS
layer of Aeromonas salmonicida was also shown to function in
autoagglutination and adhesion to epidermal surfaces
(Evenberg et al., 18982).

As additional information has become available as to e
. /

the biochemical nature of RS proteins, other functions thg—
been suggested. Beveridge (1979) has proposed that a
highly-charged protein array may serve to immobilize toxic’

metals or offer an increased buffering capacity against

Lewis acids and hydronium ions in the environment. The RS

layer of Azotobacter vinelandii was fwound to complex with
excess iron in its growth medium, perhaps to store the metal
for’future use by the bacterium (FPage and Huyer, 1984). KS
layers may act, then, by grapping limited dutrients in the

environment.?
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The variety of funct@ons proposed and/or demonstrated
for bacterial surface arrays argues that these layers arose
/ as a result of selective environmental pressures. This is
supported by the obseéved loss of RS layers when these
pressures are removed (ie. upon continued lab culture)
(R.G.E. Murray, S.F. Koval, personal communication; M. Kist,

unpublished results).l

1.4. Aguaspirillum serpens MW5: Deséription of the

sorganism
Aguaspirillum serpens MWS is a Gram-negative, helical,

freshwater Bacterium. Phenotypically, the organism fulfills

. the requirements for inclusion in the species A. serpens
)
(Hylemon et al., 1973; Boivin et al., 1985). Boivin et al.
. . /

(1985) demonstrated, through DNA hybridization studies, that

Aquaspirillum’serpens MW5 is genotypically similar both to

the type strain of the species (ATCC 12638) énd to strain

VHA. )
1.4.1 Speeific Features of the Surface Array of
Aguaspirillum serpens MW5S

Prior to this study work done on the RS layer of
Aquaspirillum serpens W5 had focused on the determination

. . of the fine structure of the array. Stewart and Murray

s

. (1982) examined this surface structure using image analysis
«
techniques (computer image processing and least squares

.analysis). The surface of negatively stained whole cells
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appeared "ribbed"” with the distance between the ribs being
16 nm. The ribs were aligned at a 90 degree angle to the
loAgitudinal axis of the cellf This ribbed or linear
pattern was also detected im negatively stained preparations
.of isolated RS layer fragments. In a few areas of these
fragments the subunits Appeared to be hexagonally-packed
with a center;to-centef_spacing of 18.8 nm and connected by
delta, or "direct”, linkers. Thin sections of whole cells
had revealed that the surface arfay was a two-layered
structure--ie., two layers of subunits were found to lie
external to the outer membrane of the cell envelopé: The
hexagonal pattern detected in negatively-stained fragments
6f the array likely represented a single layer of subunits
and had been found in areas of the fragment where one of the
two layers had been damaged or removed. The linear, or
ribbed, pattern, therefore, represented a moiré involving
the contributions of both layers of the array. Computer
image érocess@ng was employed to further analyvze the layers
of the array. Tﬁe linear pattern was indexed on a
rectangular latticeé with unit vectors cofresbonding to 32
and 18.5 nm. Analysis of the structure factor amplitudes
indicated that the array had cmm symmetry. The
hexagonally-packed layer was found to have sixfold, or pfmm
symmetry. Stewart and Murray (1982) determined that the
linear moiré pattern seen in negatively-stained cell

envelope preparations could be produced by the

superimposition of two hexagonally-packed layers of




‘3.8

subunits, each having p6mm symmetry. One sheet was found to -
be staggered by one-half repeat along a hexagonal (1,0)
lattice line'relative to the first. The authors were unable
to detect any consistent differences betweén the upper and
lower layers although, they pointed out, the study was
limited to 2.5 nm resolution and so would not be able to

pick up subtle structural differences.

1.4.2 Goals

The objective of this study was to examine the

—

biochemical and in vitro assembly properties of the surface

array components of Aquaspirillum serpens MW5 in order to:
(i) complement previous structural work (Stewart and Murray,

1982); (ii) provide biochemical and assembly data for a
* -

complex surface array since most studies of multi-layered ..

.- o :
arrays have concentrated primarily on their ultrastructure * ,

(Chapman et al., 1963; Watson and Remsen, 1970; Beveridée
and Murray, 1974, 1975) and (iii) compare these properties
with tﬁose previously described for a closely-related

strain, Aquaspirillum serpens VHA (Buckmire and Murray,

1870, 1973, 1978; Chester and Murray, 13878; Koval aqd%

Murray, 1981, 1983, 1984, 1985). ‘
I\/{ .



CHAFTER 2

MATERIALS AND METHODS®

\

2.1. Qrganisms N

The surface array of Agquaspirillum serpens MWH

(University of Western Ontario Culture Collection no. 377)

was examined in this study. Aguaspirillum serpens VHA .

(U~.W.0. no. 369) was used throughout the relatedriess studies
fér comparative purposes and the following organisms were

.- . . »
used for the in vitro reassembly experiments: (1) a

spontaneous mutant (RS7) of MW5 (University of Western

Ontario Culture Collection mo. 1191) which had lost its

*

regular surface array; (ii) Aguaggirilfgm Sserpens strains
VHL (U.W.O.‘po. 368), and (iii) the type-.strain (ATCC no.
12638); (iv) Escherichia coli (8.W.0. no. 1025); -

and (v) Pseudomonas aeruginosa (U.W.0. no..912).

2.1.1 Cultivation and Harvesting'

All Aguaspirillum serpens strains‘were grown in
peptone-s%pcinate—salts (féS) broth (Hylemon et alr, 1973),
pH 7.2, containing, iF a final concentration (wt/vol): 1.0%
peprtone (Difco Laboraggries, Detroit, Mich.), 0.1%
succinate, 0.1% magnesiu"gulphate, 0.1% ammonium sulphate,

0.0002% ferric chloride, and 0.0002% manganese chloride.

The succinate and salts were all obtained from Fisher

39
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Scientific Co., Fair Lawn, New Jersey. After autoclaving,
sterile calcium chloride was added to a final concentration
of 0.025% (wt/vol). The cells were grown at 30C with
shaking (150 rpm; Psychrotherm incubator-shaker; New
Brunswick Scientific Co., New Brunswick, N.J.). Cells were
harvested in the mid-logarithmic phase of growth
(approximately 12 hours post-inoculg@ion) by centrifugation
at 3,500 x g for 15 min at 4C and washed in 10 mM
N-2-hydroxyethylpiperéﬁine-N’-2—ethanesu1fonic acid (BHEPES)
buffer, pH 7.4, containing lmM calcium chloride (HEPES-CaZ*
buffer).

Stocks of Agquaspirillum serpens strains were routinely
maintgined on PSS slants (PSS broth containing 1.5% [wt/voll]
agar) at 30C.

for some experiments, A. serpens MW5 was grown in a
defined medium for aquaspirilla.containing 0.4% glutamic
acid (carbon and nitrogen source), 0.01 M NaHpPO4.H30,
0.01M KC1, 0.002 M NasS04.10H90, 0.002 M citric acid,

600 uM HCL (trace element solvent), 25 uM ZnO, 100 uM
FeClz.6H20, 50 uM MnCig.4H20, 5 uM CuCleo.2H20, 10 uM
CoClp.6H20, 5 uM H3BO3, gjd 0-01 uM NagMoOg (Whitby and
Murray, 1980). The pH was adjusted to 7.0 with 10 N NaOH
and sterile MgCly; was added after autoclaving to a final
concentration of 0.000125 M. An 8% (v/v) initial inoculum
from a culture érown overnight (i2 h) in PSS + Ca2t was

\

R , .
required for successful growth in this media.

Escherichia coli and Pseudomonas aeruginosa cells were

€
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grown in nutrient broth (Difco Laboratories, Detroit,

l -
Mich.), pH 7.0, for 12 h at 30C with shaking. Cells were
harvested and washed as described above. .

2.1.2 . Preparation of Cell Envelopes

Envelopes were prepare& by the method of Koval and
Murray (1981) as foilows. Washed cells were homogenized
with a Potter*Elvehjem tissue homogen;zer using a Teflon
pestle in order to remove their flagella. The homogenized
cells were centrifuged at 3,500 x g and the supernatant
fraction (containihg the shéa?ed flagella) discarded. The
cells were resuspended in ice-cold HEPES-Ca?* buffer and
passed through a French pressure cell (Aminco)-at 16,000
1b/in2. The product was centrifuged at 3,500 x g for 15 min
at 4C to remove any intact cells. The supernatant was then

centrifuged at 48,000 x g for 30 min to pell?t the cell

wall-enriched fraction (envelopes): The‘'envelopes were

washed' in HEPES-Ca2* buffer and incubated for lh at room

temperature in the same buffer containing 0.025% magnesium
su;phate, 10 ug/ml DNase and 20 ug/ml ENase.- Both enzymes
were obtained fro@ Sigma Chemical Co. (St. Louis,\Mo.).. The
envelopes were then washed four times with HEPES-CaZ*
buffer.” The supernatants were analyzed for nucleic acids by
reading the absorbance ?t 260 nm. The envelopes were
rouﬁinely extracted for‘SO min with 2% Triton X-100 in
HEPES-Ca2*t buffer to remove coqta@inating plasma membrane

(Schnaitman, 1971), washed repeatedly with buffer, and @

.




stored as a pellet at -10C. ‘

\2.1.3 Identification of Peptidoglycan-Associated Proteins
The peptidoglycan—-associated protein within the outer
membrane of A. serpens MW5 was tentatively identified -
according to the solubility criterion established by
Rosénbusch (1974). Cell enQelopes were resuspended (at a .

protein concentration of'l mg/ml) in 2% SDS in HEPES-Cad™

buffer and incubated at either 50C, 60C, or 100C for 30 min.

Aiiquots of each were thén removed and immediately analyzed

- 9
by SDS-PAGE.

-

2.2. Electron Microscopy

2.2.1 Negative staining. Whole cells were negatively

stained as follows. A Formvar-coated 200-mesh copper grid
was inverted over a drop of the cell suspension for 1 min,

washed with distilled water, and subsequently stained on a

~

drop of 1.0% ammonium molybdate (British Dfug Houses Ltd.,

Toronto, Canada), pH 7.0, in distiiled waggr. The grid was
dried after removing excess fluid by touching its edge to a
piece of filter paper. C€ell envelopes were negatively
stained as described above except that 2.0% ammonium
molybdate was u{ﬁd. Negatively stained self-assembly
' prqducts were prepared by mixing samples (l1:1) with 2.0%

ammonium molybdate, pH 7.0. A thin film of this susggnsion

was brdken over the su%face of the copper grid using a 4.0

’
-

mm wire loop.

1
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©.2.2 VFixation, embedding, and staining. All procedures

were carried out at room temperature. The-prefix. fixative,
and postfix solutions were all prepared in 0.05 M sodium
cacodylate buffer, pH 7.2. Samples were pretfixed -in 0.5%
tannyc acid (British DrugiHouses Ltd., Toronto, tCanada) for
30 min and then fixed in 5.0% acroelein-0.25% glutaraldehyde
(both from Polysciences Inc., Warrington, Pa.) overnight
(Burdett and Murray. 1974). The samples were washed three
times with buffer, enrocbed in 2.0% Noble agar (Difco ’
Laboratories, Detroit, Michj). and postfixed in 1.U% uranyl
acetate (British Drug Houses) in distilled wate? tor 2 h.
The samples were then dehydrated in a 30 to 100% ethanol
sé&ies and embedded in Spurr embedding medium. Sections
were cut on a Sorvall Porter-Blum Ultra Microtome MT-1 (lvan
Sorvall, Inc., Norwalk, Conn.) with glass knives and stained
with 1.0% uranyl acetate-lead citrate (Reynolds, 1963).
Samples were examined in a Philips EM-200 or EM-300 electron
microscope operating at 60kV. Miérographs were taken on

Kodak fine-grain positive film.

2.3. ffects o haotropic Agents on the Surface Array.
Cell envelopes (1.0 mg protein) were resuspended in 1.U
ml of each of the following solutions. All solutions were

prepared in distilled water unless otherwise ,stated.

{A) Hydrogen bond-breaking agents:

(i) 1.5 M guanidine hydrochlaride (ii) 1.5 M, 3.0 M, and
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6 M urea ' °

(B) Salts:
(i) 1 M LiCl (ii) 25 ug/ml protamine chloride (iii) 0.05 M

-

TbCly (iv) 0.5 M LaNO3

(C) Chelating Agents:

(i) 0.2 M EDTA, pH 8.0 (ii) 0.2 M EGTA, pH 8.0 (iii) 1.0
M sodium citratqh_pH 7.0 (iv) 1.0 M sodium oxalate, pH 7.0
(v) 0.05 M 8-hydroxyquinoline (in 15% ethanol, pH 9.0)
(Sigma) . :

- i

P

(D) Detergents:
(i) 2.0% (v/v) Triton X-100 (ii) 2.0% (w/v)-SDS' (1ii) 2.0%

(w/v) n-octylglucoside (iv) 2.0% (w/v) -
cetyl-trimethylammonium bromide (CTAB) (v) 2.0% (w/v) ©
Brij 58

()

(E) Disulfide Bond-breaking Agents: e

(i) 10% (v/v) B-mercaptoethanol (ii) 10% (w/v)

dithiothreitol 4
F
(F) pH:
(i) distilled water, pH adjusted with NaOH o HCl to 3.0,
3.5, 470, 4.5, 5.0, 5.5, 6.0, 7.0, 9.0, 9.5, 10.0, 10.5,

%
11.0, 11.5, or 12.0.
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(ii) 0.1 M citric acid-sodium .phosphate buffer, pH 3.0,

3.5, 4.0, 4.5, 5.0, 5.5, 6.0, or 7.0Q. . 4
14

(iii) 0.05 M sodium baxate buffer,  pH 9.0, 9.5, 10.0, or

10.5.

{(iv) 0.2 M sodium phosphate buffer, pH 11.0, or 11.5.

C ‘
(v) 0.2 M NaOH-KC1l buffer, pH 12.0.

(G) Miscellaneous Chaotropic Agents;
(i) 20 mM lithium 3,5-diiodosalicylate (DNS) (Sigma)
A

p

. The cell envelopes were ipc&bated for 1 h~a£ room -
temperature with occasional mixing andifﬁénAFOllected by
centrifugation for 3 min in an Eppendérf centrifuge (Model
5412). The supernatants were removed and analyzed by
SDS-PAGE. The pellets were washed.twiéé with distilled
water and examined by né%ﬁtive staininé—electron microscopy

.

and SDS-PAGE.

'2.4. Sequential Protein Extraction Procedure

(1) High—pH”buffer extraction. Cell envelopes were

resuspended at a protein concentration of 1.0 mg/ml in 0.05

L]

M sodium borate buffer, pH 10.3, and incubated for 1.5 h at

A

room temperature with occasional vortexing. After

L ] P
incubation, the envelopes were collected by centrifugation

v
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for 3 min in an Eppendorf centrifuge (model 5413) at room
temperature. The supernatént was removed for SDS-PAGE
anélysig and examination by nggative staining-electron
microscopy. The pellet (pH 10.3 péllet) was washed once:
with distilled water and three times with HEPES-Ca2+ bufferi
pH 7.4. "A sample was removed and émbedded for analysis.?y
thiﬁ sectioning. Samples of the pH_lO.S pellet were alsé

L

reserved for examination by negative staining and “SDS-PAGE.
> i

(ii) 6 M urea extraction. The pH 10.3 pellet was

resuspended in unbuffered 68 M urea at a protein

kpncentration of 1.0 mg/ml and incubated at room temperature

for 2 h with occasional vortexing. After incubation. the

J

envelopes were collected by centrifugation in an Eppendo®f
centrifuge. The supernatant and pellet fractions were

treated and analyzed as outlined above.’

'
-
»

.

2.4.1 Sequential Protein Extraction: Large Scale

Extraction

-

:For some experiments large?® quantities of the surface
array prgteins ¥were required. Cell envelopes prepared f;om
3 L of cells'(approximately 250 mg protein) were extracted
s§quentially as- described above (section 2.4.) except tha£
£he envelopes ?ftef_each of the two extractions were
collected by centrifugation at 48,000 x g for 30 min at 4C.
The supernatggts containing the solhbilized proteins were
then ultracentrifuged at 150,000 x g for 1 h at 4C to remove

any’ contaminating cell envelopes or membrane vesicles. The

E )



supernatants were routinely dialyzed overnight (18 h)

e . .
against distilled water at 4C and then concentrated by
membrane filtration (YM30 membrane, Amicon Corp.) and stored

at either -10C or -20C.

2.4.2 Inhibition of Proteolysis Durjing Isolation

[
(i) Use of Protease Inhibitors During Cell Breakage and

Envelope atio

Cell envelopes were prepared ;s described (section
2.1.2) exéept‘that 0.1 mM phenylmethylsulfonyl fluorige “
(PMSF), 0.1 mM N-tosylphenylalanine chloromethyl ketomne
(TPCK), or 1.0 mM dithiothreitol was included at all stages
following the deflagéllation of the cells. The cell
envalopes prepafed in the presence of these inhibitors were
examined by neéativg staining-electron microscopy and
SDS-PAGE. | , |
{(ii) Use of Protease Idbibitg:ﬁ During FProtein Extraction

The RS proteins were extractéd sequentially from cell
envelopes of strain MW5 as described (section 2.4.) except
that thg extracting buffers included one of the following
agents designed to inhibit proteolysis: 10 mM ) o )
dfthiothreitolu(DTT): 10 mM L-cysteiné hydrochloride, 1 mM
phenylmethylsulfényl fluoride (PMSF), 1 mM N-tosyl-L-lysine
chioromethyl ketone (TLCK), 1 mM N-tosylphenylalanine
cﬂloromethyl ketone (TPCK), 10Q ug/ml soybean trypsin
inhibitor (tfpe 1-S5) (STI), 100 ug/ml aprotinin, 100 ug/ml

p-chloromercuriphenylsulfonic acid (PCMBS), 100 ug/ml

.




pépstatin, or 10 mM iodoacetate. DTT, L-cysteine
hydrochloride, and iodoacetate were obtained from Fisher
Scientific Co. PMSF, fLCK, TPCK, STI, aprotinin, and PCMBS
were all obtained from Sigma whileythe pepstatin was

puréhased from Boehringer Mannheim. Stocks of *PMSF, TLCK,

TBﬂK, and pepstatin were initially Qrepared in° 95% ethanol

and the subsequent extrgcting and dialysis solutions for
these inhibitors contaimed 5% ethanol. Following the
incubation period, the cell envelopes were collected by
centrifugation as described and the supernatant fractions
dialyzed overnight (18 h) against deionized water (or 5%
ethanol) containing the same inhibitors but at one-tenth
the concentration used duriné\g}ﬁraction. The dialysates -
were theh removed from the tubing and analyzed by SDS-PAGE.

- +

(iii) Isolation at Low Temperatures

The RS proteins were extracted sequentially from cell
envelopes as described (section 2.4.) éxcept that all

operations were conducted at 4C.

2.5. Assembly
> ", .
2.5.1 Urea Extraction of Surface Protein for Assembly

)

xperiment
Cell envélope% preparxed from 3 litres of cells

(approximately 250/hg of protein) were resuspended in 200 ml

"of unbuffered 6 M urea (Fisher Scientific Co.,,Fairlawn;

N.J.) and incubated with ¢onstant stirring at room

¢

temperature for 2 h. After incubation, the cell envelopes




' staining and SDS-PAGE. ~
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were collected by centrifugation at 48,000 x g for 30 min at

4C. The supernatant was “then ultracéntrifuggd at 150,0Q0 i‘
g for 1 h at 4C to remove any contaminating membrane
vesicles. A portion was removed and dialyzed overnight
against distilled water at 4C for protein estimation and
SDS-PAGE. The remainder of the supernatant contained urea
and was the crude protein extract used for subsequent in

. -
vitro reconstitution and self-assembly studies. The

extracted envelopes were wgshed three times with distilled

- water and analyzed by negative staining and SDS-PAGE.

&

2.5.2. In Vitro Reconstitution (Reattachmént) ’
2.5.2.1 Reassembly onto Quter Membrane- T

Cell envelopes prepared from the RS™ strain of A.

serpens MWS5 or 6 M urea-extracted cell envelopes‘of strain

MW5 were mixed with 6 M urea-extracted RS protein to give
final protein concentrations of 500 and 125 ug/ml,
respectively. The total volume of each mixture was 1.0 ml:
The suspensions were dialyzed overnight at 4C with constant
stirring against distilled water or distilled water
containing 10mM WaCl, KCl, LiCl, MgCly, CaClp, or SrClsp
(salts all obtained from Fisher Scientific Co.). The
dialysat;s were then removed from the tubing and the

envelopes were collected by centrifugation for 3 min in an '

* [ ]
Eppendorf centrifuge at room temperature. The pellets were

‘washed twice with distilled water and examined by negative

.

~
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1

2.5.2.2 Reassembly onto Heterologous Templates _—_—

Cell envelopes prepared from A. serpens VHL, A.

gg;ggng 12638 (type strain), and wild-type strains of
Escherichia coli and Pseudomenas aerugincsa, were mixed
wi£h 6 H urea-extracted RS protein“of ﬂ..§e§9eg§ MW5 as
described above and dialyzed overnight at 4C with constant
sti*rring against 10 mM calcium. The dialysateés were then

rémoved from the tubing and the envelopes collected by

s

centrifugation for 3 min in an Eppendorf centrifuge at room
temperature. The pellets were washed twice with distilled

water and examined by electron micrgscopy. . ¢

2.5.3 Seauential Reassembly onto Quter Membrane
The ability of the components of each of the two layers
to reassémble in tandem onto an oute; membrane surface was
examined. RS™ cell envelopes were mixed together with
either: (i) the 125K protein extract (obtained from the
initial step of the sequential extraction procedure) or (ii)
: the 150K protein extract (obtained from the final step of
the sequential extraction procedure) and dialyzed overnight
at 4C against 10 mM CaCly in distilled water. The pellets
were collected by cenffifugation and washed as outiined
above for the in vitro reconstitution studies. A portion of
each was retained for negative staining and SDS-PAGE. In

the second step of the sequential reconstitution, the

pellets from (i) and (ii) were mixed with the 150K and 125K

protein extracts, respectively. These reassembly mixtures
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were dialyzed and subsequeqtly analyzed as descfibed above.

The ability of the 125K RS prbtein of strain MW5 to
reassemble onto the hexagonally-arranged RS layver of A.
serpens VHA was also examined. Cell envelopes prepared from
stréin VHA (500 ug protein) were mixed with the 125K protein
extract (125 ug protein) and dialyzed ovefgight at 4C
against 10 mM CaCly;. The dialysate was removed from‘thé

»

tubing and examined by negative staining-electron microscopy
«

and SDS-PAGE.

2.5.4 Zelf-Assembly
2.5.4.1 Self-Assembly of the RS proteins (15QK + 125K):
Parameters of Assembly
(i) Cation requirements. 6 M urea-extracted éS proteins
(500 ug protein/ml) (section 2.5.1) were dialyzed overnight
. » )
at 4C against distilled water or distilled water éontaining .
10 mM NaCl, KCl, LiCl, MgCly, CaClp, or SrClg. An identical
set of dSsembly miitures were dialyzed against the same
series of cations but at room temperatufe (22C). The
diaiysates were then removed from Epe tubing and examined by
negative staining-electron microscopy. .Self-assembled
products were collected by centrifugation for 3 min in an
Eppendorf centrifuge, washed twice with the appropriate
cation (1 mM), and analyzed by SDS-PAGE.
(ii) Ionig Strength/pH. 6 M urga-extracted RS proteins (500

ug brotein/ml) (section 2.5.1) were dialyzed overnight at 4C

against distilled water or 10 mM HEPES buffer, pH 7.0,



containing 0.5 mM, 1 mM, or 10 mM CaCly, The dialysates
3 3
were removed from the tubing and examined by negative

+ staining-electron microscopy.

(iii) Protein Concentratjon. Aliquots of 6 M urea-extracted

RS proteins (section 2 5.1) were adjusted to protein
concentrations of either 50, 100, 250,, or 500 ug/ml and
dialyzed overnigh£ at 4C agginstvlo mM CaCl,. The v
‘dialysates were removed from the tubing and examined by
negative staining -electron microscopy. - ~
N / ? )
2 5.4 2 Mmumu-m_mmmymu/m Proteins
150K and 125K protein extracts (section & 4 ) weree
dlalyzed separately ove;’night against 10 r;xM Ca()l“v‘_- or Lx.’]
SrClé at 4C. The protein concentration of ench sample wis
500 ug/ml. The dialysates Qere then rémoved from the tubing
and examined by negétive staining-electron picrosgop;.
Self-assembled products.yere collected by centrifugation for
3 min‘in an Eppendorf centrifuge, washed twice with 1.0 mM
CaClg or 1.0 mM SrClo, and analyzed by SDS-FAGE.
2.5.4.3 ' - - uct
‘Image‘processing of the self-assembly products was
. performed essentially according t? the &éthod described by
Burley et al. (1983). Areas of micrographs free trom
onious faults were selected visually. Fourier transforms
were generated from these areas ﬁsing an optical

diffractometer (Dept. of Physics, University of Western

’
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Ontario) with a ﬁélium—neon laser as the light source.
Selected diffraction ppints were enhanced by filtering out,
or masking, the background noise. The images were digitized
using a digiggl image trangduéer and a PDPl}-44,compu§er and
the invérse Fourier transforms generated to produce the
optically-reconstructed images. - !
. i

2.6. lmxgﬁhumg_ﬂﬁ&hgdﬁ;;lgn;ﬂxghamﬁhmminggxﬁpm,
' PEG Precipitation
2.6.1 9Do-polvacrylamide Gel Electrophoresis (5DS-PAGE)

Discontinusgs Qlab gels were prepared for sodium
dodecﬁl.Sulfate—éolyacrylamide g6l electrophoresis
(SDS—PAGE)J and electrophoresis was coqducted according to
the method of Laemmli (1970) as described by Koval and
Murray (198l). Except where noted, the stacking and
resolving gels éonfained ac:ylamide concentrations of 4%
and 9%, respéciivgly. The acrylamide stock contained 39%
acrylamide and 1% bis-acrylamide. Saméles were routinely
heated iﬁ'the sample buffer described by Laemmli (1970) at
100C for 3 min. The gels were stained and fixed in 0.1%
Coomassie brilliant blue R250-25% methanol-7% acetic acid
at room temperature overnight. They were destained by
diffusion in several changes of 25% methanol-10% acetic

acid. Al)]l chemicals for electrophoresis were obtained from

Bio-Rad Laboratories (Richmond, Ca.).




t

-2.6.2 Gel Densitometry

, Pensitometric scans of Coomassie blue.
stained-5DS-polyacrylamide gels were done using- & Beckman
spectrophotometer {(Model Du-8), equ{bped with a linear
transp;rt accessory. Gels were scanned through a 0.5 mm

slit-at 560 nm with a scan rate of 2 cm/min.

2.6.3 Determination of Molecular Weight

Molecular weights of the major cell envelope proteins
woare determined by comparing their migration in
SDS—poLyacfy}amide gels to those of the foflowing
calibration proteins: RNA polymerase (165,000, 155,000, and
_39,000). bovine serum albumin (63,000;, and soybean trypsin
inhibitor (21,500) (Boehringer Mannheim, Dprval, Quebec,
Canada). Myosin (205,000), pP-galactosidase (116,000), and
phospborylase B (97,000) (Sigma) were used as calibration
proteins for the molecular weight determination of

oligomeric forms of the’surfacé proteins.

2.6.4 Periodic Acid-Schiff Stain for Carbohydrate

Ca{i/syggiopa proteins, 6 M urea-extracted RS proteins

(section)Z.S.l), and the protein extracts obtained from the

sequential extraction procedure (section 2.4.1) were
separated by SDS-PAGE and stained fog glycoprotein with
periodic acid-Schiff’s reagent accordiﬂg to the mqthdd of

‘Glossmann and Neville (1971). Fetuin apd BSA wefe‘used as

positive and negative controls,/ﬂégpéctivelf”
S

-
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2.6.5 Non:denaturing PAGE

Discoetinuous native slab gels and protein.samtles were
prepared as described above (2i63£)‘except that SDS was _
omitted from the gel‘solutions, electrophoresis running
buffer] and sample buffer. "The stackxng and resolvxng 'ls
contalned acrylamide concentrations of 3 and 5%,

S~

respectxvely, The acrydamide stock contained 30% acrylamide

and 0.8% bis-acrylamide.

2.6.6 I_sg_e.les_tus_m.unz
v .

40 ug of 6 M urea- extracted and 20 mM LIS-extracted and
dialgzed RS proteins were loaded onto,separate tube gels (11
cm in:ieﬁgth and 3 mm in diameter) and focused in ampholine
gradients (pH 4-6) according to the method of O’'Farrell
(1975). The focused proteins wdre separated in the second
dimensi?n by SDS-PAGE and the slab gel stained with

Coomassie brilliant blue. The ampholines used in the

-focusing gels were aobtained from Bio Rad.

2.6.7 Jon-Exchange Chromatognaphy
.

The 150K and 125K proteins were extracted from cell
- N

/ epvelopes as described (section 2.5.1) and simultaneously

) qoncentrated by membrane filtration (YMSO membrane, Amicon

» Corp.) and dialyzed'against 0.01 M imidaéele buffer, a 6.5.
0.5 ml of this sample (2.0 mg protein) was a;plied to a

- DEAE Sepharose CL-8B column (15 cm x 0. 7 cm), equilibrated
wlth the same buffer. The column was washed with 5 volumes

! 1
, oy )
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of buffer ;nd the proteins eluted bn a linear'gradiént of 60U
" ml of 0-1.0 M NaCl in 0.01 M imidazole buffer, pH 6.5. 1.0
ml fractions were collected and eluted protein detected by (e
reading the absorbance of the fractions at 280 .nm |
Fréétions corresponding to the ma jor peaks weré pooled and
lyophilized. The samples were resuspended in distilled
water and analyzed by‘SDS—PAGE. o

For some experimenfs. the RS proteins were allowed to
adsorb to the ion-exchange resin‘in batch. 1.0 ml ot the
125K protein'extgact (1.0 mg protein) (section 2 4 1) was
added to 2.0 ml of DEAE—Sephar;se CL-6B (wa®hed and
equilibra;ed with 0.01 M imidazole buffer, pH 6 $) in a 3u
ml Corex tube, énd'mixed well. The beads were allowed to
settle. The supernatant was removed and an;lyzed by
SDS-PAGE. The resin was washed with lﬁdvolumesvdf buffer
a?d a stepwise eiuﬁion series of 0.25 M, 0.5 M, 1.0 M, and
1.5 M NaCl (in buffer) initiated. The beads containing the
'bound protein were mixed with 1.0 ml volumes of the eluents
and then allowed to settle. The supernatant after each
incubation wa;vremoved and éhecked'by SDS-PAGE for eluted

protein.

2.6.8 Polyethvylene Glvcol (PEG) Precipitation of RS protein
(i) PEb stock solutions (PEG se;ies: 400, 1000, 1500,
8,000, and 20,000; 20% w/w in 20 mM HEPES, pH 7.0) were
mixed 1:1 with separate aliquots of the 125K protein extract

(500 ug protein) (section 2.4.1) to final PEG concentrations
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of 10% The selutions (total volume,®*l 0 ml) were mixed and

incubated at room temperature for 4 h. The precipitates

we;e collected by centrifugation for 3 min 18 an Eppendorf
cenﬁrifuge) resuspendéd in a saall volume of distilled
water, and analyzed by SDS-PAGE. The polyethylene glycol
was obtained.from Fisher Scientifié Co. (PEG 400, 8,000,
20,000) and BDH (PEG 1000, 1500)

(ii) 6%, 20%, 30%, and 50% PEG iSOO stock solutions (w/w in
20 mM HEPES, pH 7.0) were mixéd 11 with the/125K protein
extract (500 ug protein) (section 2.4.1) to give final PEQ
concentrations of 3%, 10%, 15%, and 25%. The solutions
(total volume, 1.0 ml) were mixed and incubated at room
temperature for 4 h. - The precipi;ates were collected by

centrifdgation as described above and analyzed by SDS-PAGE.

'2.7 iochemical s5ays

o

2.7.1 Ego;gin Estimation

Protein content was determined .according to the method
]

t al. (1951) using bovine serum albumin as a '

of Lowry et
o’ hd

stahdard.
‘ »
2.7.2 Determination of Carbohydrate Content
RS protein extractS‘(5Q-1000 ug protein) were assayed

for reducing sugar content by the method of Dubois et al.

(1256) using glucose as a standard.

«

o
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2.7.3 j op lysi

Cell envelope proteins of A. serrens @WS were éeparabed
by SDS-PAGE  The bands were visualized by immersing the .
unstained gél in 4 M sodium acetate according to the method
éf Higgins and Dah;ug,(lg;g) Thq.high concentration of
salt precipitates SDS not Bound to protein; polypeptides,;
therefore, appear transparen£ against a white background
Transparent bands corresponding to the 150K and 125K
proteins were excised using a razor blade. *The bands were
homogenized in 0.05 M ammonium carbohaée bufferﬁ pH 7.5, ”
containing 0.05% SDS, using a glasq homggenizer and pestle.
The proteins were eluted overnight by i?cubating the -
homogenized gel slfces in the same befer with donstgnt
agitation. Thé eluted proteins were dialyzed against
.deionized water (to remove any élycine ejuted from the slab
gel), lyophilized, and aliquots of each reéervea for
SDS-PAGE. 'Thé remainder was hydrolyzed in 6 N-HCl‘for 18 h
at 115C)and the hydrolyzaﬁss analyzed in a Beckmaﬁ 119CL

single column analyzer.

7

2.8 Interaction of the RS proteins with Calgium
2.8.1 Growth in Calcium-free Media

To determine if calcium was required for maintainéng
. the integrity of the RS layer of A. serpens MW5 during broth
culture, the organism was repeatedly transférred in -

calcium-free broth. , deffned medium for aquaspirilla'

(Whitby and Murray, 1980) was used. for these experiménis

L4 .
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(sectlon 2.1.1). The broth was.inoculated [8% (v/Vv)] witﬁ a
12 h culture of MWS5 (grown in PSS+Ca2+ broth) and incubated
O/Nwwith shaking at 30C. 4% (v/v) of this overnight culture

was then: transferred to fresh calcium-free media and

.

incubated for 24 h as described. This was repeated six
’ .

times. Cells were then harvested and cell envelopes
prepared and examined by negative staining-eleéctron

micrdscopy and SDS-PAGE. Control flasks contained the same

.
e

media Supplemented with calOLum (1. O mM) and were- treated

1dent1calf/ R ‘ :

8.2 ' t ractio S
- -

Proteins from Cell Envelopes ‘ ~ N

’.

2.

« Cell envelopes prep;red from A. gerpens MW5 ware -
resuspended (at a protein concéntratlon of 1. O mg/ml) in 6 Mo
urea containing 10 mM CaCljp. " The mixtures were 1ncubated at
room temperature for 1 h with occasiohal mixing. The
envelopes were then éollécted{by centrifhgation ﬁ;r 3 mim in
an E;pénddrf ééhtrifuge and the su;ernatant’dialyzed
;vernight at 4C against 10 mM Cé?iz.' The dialysates, wer% . .o
removed from the tubing an@ analyzed By'SDS:PAGE and

electron microscopy. . . . o _ "

2.8.3 Calcium-binding Assav - - , ST T,
- < . * -

The RS pgoteins of A. servens MWé were analyzed for

bound, calcium using the calcium detection procedure outlined

in Technical Builetin No. 586 (Sigma Chem. Co.}. The ’




p;gcedgre'is based on the spectrophotometric mgthod first
described by Pollérd and Ma}tin (1956) and later m?dified by
Sarkar and Chauham (1967). "6 M urea-extracted and dialyzed
-surféce proteins - (section 2.5.1) and the 150K and 125K
protein extracts (section.2.4.l)’were adjusted to protein
concentrations @f 0.5 mg/ml }n deionizedeater and dialyzed
.for 48 h at 4C ‘against deionized water to remove any free
calcium. 200 ul (100 ug protein) of each extract was added ~
fd‘210 ml of calcium assay solution-containing 225 mM
2-amino-2-methyl-1-propanol, 0.003% 8-hydroxyquinoline,
DMSO,'énd fbe chromogenic agent, o-crééolphthalein
<épmplexone (CC) (Sigma diagnostic kit 586, Sigma Chemical
Co.).  CC binds calcium and, at alkaline pH, produces a
purple‘colqur which absorbs at 575 nm (Pollard and Martin,
-1956). The éresencg of calcium in the sémples was
‘indicatéd by elevated absorbance at 575 nm as compared to
-deionized water
‘ Allquots of each of the aBove dialyzed samples were
’ then dialyzed fon~24 hours agalnst 200 mM EGTA (Slgma) in
’ delonlzéd water, pH .0, to remove bound calcium, and then
dialyzed for»a fur£her 48 h against delonlzed water to.
xsmove the Calbium chelating agent. The s;mples were
_;assayed fox céidi;m ss descrLbed above Cbncanavalin A

(Smgmaf and BSA (Slgma) were used as the positive and

negat1ve~céntrols, respectlvely They were treated as

P

d» outllned above except that they were initially incubated for

. filzﬁh 1n 290 mM CeClz prior to the dialysis steps.

N




2.8.4 Effect of EGTA

MWS cell enve}bpes (20 mg protein) were resuspended in
10 ml of 6 M urea (in 10 mM HEPES, pH 8.0) and ingubated
for 1.5 h at room temperature with constant stirring. The
envelopes Qere collecfed by centrifugation at 48,000 x g
for 30 min at 4C. The pellet was discarded. The
supernatant was cehtrifuged at 150,000 x é for 2 h and then
one-half was dialyzed ;gainst HEPES buffer while th; other
half was dialyzed aéainsf the same'b;ffer containing 20 mM

EGTA (Sigma) at 4C overnight (18 h). The dialysates were

then removed from the tubing and analyzed by SDS-PAGE.

2.8.5 Inhibition of Pzgteoiysis\in the presence of EGTA
"~ . .
MW5 cell envelopes (1.0 mg each) were resuspended in

%.0 ml of 6 M urea (in 10 mM HEPES, pH 7.5) containing: .:
(1) 1 mH‘TPCK, (ii) 5 mM EGTA, or (iii) 1 mM TPCK and 5 mM
EGTA;and incubated for 1.0 h with occasional mixing. The
envelopes were‘coliected by centrifugation for 3 @ih in an.
Eppéndorf Ceqtrifuga'agd the pellets discarded. Al%quots

of ;ll three eupernaﬁants were reserved for analysis by
SDS-PAGE. The Yemainder of supernatants (i) and (ii} were
dialyzed agdinst 0.1 mM TPCK and 5 M EGTA respectively.-:

An aliquot of' supernatant (iii) was dialyzed against 0.1 mi..
TPCK while a second aliquot was dialyzeé égainst:iiOZmM f»q
VTPCK. Dialysis was performed at 4C overnight ({8 h) after

which™ the dialysates were removed from the tubing and -

analyzed by SDS-PAGE.
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2.9. Reiatedness

i;g.l Peptide Mapping

. SN
2.9.1.1 One-Dimensional tide Mappinps imited
Proteolysis in SDg-pol lamjide Gels
. The RS proteins of A. serpens MW5 were subjected to

limited proteolysis in the presence of SDS and the peptides

separated by éel electrophoresis according to the method of

Cleveland et al. (1977). 50 ug of the 150K -and lZSk protein’

extracts (section 2.;.1) were loaded into separate wells of
3 an SDS-polyacrylamide gel and electrophoresis conducted as

described. The gels were fixed and stained with Coomassie

b{llllant blue and the bands correspondlng to the 150K and
« 125K proteins were excised with a razor biade The excised

-0 gel slices were stored in 0.125 M Tris buffer, gH?S.B;;;

b .
.

f ‘ -

» -70C. The gel slices were push?d to the‘bottom of the

sample welds (one slice per wells of a -second
r‘\,

SDS-pélyacrylamide'gel . The acrylamide qonpentratxons of - -

the stacklng and resolv1ng gels were 4% and 12 o :%%ihQF

-

respectlvely Spaces‘around the sllces were fllled wzth an

~overlay ‘buffer contalnlng 0 125 M TrLthydroch&orlde, pH

: 6.8, 1 mM EDTA, 20% glyderol, and 0.1% SDS (TEGS bEEEeT) .
Szgphxlggggggl V8 protease (500 B/mg of protein,_Mlles g#,J A

~ . Laboratories) was added to the wells where d351red
. Electrbphor651s was 1n1t1ated at 4C ‘When the’ dye marker

reached the resolv1ng gel, eIectrophOteszs was\stopped The

entlre slab unlt was_ chubated at 40C for 30 m1n to allow

proteolytlc dlgestlonnof the RS.protb1ns ‘;peﬁgeptades N
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generated were then separated by electrophoresis at 4C until
the dye marker reached the bottom of the resolving gel. The
gel was stained with Coomassie blue and destained as

described above.

2.9.1.2 Two-Dimensional Peptide Mapping . ,

fhe RS proteins Qf A. serpens MW5 and VHA were labelled
with Iodine-125, digested with either trypsin or
Staphvlococcal V8 protease;land separated in two dimensions
on cellulose-coated thin layer chromatography (TLC) plates
according to the method of Elder et al. (1877). 50 ug of
each of the RS ﬁroteihs were loaded into separate sample
wells of an SDS—pquacrylamide g€el and electrophoresis
cond%cted.as described. The gel was Gimultanéously fixed
and stained overnight with Coomassieﬂblue in 25%
methanol-10% acetyé acid add_the_bands c?rrequnding to the
150K and 125K progeins\excised. The gel slibe;.were soaked
.in 10% methanol for 4 h with‘B changes to remove SDS'aqd
other contaminants. The gel's ices were placed in'separate
5iliconized tubés and then dried by lyophilization. The
proteins were then radioiodinated with 1251 (Amersham; 100
mCi/ml) in the gel slice by a modification of the
chlor;mineﬂﬂsmetﬁod (Greenwood et al., 1963) as described «”
by Elder et él. (¥977;. 22 ul of 0.5 ﬁ sodiu@ phosphateé
buffer, pH 7.5, 3 ul 1251 (300 uCi), and 5 ul chloramine T

(1lmg/ml) (Fisher Scientific Co., Fairlawn, N.J.) were added

sequentially- to the dried'gel slfqeg and incubated foér 30

4
f
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min after which 'time the. reaction was stopped by the
P

additioq of 1.0 ml of sodium bisulfife (lmg/ml). After 15
m}n the sodium bisulfite sol%pion“was removed and the gel

slices washéd with 10% methanol for 72 h with 3 changes. .
The gel slices were thgn dried by lyophilization and 50 or

100 ug of trypsin gSigmézzgype XIII) or Staphvlococcus V8

‘protease (Miles Laborato 1es) was added to each tuBe. The

enzymes were prepired as 100 ug/ml stock soiutions in 0.05
»
M ammonium carbonate buffer, pH 8.0. The lahelled proteins

were digested for 24 h'at 37C. Alternatively,‘after 22 h,

~ -

Y )
fresh enzyme was -added at the same concentration and

digestion allowed to §roceed for a further 4 h. The
peptidé solutions were then transferred to new siliconized:
tubes and lyophilized overnight. The peptides were

reconstituted in 20 ul ‘of electrophoresis buffer (acetic

acid:formic.acid:distilled water; 15:5:80) and 1-3 ul.

. (approximate%y 150,000 cpm) was spotted-ontq the origin of

cellulose-coated TLC*plates<r10xlO cm) (EM Lébératories,
Elmsford, N.Y.). Electrophofesis was conducted at room
temperature on a high voltage elebtrophoresié appératus

(Camag) at 1000V for approximately 20 min. The plates-were

. E
dried and chromatographed in the second'diTension in buffer

* (butanol:pyridine:acetic acid:water, 32.5:2525:20)

containing 7% Z,5-diphenyloxazole (PPO) (w/v). The plates
were dried gnd then analyzed by autoradiography using‘Kodék
XAR-5 x—ré} film. The auteradiographs were exposed at -70C
for 16 h. /“‘

: . .
s ' . . \ -
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2.9.2. Antigenic Relatedness

~

2.9.2.1 Preparation of Antisera and Isolation of Gamma

Globulin (IgG) Fractions

Antisera, sﬁecific for the 150K and 125K proteins, was
raised in 2.5 kg, New Zealand white, female rabbits. A
preparative SDS-polyacrylamide gel was considerably

overloaded (approximately 1.8 mg of cell envelope protein)

and electrophoresis conducted as usual. The gel was briefly
fixed, stained, and degtained and the 150K and 125K‘protéin
bands excised. The p‘otein-containing gel slices were
washed in saline aﬁd.then completely homogenized by, first,

' gpinding with a mortar and pestle aﬁd then by passage
through a syringe fitted with a 26 guage needle. Aliquots

. were injectea into rabbité~(intramuécularly) at weekly R
intervais for a total, of 7‘injections. Blood was obtained
by cardiac pundture, allowed to clot at 4C, and the antisera
stored at ;700. Antiserum specific for the Ré proﬁein of
A. serpens VHA was prepared in a similar manner and wa§ia
gift from Dr. S. stél, University of Western Ontario, '
London, Canada.

| 1aG fqactfbns were isolatéd by passing the crude - .

antisera throdéﬁ'a Protein A—Seﬁﬁaiose colpﬁp (Bio-Rad).
%hg bounq;IgG was eluted with 0.1 M glyéine—HCi, pH 3.0 and
the absorbance of the eluted ffactioﬁs measured at 280.nm.

Fractions corresponding to the peaks were pooled and

x

o ' ! simultaneously concentrated and dialyzed against 10 mM
. phqsphate-bqffered saline (PBS), pH 7.4, by ultrafiltration. .

|

f . .
L g‘ -

f ’

‘ .

1
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% JgG samples were stored at -70C.

2.9.2.2 Immunoblotting
Cell envelope proteins or RS protein extrégts were

separated by SDS—PAGE and'then electfopﬁoretiqally

*

transferred to nitrocellulose paper (40 V, 3 héurs) by the

/

method of Towbin et al. (1979). The paper was briefly

stained (3 min) with 1% Amido black in 25% methanol, 10%

4

acetic acid and then destained in lO%lmethanol, 10% acetic
% :

acid in order to visualize the traﬁ;ferred protein.
IndiQidual lanes were:rexcised, and washédglfirst with
distilled water, and then with PBS. The strips,were"stofed
in buffer overnight at 4C. .Available binding sites were

then blocked by incubation in 1% BSA in - PBS for 2 h with

gentle agitation and the strips were then washed for 30 min -

with .PBS (6 changes). .TheAstfips were thgn incubatéd for 2
h with the appropriate IgG sample (10 ug protein/lane),
washed with PBS, and incubated for 2 h with at anti-rabbit

_hIgG horseradish ;;roxldase conjugate (BlO Rad) (8.ul/lane).

7 The strips were washed overnight (18 h) with PBS and the
bo;;d IgG visualized with 4 chloro-l-naphthobl. The strip%
were rinsed with distilled water) allowed‘fo air dry, and
photographed using Panatomic X film (Eastman Kodak Co.).

Alﬁernativély, for some experiﬁeﬁts, the strips
containing the transferne@ proteins were incubated (after

the BSA blocking stage) for 2 h with the appropriate crude

» . '
antiserum (10 ul/lane), washed with PBS, anq incubated with

66
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1257 proteln A (approxi?ately,l0,000 cpm, New

VEngland Nuclear) for 2 h. The strips were then washed for
i _— a \
2 h with PBS (6 changes), allowed to air dry, and\wére
f “‘
autoradiographed using Kodak XAR-S/x—ray film. The

autoradiographs were exposed at -70C for 18 h. .

*
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CHAPTER 3

RESULTS S

3.1. Qbservatlons of Wholg Cells

Negatlvely stalned whole cells (Fig. 2a) displayed the

characteristic ribbed, or linear, surface pattern desgribed -

by Stewart and Murray (1982) and showed a moiré effect

"resulting from the superimposition of two ;ayers of

hexagonally-a?ranged subunits.’ The ribs were aligned at 90
degree angléé to the lohgitudinal axis of the cell. The
center-to-center spac1ng of the ribs was 16 nm and matched
that described by Stewart and Murray (1982)

Thin sections of embedded. cells demonstrated the

presence of two additi&ggl layers lying external to the

~

’outer membrane laye; of the cell envelope (Fig. 2b) and

-

. confirmed that the surface array of Agquaspirillum serpens

MW5 was a double?layergd structure.

AN

3.2. Obégrvgp%gqs of Cell Enveiogés

3.2.1 Elgg;;én_ﬂig;ggggpz. Negatively stained cell
envelopés-(Fig. 3) also displayed the mbizé surface péttern
desfribed by Stewart and Murray (1982) except tﬁaﬂ

linearity of the array waé not as well defined as with
| I

)

whole cells. This was probably due.to forced cur&hture‘of

wall layers as a result of envelope preparation- techniques..

! L4
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Thin sections of these envelopes showed that boﬁh 1ayérs of
the-array were.present and had not been removed during-
prepa¥ation of the enve%ope fractions.

it should be noted thaé,*iﬂ some-cases, the moiré
surface pattern was not continuqus.over the éntireacell
envelopé surface; a few small patches of ‘

&

hex;gonally—arranged subunits could be detected on the
sﬁrface.of some cell envelopes by negative -
stafnins-electron microscopy. "~ This was particularly true
of enveldpe’preparatlons which had been stored for long
reriods of time (or which had begn émozen and thawed

several times) and suggested that the outer layer Sf the

array had been partially'removeg or damaged.

’

B

3.2.2 SDS-PAGE. SDS-PAGE of the cell envelopé préparaﬁion
reveal;d three ﬁajor polypeptides having apparent molecular
weights of 150,000 (150K), 125,000 (125K), and 32,000 (32K)
along with se¥eral {approximately 15-20) other minor
ﬁroteins (Figs._3,4): The polypeptideﬁ wefe component
profein; of the outer membrane and surface array Secaqse
Triton X-100 treatment of cell envelSPes (to solubilize
plasm; membrane‘proteins) dia not significantly alter the

SDS~PAGE poiypeptide pattern (data not shown).

The relative amounts of the Coomassie blue-stained

polypeptides were detected by a densitometric scan of the

eléctrobhbretic;lly—éeparated envelope Qroieins (Fig. 5).
The 32K:pol?peptide~was the most abundant protein within

~

N
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the cell envelope. The ratio of the 150K: 125K proteins was
1.35:1.

. . -
3.2.3 Identification of Peptidoglyvcan-Associated E:otg;g

All cell envelope proteins were compietely solubilized
by heating at pither 606 or 100C in 2% SDS for 30 min (Fig.
8). Only a very minor amount of the 32K protein was
solubilized when envelopes were heated at 50C in 2% SDS for
the same length of time. . A slight reduction in the amount
of sélubilized 150K polypeptide was also observed.
Coomassie blue-~stained material was detected both in the
sample wells of the stacking gel and at:the interface
between the stacking and resolving gels. The insolubilit¥

of the 32K polypeptide in SDS at temperatures below 6€C,

togeth with its molecular weight, suggests its
' T

classification as a peptidoglycan-associated protein

(Rosenbusch, 1974).

3.3. Effects of Chaotropic Agents

Stewart and Murray (1982) had pfe&iougly determined
:Fhat the surface Ltray of A. serpens MW5 consisted of two
iayers of hexagonally-arranged subunits which 6verlappéd to
produce a moi;g surface pattern. This structural N
information aided in assessing the effects of various
chaotfopic agents on the arré;. Cell envelopes treatedA

with the agents were examined by negative staiqing—electron

bicroscopyf The results are summFrizea in Table 1 and

.;k;m;:‘.
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involved no effect (moire surface pattern), removal of one
~ ;

layer (individual or hexagonally-arranged units), removal

of the entire array (outer membrane), or removal and damage

to the outer membrane (disrupted outer membrane).

3.3.1 Electron microscopy. The surface array of A.

'§e;g§gs MW5 was completely removed from cell gnvelopes by
“treatment with 6 M urea, 1.5 M guanidine h;drochloride, or
20 mM LIS? Cell envelopes treated with these agents
displayed a smooth outer membrane surface when examined by
negative-staining—electron microscopy (Fig. 7). 'Treatment
with 2% SDS or strong base (pH 12) also appeared to remove'
the surface array but severely disrupted the integrity-pf
the outer membrane (Figs. 7d, 114d).
Treatment of cell envelopes with 3 M urea, metal
chelating agents (EDTA, EGTA, sodium.oxalate, sodium
’ citrate), salts (lanthanum nitratq, protamine chloride), or
aikali (pH 9.5-il) appeared to partially solubilize the <
array since either individual or hexagonally-arranged
subunits could be detected on the outér‘;embrane surfaces
of negatively stained samples (Figs. 9, 11). ~Treatment of
céll enveiopeé with either EDTA or EGTA disrupted the
‘integrity of the ouper fnembrane and sign;ficant blebbing of
the membrane cowfd be detected.(fig. g9b,c).
Non-ionjc and cationic detergents, disulfide

bond-breaking agents, and low concentrations of chaotropes
e |

(eg. 1.5 M urea) had no visible effect’on the 'surface



urea, 20 mM LIS, or 1.5.M guanidine hydrochloride showed
. Al /\, . - | .

-

r h a
o
p \/ 7 2 - B
* ’
* =
structure. .
. 3 . o i L Y W

‘e

3.3.2 SDS-PAGE. SDS-PAGE of envelopes treated with 6 M

N\,
\\ B

. e ; . .
that both the 150K and 125K£§§1ypeptides as 'well ‘as a

L]
number of minor preoteins we

)

treatments (Fig. 8). Consideréble degradation of the two ,

éo}ub@lized by these

major polypeptides was observed when guanidipe

s

hydrochloride was ufed as the extrdcting ageht (Fig. 8, R

lane C). The major 32K polypeptide was not solubilized by //

these treatments and remained’with the cell edvelope \v//

pellets.
4

SDS-PAGE of envelopps treated with chelating agents

showed thagge for those sa‘y for which a hexagonal

surface pattern or indivifual units were detected, the 125K
protein was almost completely extracted from the cell , g

envelopes (Fig. 10). Similarly, treatment with lanthanum-

~

nitrate, protamine chloride, or 3 M urea resulted in the

solubilization of the 125ﬁ polypeptide (dataJnét shown) .

SDé-PAGE of enveiopes treated with a wide‘pH range
(Figs. 12, 13) indicated that between pH 9.5 andf}l.O, the
125K protein was pfefere&iglly solubilized (Fig. 13). t
Treatmen£‘with strong base (pHY12.0) solubilized mé;t
en;elppe proteins (Fig. 13). .

. . D
3.4. Sequenti traction : A o) ent

X F - B
The results described in section 3.3. suggested the

\
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Table 1. Effect of Chaotropic Agents on the Surface Arfay
: N _ »
a ° J s J .
D ‘ Effect Appearance
- Agent - . én Arravd by Negative Staining-
. " Z/z.Elgctfon Microscopy.
’ : \ - ﬁ‘ 4*‘
' 1.5 M urea - ' moiré
3.0 M urea +/-- hexagonaﬁi .
6.0 M urea + outer mggbrane
1.5 M GuHC1 + .ohtep membrane - i .
0.02 M LIS + outer membrane N
1.0 M LiCl - moiré .
25 ug/ml protamine £, ’ ;
_— chloride Lo+ ‘ hexagonal
. 0.05 M TbClg L J moigé’ '
L0-5 M LaNOy +/- . hexagonal .
- - : : o .
0.2 M EDTA +/- : dnits/&isrupted QM
0.2°M EGTA. +/- - units/dIsrubted OM
1.0 M sodium oxalate + 4= ! ’ -hexagonal «
i ’J/é.o M sodium citrate +/- . ‘ hexagonal LT
, 05-M BOH- quj.nollne o= ‘ moiré v% . ',|
' ’ . pH 3.0-4.0 +/- ' .disorganized array/ - .
‘ 0 o _ dlsrupted o -
pH 4.5-9.0 - !« “moiré ., .-
pH 9.5-11.0 +/- “hexagonal " .
pH 11.5-12.0 + v disfupted OM
2.0% SDS s " disrupted OM. )
2.0% Brij 58 ~ , . m01re., - &
2.0% n-octylglucoside - A -molre , ! .
. 2.0% CTAB . L : m01re e,
. A ]
a: + RS array entirely removed from cell envelopes
- no effect -4 ;
. N partlal solubllzzatlon of tha array 3
‘* Abbreviations: GuHCl, guanrdine hydrocﬁlorlde, Lis, .
lithium diiodosalycylate; EDTA, ethylenedlamineteg
. acetaie; EGTA, ethyleneglycolsbis-(B- -aminoethyl: ether)- f .
) N,N’-tetraacetate; SDS, sodium dodecyl sulphats; CTAB, X '
. ) cetyltetraammonlum bromlde, OM, outer mémbrane. - ~ ° . "
. o CL ., -
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use of a éequential extraction procedure for the isolation'

. of the components of the array: alkali extraction of the
¢ . .. .

6uter layer“followed by 6 M urea extractioq:of.Phe inner
layer. Thé procedure was monitaqred by hothngS—PAGE (Fig..
14) and‘élecﬁron microscopy (Fi;.’lSj.

. 5.4.1 SDS-PAGE. Treatment of cell envelopes with a
high—pH‘buffer followed'by G‘M urea resulted in the
éequential extrac@ion of the 125K and 150K proteins,

respectively. The initial high-pH'ireatméht solubilized

¢ Most of the 125K protein (Fig. 14, lane E), and only small

o
amounts of ot;;r polypeptides. The pH 10.3-extracted

N

pellet retained only a small amount of the 125K protein .

(lane c¢). Subsequﬁnt’treatment of these eﬂvelopes with-8 M

\.

urea resulted in the extraction of tﬁe 150K protein (lane

d). This extract also contained otheg minor protein bands .

-~

‘The, final pellet from this twp—stége extraction (lane e)

'did not contain either of the major high-molecular-weight

-

polypeptides.

.

3.4'2 Electron microscopy. Negatively stained control

-«
_envelopes (Fig.;{§a) possessed the characteristic moiré

A
3

surface pattern of intact cell&. Thin sections of these
enVelopes‘confirmeq'the presence of both s¥rface layers.

The surface pattern changed on ihe envelopés extracted at

-pH 10.3 (panel ¢) and showed ihdividual subunits arranged 4

.

in a hexagonal pattern. “The center-to-center spacing




- .
) ) ) .
' between the individual subunits was about #17 -nm. This .

suggested that the outermost layer ofi the arréy had been’

LI

removed by the high pH treatment. Thin sectioning of these
. L4 ’
" enveiopes confirmed the presence of only one superficidl

! layer..?A regular surface pattern could not be detected on ’

- | oA
negatively stained envelopes which had been extracted
‘l
2 initially by the high-pH buffer and, subsequently, with 6 M -
- ufea (panel e); thin sections of these envelopes confirmed et

P

that both layers had been removed.

L4

3.5. Assembly In Vitro
3.5.1. Reassembly ongi Quter Membrane--Homologous

Reattachment e

The ability of the 150K and 125K protéins—to

reassemble onto the outer membrane surface of RS™ cell

envelopes was tested under é variety of ionic conditions.

6 M urea-extracted surface arraf proteins were used for the

in vitro studies described despite the presence of several

other minor proteins in addition to the 150K and 125K

polypeptiaés (Fig. 17,lane a). Cell envelopes prepared . *
from the RS- variant of strain MWS (Fig. 16a) aid not

possess a surfaéé array and did not contain the 150K and

125K proteins. These envelopes were used as the template

for the in vitro reconstitutions because they would‘serve

as an effective indicator of reassembled surface protein.

-




3.5.1:1 E tron microscopy. The RS proteins of A.

-

- serpens MWH reassembled 09;6<the outer membrane surface gf

RS™ cell envelopes in the presence of 10 mM Cézf or Sr2*

(Fig. 16c¢). The‘pr eins reassemblea to form the ribbed,
v or ligegréipat rn characteristic of the intact cell - q
surfaée.v The center-to-center spéciné\of the reassembled

- limrear elements averag;d~16 nm and matched that reported
for whole cells (Fig. 2a). The continuity of the in vive
subunit pattern, however, was not duplicatea; instead, a
mosaic of regular "patcheg” could be detected. This“crazy
paving’ effect (Sleytr, 1976) suggested that the reassembly
was initiated at,‘and extended from, discrete sites which
were variable distances apart. Dialysis against distilled

o

water or other cations failed to induce the reassembly.

Small, réndom patches of hexagonally-arranged subunits

Wb

could be detected, however,.on a few of these envelopes

(Fig. 16b). Identical results were obtained when cell
\

. envelopes “of §train MW5 (which had beeﬁ stripped of the

i

surface array with 6 M urea) were used as the template for

the in VYitro reconstitutions or when higher (20 mM)

concentrations of the monovalent cations and ‘MgClo Lore
: N )
» &
rd

used (results not shown). .,
>

N

3.5.1.2 SDS-PAGE. The 150K ?%S“lzax proteins were only
. % oo,
- , found associated with. the cell envelopes of those
B . .

reassembly ‘mixtures which had been dialyzed against Ca' or

Sret (Fig.:17i. The cell envelopes of the other

-




pfepgrations confaiqu only‘a small amount of the 150K

protein.

3.5.2 Reassembly ofto Hegérgloggus Templg}és
The 6 M urea-extracted surface profeins_of A. serpens
MW5 reassembled onto the outer membrane surfaces of cell
envelopes prepared from 4. serpens VHL and, less
+ effectively, onto cell envelbpes prepared from the type
strain, A. serpens 12638 (Fig. 18). The reassembled ,
'surfaces appeared similar ih'pattern to the reconstituted
envelopes of_A. ;g;ggg; MWS (Fig. 18c). The RS proteéins
did not reassemble onto cell envelopes of E. coli or

Pseudomonas aeruginosa using identical experimental

9 %;ponditions (Fig.. 18). ‘/

3.5.3. Seguential Reassembly onto Outer Membrane

The ability of the components of each of the two

T —

layers to reassemble’in tandem onto*an Quter membrane

surface was examined. The two .surface layers could be
-

reassembled in sequence onto the RS™ cell envelopes, but

the order was critical.

3.5.3.1 Electron microscopy. The 150K protein

- reassembled, in the presence of Caz*, into a Jhexagonal
. J

.
array on the outer membrane surface (Fig l?a). The’

center-to-center spacing betwegen the subunits averaged VE

pm and matched that reported for the. pH 10.3;extracted
& . t
» . /
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enve%spes (Fig. 15c). The 125K protein failed to'
reassemble onto a ;iﬁilar template under i&entical
conditions. TﬁgpIZSK protein did reassemble onto cell
envelopes on which the 150K protein had previously ordergi/
itself into a hexagonal array. Negatively stained cell
envelopes revealed random patches of linear array in
various orientations (Fig. 18b), indicating that the
secodd, or outer, surface'layer had been added to the inner -
profein layer. The center-to-center spacing of the ribs

averaged 16 nm: The 125K protein did not reassemble onto

the hexagonally-packed RS layer of A. serpens VHA.

3

3.5.3.2 SDS;PAGE. RS~ cell envelopes lacked the 150K and
125Kk profeins (Fig. 20, lane b). The 150K protein
reassembled onto’theselénQelopes (lane d) and provided a
femplate for the reassémbly'of the}125K protein (lane t).

The protein composition of the fully reconstituted

envelopes matcheqd that of the éontrol envelopes (lane g).

3.5.4. Self-Assembly

The 150K and 125K proteins, extracted from cell
envelopes with 6 M urea, self-assembled in zl&ig.to form
planar sheets when the urea was removed by dialysis against
10 mM CaCls or SrClp (Fig. 21). The self-assembled
products possessed the ribbed pattern characteristic of the

intact cell surface, indicating that both layers of the

arra? had reassembled. The center-to-center spacing



between the ribs was L6 nm. Similar prpducps were obtained
wheﬁ the assemblies were conducted at room temperaturé,
when 10 mM HEPES buffer (pH 7.0) (containing 10 mM Ca* or
Sr2*) was used instead of distilled water, or when ldwer
concentrations 0.5 mM, 1.0 mM) of CaCly; were used to
induce the self-assembly (Fig. 21). Cation compo§ition
and protein concentration proved to be the most important
parameters of assembly; dialysié against distilled water
alone or lq mM NaCl, KC1, LiCl, or MgClo, failed to induce
self-assembly as did samples in which the protein

concentration was less than 100 ug/ml. N

SDS-PAGE of these products confirmed that both the
150K and 125K .proteins weré‘participatigg in the

self-assembly (Fig. 22).

The 150K protein self-assembled to form patchés of

hexagonally-arranged subunits when dialyzed alone against
10 mM CaCly or SrClp (Fig. 23). SDS-PAGE of these assembly
products showed that they were composed of the ﬁ%jor 150K
ﬁglypeptide although a number of minor polypeptides were
also present in these preparations (Fig. 23). - The 125K
protein failed to self-assemble fgto an ordered array using
identical conditions. Subsequent dialysis of thé 125K'
protein against higher coricentrations (20 mM,"SO mM) .of
CaCly or SrCly in distilled water or buffer (10, 20, or 50
mM HEPES, pH 7.0), also f;fled to induce self-assembly even
when the protein concentration of the sample was‘increased

to 2 mg/ml (results not shown).
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3.5.4.1 Image Analysis of Beassgmbl£ Products <

Ay

Appropfiate regions of the negatively stained
selfﬁassembly producﬁs were selected for.furth;r R
eXamination by ‘standard image analysis methods. Visual
inspection of the hexagonally-arranged layé: (assembled
150K protein) (Fig. 24a) suggested that the array had
- sixfold symmetry and this was clearly demonstrated by its
diffraction pattern (Fig. 24?). Negafively stained
double~-layered sheets (assembled 150K + 125K protein) (Fig.
25a) demonstrated the ribbed, or moiré, pattern
characteristic of the intact'cell surfa%e. The
overlapp}ﬁg of tﬁe two layers ;gsulyed in a somewhat
. ‘noisy’ diffraction pattern but one which still illustrated
the linear banding qbservéd_with the negative}y séained

i gel(Fig. 25b). The reconstructed images of the
gelf—assembly products (Fig. éG) were highly similar (but
not igentical) to those previously obtained for the in vivo
array (Stewart and Murray, 1982). The single, 4
hexagonally-arranged layef Céssembléd 150K p:opein) was
composed of doughnut—éhaped unit§ conhected by 'delta’ or
direct linKers (Fig. 26a). A moire, or overlapping, .
pattern was obtained for the dquhle—layefed sheet ,
(assembled 150K and 125K protein) (Fig. zéb). The
reconstructed image confirmed_that it is the additive‘,

effect of two superimposed protein layers which produces

the characteristic linear pattern, of the assembled product.




3.6. Biochemical Properties of the RS Proteins

3.6.1 of ating on th ility of the RS proteins
in SDS-polyac amide Gels

All proteiﬁ gxtrqcts were routinely heated at 100C in
the sample buffer of Laemmli et al. (1970) for 3 min prior
to electrophoresis. To test the effe?t of heating on the
mobility of the 150K and 125K proteins, aliquots of 6 M _
urea-extracted and dialyzed surface.protein (at 2 mg
protein/ml) were mixed 1:1 with sample buffer and either
heated as desgribed or not heated prior to electrophoresis.
The RS proteins in the heated samples migrated to their
usual 150K and 125K positions in an SDS-polyacrylamide gel
(Fig. 27).‘ The 125K protein in the unheated sample
migrated to the same position as in the heated sample. The
mobility of the 150K protein, however, was greatly re@hced

when the sample was not heated.w The 150K protein migrated

. to a position corresponding to an apparent molecular weight

of 420,000 (Fig. 28). The same heating effect was observed
with the 150K protein ‘isolated by the sequential ‘protein
extraction procedure (section 2.4) (Fig. 29). Heated and
unheated aliquots were examined by negative

staining-electron microscopy (Fig. 29). Circular,

” -

.doughnupfshaped struétures (11.5-12.0 nm in diamete;) could

be detected in the ‘150K protein extract which was not
heated. "'These units were similar in size and morphology .to
the units which comprise the inner, hexagonally-arranged,

surface layer. The doughnut-shaped étructhres were no

‘e
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longer viséble upon heating of the sample. The 150K
proﬁein, therefore, can be isolatéd both as aﬁ intact unit
of the array and as an oligoheric protein. The approximate
molecular weight of the oligomer (420,000) (Fig. 28)

Al

suggested that it was composed of three 150K subunits.

'

Similar doughnut-shaped units could not be detected in
negatively ;tained samélgs of the 125K protein extract./

SDS-PAGE analysis of unheated 150K protein extractS'
{which had been stored. at -10C or -20C for long periods of
time) indicated that some of the 420K oligomers had

disseciated into their component 150K monomers (results not

shown). Intermediates (eg. dimers) were never detected.

I a‘
3.6.2 Non-denaturing PAGE

The 150K ahd %ESK proteins were not easily separated
by electrophoresis in a native 5% polyacrylamide-gel (Fig.
30). The 125K polypeptide showed slightly greate;<mobility
than the 150K pr?tein. 6 M urea-extracted and dialyzed

surface froteins were resolved into separate bands only

when the gel sample was underloaded.

v

3.6.3 Dete%mination of Isoelectric Point

The 150K and 125K proteins were not separated by
i;oelectric focusing in ag ampholine éradient of pH 4-6
(Fig. 31). Both were shown to have isocelectric points of

4.7.



3.6.4 Determination of Carbohydrate

Carbohydrate was not detected in RS protein extracts
using the phenoi—sulfuric method of Dubois et al. (13956).
.The 150K and 125K polypeptides, separated by '
electrophoresis inﬂan“SDS—polyacrylamide éel, did not react
positively for carbohydrate using the periodic acid-Schiff

method.

3.6.5 Amino Acid Apalysis

The a;ino acid profiles of the 150K and 125K proteins
(Table 2) were similar to each other and to that of the RS
protein of A. serpens VHA (included in Table 2 for
comparison). "The amin§ ac;ds of the 150K and 125K proteins
included a high proportion of acidic (asp,glu: 23.3% and
21.6%, respectively) and non-polar types (val,‘leu, ile,
phe, ala, pro: 42.1% and 40.4%, respectively). The 125K
perein contained a slightly higher proportion of polar
residues (thre, ser, tyr: 20.5%) than did the iSOK protein

(15.5%) . . \

3.7. Attempted Purification of the RS Proteins: Stability
3.7.1 Ion-Eéghggég Chromatography . o,

The 150K protein was eluted froh a DEAE-Sepharose
Ci—BB column over a range of 0.05-0.1 M NaCl (Fig. 32A).
The sample, however, contained several minor polypeptides
in ;ddition to the major-150K protein. The use of a

steeper elution gradient (0-0.25 M NaCl), the collection of

y

83



PR

I

-~

Table 2. Amino acid compositions of the RS proteins -

of Aguaspirillum sereens strains MW5 and VHA

Amino acid?@

asp
thr
ser
glu
" pro
gly
ala
val-:
ile
leu
tyr
phe
his
lys
arg

¥

1

(-

RO WHODOPBRHFE MW
CONPNRWLUODOOULWLWNRECO

-

MW5-150K

Proportion
MW5-125K

16.
13.
6.
5.
0.
12.

—_
O OwOoowu,awum

DWW OO OHOONNEWDHN W

b

VHA-140KF®
1
1

.~

b b
LWWWoONDODODUNSOU!MWO e

P WOMNMFDOP JO v BV O

a: tryptophan is destroyed in the acid hydrolysis of the
protein; cysteine,, methionine not determined.

o

Y

b: expressed as % (mole/mole).

c: taken from Buckmire and Murray (1873)
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smaller fraction volumes (and analysis of individual
fractions) or attempted separation by Sephadex G-200

ch{Pmatography failed to eliminate the ‘minor polypeptides
A .

(data not shown)* 'The 125Kyprotéin bound to the column but

was not eluted by the NaCl gradient. Simpilar gradients of
other salts (KCl) also féiled to ;lute the protein as did a
decreasing pH gradient (0.01 M imidazole buffer, pH
6.5-4.0). hSimilarly, the 125K protein adhered to a
Sephadex G-200 column but was never eluted (data;’qt
shown). The 125K Protein (and its major degradative form)

bound to the ion-exchange resin in batch testS‘ang wa5(6hly

eluted at *NaCl concentrations of 1.0 M or 1.5 M. SDS-PAGE

showed, however, that the protein eluted at these
concentrations cgnsisted of a number of minar polypeptides
of molecular weights less than 125K which were not present
in the original sample (Fig. 32B). These were believed to
be'degradation products of the 125K polypeptide.

~

3.7.2 Polyvethylene Glvcol Precipitation of RS Protein

The 125K RS prétein does not self—assehble ;g vitro.
Other protein precipitapion methods, therefore, were
tested. Attempts were made to eliminate some of tﬂe minor,
lower-molecular-weight polypept@deg detected by SDS-PAGE of
the 125K protein extract by‘selective PEG precipitation of
either these minor bands or,the major RS protein. Initial

testing showed that the 125K protein was precipitated by

10% concentrations of either PEG 400, 1000, 1500, 8000, or

85
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20,000 aithough the latter ;hxee-proved the most efficie%t

(ie. precipitated the most protein). SDS-PAGE of these -
precipitates, however, showed that most of the mino}
polypeptidesg, present in the ;riginal sample co-precipitated
with the major polypeptide (results not shown). A varieﬁy\
of PEG 1500 concentrations were then tested. Subsequentf
mixing of the 125K protein extract with PEG 1500 (to givé‘
final PEG concentrations of 3%, 15%, and 25%) did not,

however, separate the major 125K protein from the

lower—molécular—weight polypeptides (Fig. -33).

3.7.3 Stability o * he RS Proteins: Inhibition of
' o Proteolysis
At least some of the minor, lower—molecular-wei!ht,"
polypeptides detected by SDS-PAGE of the ) - : .
< sequentjally-extracted RS proteins were believed to be
degradation products of the major 150K and 125K proteins
Because antisera specific for each of the two protéins
cross-reacted with most of these minor proteins (Fig. 34).
C/J/// The number and intensity of .thé minor bands increased
following overnighf dialysis at 4C to reéguk the extracting
agents and, again, upon subsegquent storage at -10C (Fig.
35). The 150K protein appeared more stable than the 125K
protein since more extensive degradation was observed with
the latter overAfime.

-

The inclusion of certain protease inhibitors (PMSF,

4

TPCK, dithiothreitol) during cell breakage and envelope

4




~
preparation. did not alter the SD3-PAGE polypeptide pattern

ot the envelope§ nor did carrying out all steps ot the
sequential protéin extractién p;ocedurg at 4C lessen the
extent of RS protein degradation (déta not shown). The
inclusion of anti-proteclytic agents during the extraction
and dialysis stages, however, minimized. the ﬁroteolytic
degradation of the 125K p;oteln (Fig. 36).° The 125K
polypeptide partially degrades to a major ﬁ/ .
Lower-molecular—weight form following overnight dialysi;
;gainst deionized water at 4C. This degradation was
inhibited to varying extents by dithiothreitol, L-cysteine
hydrochloride, TLCK, TPCK, aprotinin, and PCMBS but several
minor polypeptide bands could still be detected in these

preparatlons. Anti-proteolytic agents added durxng the

extraction and dialysis stages did not significantly alter _

"the pegradation of the 150K protein (results not shown).

W
P

-

3.8. Role of Calcium

3.8.1 Growth in Calcium-free Media

Cell envelopes prepared from cells grown in either FS8
broth or a defined medium f9r aquaspirilla (Whitby and
Murray, 1880) containing 1.0 mM CaCly possessed a surface
array as detected by negative staining- eleétron microscopy
(Fig. 37a). Cells grown in defined media containing CaCl;

and then repeatedly transferred in calcium-free defined

media, lost the regularly-structured surface layér. Small

patches of hexagonally-arranged units were detected on only

.
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envelope préparations«(Fig. 38) showed that those envelopes

which had lost their RS layer were also deficient in, or

lacked altogether, the 150K and 125K polypeptides.

The 150K and 125K proteins, extracted from cell
envelopes w1th 6 M urea, showed identical mobilities by

SDS—PAGE,whether the urea was removed by dialysis against

deionized water or 10 mM CaClp (Fig. 38). However, when
the RS proteins were extracted from cell envelopes with 6 M
urea containing 10 mM Ca<¢t and then dialyzéd against- 10 mM
Qa2+ to remove the urea, the electrophoretic mobility of !
the two major polypeptides increased (Fig. 39)3
3.8.3 Qils_i&m:m_é;w

The 150K and.125K proteins behaved as calcium—bind;ng

proteins using a spectrophotometric method for the

detection of calcium (Table 3). The‘chromogénic agent,

o-cresolphthalein cdmplexone (CC), was‘édded to separate
solutions o% bovine serum albumin (BSA), concanavarin A

(Con A), and the two RS proteins of MW5. bresolphthalein j
complexone reacts with calcium to form a purple colour

which absorbs at 575 nm (Pollard and Martin, 1956). The

optical density, measured at this wavelength, is directly

proportional to the amount of caléium present (Pollard and




Martin, 1956). BSA and Con A were both initially incubated

with'calciumkgﬁ he protein solutioms were then dialyzed
ot
g

against deion1zed‘water and CC added. Extensive dialysis e

of all samples against déﬁonized water ensured that any
— calcium detected would reflect that bound to the proteins

and not free calcium. BSA (a non-calcium-binding protein)

failed to bind any of the provided calcium (Table 3). Con

A (a calcium-binding protein) did bind calcium as was
r

. reflected by the inq;gg;gd_abso;pgéeﬂ—at—ﬁ?b nm (lable 3J).
This bound calcium was removed‘after treatment with ECTA, a
calcium-chelating agent. The RS proteins of A. serpens MW5
were treated as ouflined above excépt that they were not
initially incubated with calcium. Any bound cglgium.
therefore, would be that scavengea from the growth medium
or from buffers used during the preparation of cell ,. -
envelopes prior to the extfaction procedure. Both proteins
were found to contain bound calcium (Table 3), and thq 125K

protein appeared to bind calcium to a greater extent than

did the 150K protein. As with Con A, the calcium could be

effectively removed by subsequent treatment with EGTA. -
3.8.4 Effect '‘of EGTA *

Dialysis of 6 M urea-extracted surface proteins
against 20 mM EGTA (a calcium-chelating agent) or
extraction of the surface proteins using 6 M urea which

contained EGTA resulted in extensivéAdegradation of the .

150K and 125K polypeptides (Fig. 40, 41). -Identical




Table 3. Spectrophotometric Determination of Calcium

Optical Density (575 'nm)

Sample After Dialvsis fter Dialysis
. vs DW vs EGTA
. — -

BSA + Cac¢* 0.001 0.000
Con A + Ca2t 0.115 0.001
MW5 RS proteins

(150K + 125K) 0.090 0.000
150K protein 0.040 0.002
125K protein 0.125 0.001

Abbreviations:

BSA, bovine serum albumin;

Con A, Concanavalin A;

EGTA, ethyleneglycol-bis-(B-aminoethyl-
ether)N,N’'-tetraacetate;

DW, deionized water.
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results were obtained when EDTA was substituted for EGTA
(data not shown). This degradation was partially inhibited _
by including 1 mM TPCK in the extraction buffer (Fig. 41). T
The inhibitory effect was lost upon dialysig against a
redhced éoncentration of inhibitor (0.1 mM TPCK) but could

e partially maintained if the inhibitor concentration

reémained at 1.0 mM throughout dialysis.

Limited proteolysis of the 150K and 125K polypeptides
using Staphylococcus auresus V-8 enzyme produced different
ﬁeptide‘profiles (Fig. 42). Twelve bands could be resolved

«_ in the 150K protein sample (lane C) while 15 bands were
detected for the 125K protein (lane D). Of these, only two

Wwere found to be common to both proteins (indicated by

arrows) and these were present in different proportions.

"3.9.1.2" Iﬁo-d;mgnsionai Peptide Mapping
) The 150K and 125K proteins of A. serpens MW5 and the
//I;OK RS g:?xeim of A. serpens VHA, proteolytically-digested
with either trypsin or Staphvlococcus aureus V8 enzyme,
gave reproducible peptide patterns (Figs..43, 44). The use

of higher concentrations of enzyme, lomger digestion times,

or the addition of fresh enzyme after an initial incubation




period, did not alter ‘the profiles. The 150K ;nd 125K -
proteins sharedJappfoximately 12 peptides (out of a total

of about 28) when d}gested with trypsin and 8‘peptides when
digested with the V8 enzyme. The 150K and 125K proteins_
each had approximately 4-5 peptides in common with the VHA
RS_protei? usihg either enzyme. Overall, the lﬁOK and 125K>
proteins apbeared more similar to each other than'did

either to the 140K protein o} strain VHA

-f

3.9.2 Antigenic Relatedness (Immunoblotting)

Crude antisera raised agginst each of.the‘ﬁéo RS ~
proteins of strain MW5 did not react with either of the
150K or 125K proteins in Ouchterlony double diffusion
assays or by crosséd-immunoelectrophores;é {data not
shown). This may have been due to the fiact that the
antibod& was raised in response to challenge by
SDS-denatured protein and may not, therefore, recogni:ze
nativeAproteih. Alternatively,’ a weak immune response may
have been elicited. To increase thé sensitivity of the
reactions, IgG w;s isolated from the crdde antiserum
preparations and the Western blotting method'used to test
for cross-reactivity (Fig. 45). Igd isolaied from antisera
raised against the 150K proteiﬁ (anti-150K IgG) did not
bind to the 125K protein of strain MW5 and reacted only
very slightly with the 140K RS protein of strain VHA

although anti-150K IgG did react with ‘the 15UK polypeptide

(Fig. 45). Crude antisera specific for the 150K protein




did cross-react, however, with the 125K protein using
1257-1abelled Protein A to detect bound antibody (Fig. 34).
Anti-125K 1gG reacted with both the 150K protein and the
VHA RS protein (Fig. 45). Aﬁﬁi-VHA»IgG bound to botﬁ ot
the RS proteins of strain MWS although greater reactivity
was shown with the 125K protein. A few of the minor cell
envelope proteins also reacted slightly with each of the

I1gG samples as did the peptidoglycan-associated proteins of

.

the cell envelopes of both MWS and VHA.




DISCUSSION ~ s

Bacterial surface arrays possess a number of features
which make them attractive for study. Their
ﬁaracrystalline regularity of fine structure make them
excellent subjects for analysis by image processing
techniques and, therefore; for the study of macromolecular‘
arrangement. They are also, however, self-assembl§ systems
in which all of the information necessary for their

polymerization into regular arrays resides within each

'protein or glycoprotein subunit through their inherent

bonding capacities. They haQe, therefore, in more recent
years, been recognized as excellent models for the ztudy of
macromolecular assembly:

This study has focused on the assembly and
biochemistry of the su}face array of A. serpens MW5 whose
two-layered array provides a more complex model for the
assembly of a biological structure. Pre§ious studies in
this laboratory have examined the RS layers of a number of
Adquaspirillum sp. (Murray, 1963; Buckmire, 1970; Buckmire
and Mﬁrray, 1870, 1973, 1976; Beveridge and Murray, 1974,
1975, 1976,a,b,c; Koval and Murray, 1981, 1983, 1984,
1985). The present study provided an opportunity to

compare the biochemical and assembly properties of the RS
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V.
proteins of A. serpens MW5'to those of other aquaspirilla

and, 'in particular, to thq RS protein of a closely-related
strain,mA. serpens VHA. *

»

4.1 WM&M&M@M@L—E

>
< 4

Analysis of the protéln coﬁposition of A. serpens MWH
cell envelopes provided WO possible candidates for the '
surface array components, the 150K and 125K polypeptides.
Both were present in the:large proportions required for a
structure which surrounds the entire bacterial cell. The
majo;‘BZK polypeptide andvpultiple minor protein bands were
characteristic of the -electrophoretic patterns commonly
found‘for the outer membrane p;oteins of Gram—negative
bacteria (Lugtenberg et al. 1977; Osborn and Wu, 1980) and
was quiée similar to that previousiy demonstrated for a

_related strain, A. serpens VHA (Kﬁval and Murray, 1981):

The 32K polypeptide was tentatively identified as a

" ’

peptidoglycan—associqted protein since heaﬁing the cell
envelopes at tem eratﬁ%es above 50C in the presence of 2.0%
SDS was required fgr ;ts solubilization (Rosenbusch, 1974).
The subunits coyprising the RS layers of a number of
different pacte:ié have been found to interact with one
another and with underlying cell wali components through’
n;n-covalent fgrces including hydrogen bonding, ionic
bonding, and hydréphobic inter;ctions (Nermut and Murray,

1967; Buckmire énd Murray, 1970; Beveridge and Murray,

1976a,b; Howard and Tipper, 1973; Thornley et al., 1974;
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Sleytr, 1976; Hastie Aand -Brinton, 1973a; Masuda and Kawata,

1980; Michel g% g;.: 1980; Sleytr and Plohberger,. 1980; Kay
et al., 1981, Tsuboi et al., 1982; Thompson et al., 1982;
Bingle et al., 198{,.' Agenfs'which effectively disrupt
these forces have béen widely used in the is&lation of
these structures'(rewiewed in Sleytr and Messner, 1983;
Koval and Murray, 1984). The development of effective

. z.

isolation\procedures allows the identificat4on of surfaceG i

array components and provides an indication as to the .

S
nature of the attaéhment‘of th§§§rray to underlying wall
la;ers and the nature of the sqbunigizzhunit interactions
within the proteinearray. ék urea, l.g M guanidine
hydrochloride (both hydrogen‘gond—breaking agents), and 20
mM LIS (a peptide—solpbilizing agent) completely removed
the surface array féom A. serpens MW5 cell envelopes and
concomitantly extracted the :150K and 125K prot;ins as well
as several minor polypeptides. " These resulfs strongly
implicated the two major high-molecular-weight profeins as
surface array components and suggested that attachment of
the a?ray to the outer membrane was mediéted by hydrogen
bonds.

The ability of metal—chela}ing agénis, trivalent’
salts, and alkali to se}eptively solubilize the outermost
RS layer suggested that thé interaction between the two
proféf% layers was primarily ioniq and probably mediated by

‘divalent cations. The extraction of the outer layer by

treatment with EGTA suggested that calcium was involved.

“

N




Magnesium did not appean to play a role bécau;e treatment
of. cell envelopes with B-hydroxyquinoline (a Mg2+—specific
chelating agent) did not solubilize thé outer layer.

The sequential protein extraction procedufe provided
the means of testing independently the contributions of
each of the 150K and 125K.proteins‘to the structure of the
surfacé array. The two step procedure, involving initial
treatment of cell envelopes with a high pH buffer followed
by 6 M urea treatment, effected the sequential ext}actiégg
of the 125K and 150K proteins. These avents, monitored(by
electron microscopy, demonstrated a correlation between the
extraction of the 125K prqﬁein and the removal of the
ocutermost surfacé layer éﬁd beéween the extraction of the
150K protein and the rgmoval of the innermost layer. The
two layers of A. serpens Mws appeared tJ be composed,
therefore, of different proteins. Although chemical
analyses of the isolatéd surface arrays from several
bacteria have found each to be composed of a single protein
species (Sleytr and Messner, 1983), it should be noted that
in each instance the surface structure examined consisted
of only a single layer of subunits. Yamada et al. (1981)
and Tsuboi et al. (1982) examined the doubie-layered
surface array of Bgﬁillgﬁ brevis 47 and found the two
layers to be composed of different proteins.

Densitometric scans of cell envelope proteins

(separated by SDS-PAGE) showed that the ratio of 150K: 125K

protein was 1.35:1. This was in agreement with the
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observation that the moiré surface pattern was not always
continuous over the cell envelope surface; 'small patches of
hexagonally-arranged subunits were occasionally detected
(by negative staining-electron microscopy) which suggested
that certain areas within the outer layer of the a;ray had
been damaged.or partially removed. This was particulNrly
true of cell envelopes which had been frozen for long

periods of timg or frozen and thawed repeatedly.

4.2. Assembly In Vitre
4.2.1 Sequential Reassembly In Vitro

Sequential reassembly experiments provided further
support for the identification of the surface array

components of A. serpens MW5 because the proteins

comprising the two sqrfade layers were able to reassemble
onto a cell envelope template only in their natural order.
The inability of the outer layer.brotein (léBK protein) to
reassemble onto an cuter membrane surface suggested that
the two RS proteins of'strain MWS are strucfurally suited
to take part in different types of molecular ipnteractions.
This diffe;ence may be responsible for restricting the
structure to two layers--ie. the layers are not. infinitely
‘staékable’. The reassembly of the 125K.protein onto a
protein template appeared to involve some specificity
because the 125K protein would not reassemble onto the

hexagonally-packed RS layer of A. serpens VHA. The R§_¢

layer of strain VHA and the innermost hexagonally-packed .
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layer ‘of strain MW5 differ 'structurally, however, in terms

of subunit-subunit spacing and in the types of linkers
which connect neighboring units. These differences
appeared sufficient\ in this case, to prevent an effective’

reassembly.

4.2.2 Reassembly onto Quter Membrane ‘

The 150K and 125K érray proteins of strain MW5
reassembled together in wvitro to form a double-layered
array on an outer membrane surface in the presence of
either Ca2t or Srlt. The reassembly of isolated RS
proteins onto the walls from which they had originally been
removed is a common observance (Buckmire and Murray, 1973,

1978; Thorne et al., 1975; Sleytr, 1975, 1976; Beveridge

and Murray, 1976a,c; Hastie and Brinton, 1979a,b; Masﬁda
and Kawata, 1980; Tsuboi et al., 1982, Bingle et al.,
1984). The obs;rved ionic dependence is not an unuspal
-feature in that several other Agquaspirillum spp. have“been
found to require cergain ions (Ca2* and Sr2+‘in particular)
for both the assembly and retention of their RS layers
(Buckmire and Murray, 1870; 1973; 1976; Beveridge and
Murray, 1974; 1975; 1976a,b,c). The ip vitro assemblies of
the RS proteins of Acinetobacter sp. (Thorne et al., 1875),
Bacillus brevis 47 (Tsuboi et al., 1982), and Azotobacter

vinelandij (Bingle et al., 1964) have also demonstrated

ionic requirements. One explanation for a cation

requirement lies in the nature of the surface array
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proteins thch contain a High proportioﬁ’ﬁ? acidic amino
acids. Buckmire and Murray (1976) have suggested that
cations may serve té reduce the surplus of negative charges
surrounding these proteins to allow the close interactions
necessary for their as;embly into periodic arrays or,
alternatively, divalent cgtions may act as salt bridges
linking two negativel; charged subunits. Calcium or
strontium was requifed for the reattachment of the 150K
protein to an outer membrane surface which suggests that

divalent cations may form salt links between the RS protein

and a negatively-charged outer membra®e component. As' is

the case with other Aguaspirillum RS proteins (Buckmire and

Murray, 1978), Mg¢* would not support the in vitro
reaséemblies. Beveridge and Murray KlB?Gb) suggested that
this may be due to differences in the shell sizes of the
divalent cations since the ionic radius of Mgt (0.65 &) is
considerably smallerfthan that of either CaZl*t (0.99 A) or
Srzf (1.13 A) (Weast, 1971). These results wé?e in
agreement with the observation that 8-hydroxyquinoline (a
chelating agent specific for magnesium) Had no disruptive
effect on‘the structure of tba/array and failed to
solubilize an;-of the surface Egabonents. .

| Reassembly studies which used cell envelopes prepared

from closely-related and different bacteria as assembly

templates attempted to determine whether or not specificity.

was involved in reattachment. The RS proteins of strain

MW5 “feassembled onto the outer membrane surfaces of cell

100
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envelopes prepared from Aquaspirillum serpens VHL and, less

efficiently, onto those prepared from Aquaspirillum serpens

12638 (t}pe strain). The assembly of the RS proteins'of
other bacteria onto heterologous templates has p£e§iously
been demonstrated (Sleytf, 1975,1976; Chester ;nd Murray,
1978; Masuda and Kawata, 1580). The inability of the RS
proteins of strain MW5 to reassemble onto the outer

membrane surfaces of wild-type strains of E. coli or )

Pseudomonas aeruginosa may be explained in one of two ways.

One. explanation is that these organisms may lack, or
possess a modified, outer membrane component specifically
requiraed for the reattachment of th% RS proteins which the

relatéd,strains do. possess. It - is more 1ikely,(however,

that the outer membranes of .the three Aquaspirillum serpens
strains simply possess LPS, phospholipid, and proteins
which sharé common prqQperties and provide suitable surfaces
for the reassembly of the RSnproteins of strain MW5.

4.2.3 Self-Assembly

The two RS proﬁeins of strain MW5 reassembled in vitro
to form a dduble layer ;n the absence of a cell envelope
template. Self-assembly is a phenomenon common to many
structures composed ‘of identiéal subunits (Caspar and Klug, 4
©1962; Kushner, 1972). Although the RS proteins-isolated
from a number of different bacteria have demonstrated the

ability to self-assemble in vitro (Briﬁton et al., 1969;

Glauert and Thornleys--1973; Sleytr, 1976; Masuda and
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Kawata, 1980; Michel gﬁ 1., lQBOR:?leytr and Plohberger,

'1980; Tsuboi-et al., 1982; Word et al., 1983), the

phenomenon has not been reported for Aguaspirillum spp. The

in vitro assemblies of the Aquaspirillium RS proteins have
all previously been characterized as template-dependent
(Buckmire and Murray, 1973; 1976; Beveridge and Murray,
1976a,c). The surface array compé%ents of A. serpens MWH

self-assembled to form planar sheets which possessed the

ribbed or linear battern characteristic of éﬁejggtact cell

rLJ
surface. Image analysis of the self-assembled sheets

showed them to be highly similar and quite comparable to

;he'ig vive surface array mate;ial,previously examined by
Stewart and Murray (1882). The method used for the
extraction of the RS proteins from cell envelopes did not
exclude or alter, therefore, any of the components of the
array. SDS-PAGE of the self-assembled sheets showed them
to be composed of the 150K and 125K proteins and several
mino} polypeptides. The latter were suspected to be
degradat%Pn products of the major RS proteins.although it
is pdégigig that some of these add;tional polfpeptides

represent minor components of the array (eg. linkers). ‘/
The two RS proteins demonstrated different individual
assembly properties. The 150K protein self-assembled in

vitro.to form patches of hexagonally-arranged subunits

connected by direct or ‘delta’ linkers. Image analysis of

these structures showed them to be similar to the in vivo

single, hexagonal%y-packed layer of strain MW5 previously
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examined by Stewart and Murray (1982). The 125K protein
failed to self-assemble despite ‘attempts at numerous

variations of assembly conditions. The method of isolating

the 125K protein from cell envelopes was also varied in
~case the pH of the extracting bgffer (10.3) was causing the
irreversible denaturation of the protein and preventing ‘
self-assembly. The 125K protein, solubilized from ce;l

envelopes by treatment with protamine chloéoride, lanthanum

nitfate, efﬁg\ﬁﬁfpety of metal chelators (EDTA, EGTA, -

. ‘g ,
sodium oxalateq/;odium citrate),;also failed to

! r . ’ N
self-assemble\into a hexagonally-packed array in vitro (M.

Kist, unpublished-data)t
Oﬁé possible explanation for the inability of the 125K

protein to self-assemble was provided by phe examination of
eLch of the 150K and 125K protein extracts by negative
staining-electron mitroscopy. .Negativg sfaining of the

« 150K protein e#tract found it to consist of circular,
doughnut-shaped units,; similar in size and morphology to
_those which comprise the inner, héxagonally~§acked, layer
'of the array. The 150K protein, pherefdrel is isolated as
an ?ligome; or an intact unit. In contrast, the iZSK_
protein is always isolatedlin its monomeric form.
Structural units could never ‘be detected in 125K protein
extracts despite the use of different extracting agents and
conditions. The inag;lipy of the 125K protein to
self-assemble %Q vitro into a hexagonall}—paéked*array can‘

be explained in light of these findings. The assembly of

~
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the\protein arrays 1s actually a two step process| (Fig. 46)
in which monomers first assemble into oligomers /or intact
units) and then units assemble to fﬁrm hexagon 1 arrays.
The second stef appears to be the calcium-de eﬁdent step of
the assembly process since addition of calci to the 150K
protein extract induces self-assembly of the units into
hexagonql arrays. The conditions for the .assemfly of 125K
monomers into intact units was not determined .although
severalfvariations of pH, ionic strength, and cation
composi%ion were tested. The observation that alkali,
metal chelati;g age;ts, 1.5 M urea, and various salts all
dissociated the units comprising the outer layer of the
arr but not the units of the inner layer, indicates
different types of monomer-monomer associations ;ithin the
units of the two iayers. The assdﬁiation of the monomers
within the intact 420K unit probably involves'hydrophobic
interactions because heating the units in detergent (SDS)
was. the only effective means of dissociation.

It should be noted that intact units have never been
detected by negative staining-electron microgcopy of the
isolated 140K RS protein of A. serpens VHA which, like the
125K ;rotain of strain MWH, is unable to self-assemble in
vitro (S5.F. Koval, personal communicatfon). Both.
dissociated proteins, however, are able to reassemble conto
a template in vitro which suggests that aésembly fro; the
monomeric state requires a nucleatién site.

SDS-PAGE analysis of the doughnut-shaped units
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comprising the inner layer of the array showed that these
structures had a molecular weight of approximately 420,000.
Heating the units in SDS resulted in their dissociation
into component monomers w;}h an apparent molecular weight
of 150K. These results suggested that the protein which
comprises the inner, hexagonally-packed, layer of the array
was a trimer compoged of three 150K monomers. Oligomeric

forms have been demonstrated for other bacterial RS

al., 1983; Ridgway and Lewin, 1983; Kay

proteins (Phipps et al.

1., 1984). Glaeser et al. (1980) arnd Baumeister et al.

et
(1982) estimated (from electron microscopy measurements)
the molecular weights of the units which éomprise the
hexagonally-packed RS layerg of A. serpens VHA and

Dgigococcgg radiodurans (Rl1), respectively. In both cases

the ﬁnits were found to be hexamers, each consisﬁing of six
monomers . Trim;rs or hexamers are both compétible with the
structure of the hexagonally-arranged layer of strain MW5.
If the units are hexamers then the 150K protein may

represent the dimer form of a 75K monomer which fails to

‘dissociate further by SDS-PAGE.

4. 3. jochemi r j o"t e RS teins
4.3.1 Amino Acid Composition. Iscelectric Point;

g ] . _] . i. ! t-vi I’
The amino acid compositions of the RS proteins of A.
serpens MW5 were similar both to each other and to that of

a related strain, A. serpens VHA. They shared features in



common with other bacterial RS proteins, most notably, a

high proportion of acidic amino acids and hydrophobic
residues.

The acidic nature of the two proteins was confirmed by
their low isoelectric point (4.7) which was comparable to
that of the RS protein of strain VHA (4.6) (S.F. Koval,
pefsonal communication) and within the 4.0-6.0 range
reported for other bacterial RS proteins (Thornley et al.,-
1974; Sleytr and Thorne, 1976; Hastie and Brinton, 19879a;
Smit et al., 1981; Kay et al., 1984). Although the 150K

and 125Kk RS proteins were shown to possess identical

. iscelectric points, the proteins demonstrated differences
in their binding to DEAE-Sepharose (an ion-exchange resin)
which suggests differences in charge distribu£ion.

Perhaps one of the more interesting biochemical
features of the RS proteiné of A. serpens MW5 was their
behaviour as calcium-binding proteins. The
spectrophotometric assay used was designed for the
gquantitative determination of calcium in serum, plasma, or
“ urine (Sigma Technical Bulletin, no. 586). Difficulties

1 arise when trying to adapt the assay for the quantitative
detection of bound calcium because calcium may be buried
within the protein and not accessible to the chromogenico
agent, cresolphthalein complexone. The assay may still be
used, however, for the qualitative detection of

- . surface-bound calcium. Concanavalin A, a known

calcium-binding protein (Van Eldik et al., 1982), was shown




to contain bound calcium By this method. The two RS
proteins of strain MW5 also contained bound calcium which
was not unexpected given the calcium requirements of the
two proteins for in vitro assembly and retention on the
cell surface during culture. Of greater significance would
be the examination of possible conformational changes
within the structure of these proteins upon calcium-binding
by circular dichroism studies using purified RS protein.
The calcium-binding properties of the two RS proteins
should be éonsidered when biochemical tests which depend on
the charge of the proteins are performed. The behaviour of
the proteins in isocelectric focusing gels or their
interaction with ion-exchange r;sins may, for example, be

altered by tightly-bound calcium.

4.3.2 Stability and Purification of the RS Proteins

Degradation of the two RS proteins was observed during
their extraction from cell envelopes. This degradation
increased with subsequent diélysis and concentration steps
in the isolation procedure and hindéred attempti at
purification. The 150K RS protein of A. serpené MW5 proved
more stable than the 125K RS protein. Part of tbe reason
for this may be morphological in that a multimeric protein
(oligomer) is usually more stable £han its component
monomers and an assembled structure (intact unit) more

stable than its dissociated subunits (Friedman and Beychok,

1979). The 150K protein is isolated both as an oligomer
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(420K protein) and an intact unit unlike the units
comprising the outer layer of the array which are always

dissociated into 125K monomers during the isclation

procedure. The greater deg;adation observ?d with the 125K
protein may simply be due to a greater number of sites
available for ﬁroteolytic digestion. The partial ‘
inhibition of 125K protein degradation by anti-proteolytic
agents indicated that a protease was present in the protein
extracts which may have been co-extr;cted from cell
envelopes during the isolation procedure. Proweolytic
degradation of both the 150K and 125K RS proteins was
observed when the two proteins were extracted from cell
envelopes with 6 M urea containing EGTA and this
degradation could be partiallyuinhibited by TPCK. This
also suggested the presence of a co-extracted profease‘
although a putative protease could never be'completely
inhibited nor separated from the RS proteins despite
attempts at.a variety of inhibitors and gel chromatography.
Although only ; few enzymes have been found to reside in
the outer membrane (MacGregor et al., 1979; Regnier and
Thang, 1979), it is’reasonabie to believe that enzymes have
to be built into the wall to fulfill processing and
degradative functions as grqwth and turnover demands.

Several other workers have reported similar degradation

during the isolation of the RS proteins from different

bacteria (Mescher gt al., 1974, Thompson et al., 198%2;

Koval and Murray, 1984). Baumeister et al. (1982},




109

however, argued that the multiple polypeptide bands

detected by SDS—PAGE of the purified, intact RS layer of

.

Deinococcus. radiodurans were due to proteolysis of the
surface protein ig vivo and not during thé isolation
procedure. The same pattern of
electrophoretically-separated polypeptides was observed
despite the use of different isolation strategies and the
inclusion of au;ariety of protease inhibitors. It is
difficult to estimate.at whigh point proteolytic
degradation of the RS proteins of A. serpens MWS begins.
While it is possible that the RS proteins could be
partially cleaved in vivo, the degradation of the two
proteins clearly increased with subsequent steps in the
iso}ation procedure and the inclusion of certain protease
}nhibitors ;t least partially inhibited this degradation.
It is most likely that the degradétion of the RS proteins
begins immediately upon cell breakage and envelope
prepara?ion‘when many proteolytic enzymes are released from
the cell cytoplasm and wall fractions.

Kovai and Murray (1984) previously reportea enhanced
degradation of the 140K RS protein of A. serpens VHA in the
presence of EGTA and suggested that calcium stabilized the
conformétion of the protein. As is the case with the two
RS proteins of A.Vigggggg MW5, calcium is required fo; the
in vitro assembly of the surface array protein of strain
VHA and for its retention on the cell surface during

culture. The authors proposed that removal of calcium by
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EGTA resulted in localjzed unfolding within the protein and

the exposure of a greater number of sites available for
proteolytic attack. This may also be trueffor the- RS

prbteihs of A. serpens MW5. 'The two proteins were almost

completely gegraded during their isolation from cell

envelopes when EGTA (or EDTA) was included in the
extracti‘ buffer. The protefns would pe likely to unfold-
‘ of 6 M urea alone but tge unfolding may be
;ﬂhanc d in varioﬁs regioﬁs of the protein by the removal
of bourd calcium by EGTA. As well, the efficient refolding
. -
or renaturation of the proteins kubon r%moval of the uréa)
prevented in the égesence of EGTA if calcium was a
determ}ning factor in their tertiary structure. Koval and
Murray (1884) found that if calcium waé included at all
stages during thg‘isolation of the RS protéin of A. serpens
VHA, less degradafion occurred than if caléium was omitt;d
during the.procedure. Attempts té stabilize the RS
proteins of straip MW5 during their isolation using a
éimilar strategy were -unsuccessful. There was no
significant decrease in the number of mihor, lowér
molecular weight, polypeptide bands dete;ted by SDS-PAGE
analysis when thé progeins were extracted and dialyzed in
the presence o¥ calcium. As with the 140K ‘RS protein of
strain VHA; however, the mobility of the exi;acted 150K and
125K proteins did increase which may suggest a tighter

folding of the proteins in the presence of -calcium.

Alternatively, the enhanced degradation of the RS proteins
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in the;&resence of EGTA (or EDTA) may be aua.{not to the
unmasking of a greater’number of sites for proteolysisf
but, rather, to an EGTA- or EDTA-activated protease.
Certain proteasbs (eg. thiél proteinases) are inhibited b?
metals (Mihalyi, 1978) and the chelation of the latter by
EGTA (or EDTA) could effectively activate such proteases.
TPCK and PCMBS (protease inh}bitors effective against Phiol
proteinases) both inhibited the degradation of the 125K
protein to its major, lower-molecular-weight form. N
The purification of the two RS proteins of Ai'serpens
MW5 was never achieved and was hindered, primarily, by the
degradation problems discussed. There were an
exceptionally high number of additi&nal lower molecular
weight polypeptides present in each of the protein exiracts
which cross-reacted with antisera specific for the major RS
pfoteiné. Separation of these polypeptides on the basis of
.charge differences and precipitation properties proved
ineffective. The self—assembly of a structure is the
simplest precipitation method. SDS-PAGE of the
self-assembled layers, however, showed thét the minor
polypeptides were not eliminated by the assembly. The
g¢ycling of the RS p;oteins through répeated steps of
assembly-dissociation-assembly (in order to dilﬁte‘out the

additional proteins) also failed to eliminate the minor

polypeptides (M. Kist, unpublished data).
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The best strategy for purification, given the problems
S
presented, would likely involve the following features:
(i) The inclusion of a varieéy of protease inhibitors
during cell breakage, cell envelope preparation, and
subsequent extraction of the RS proteins, followed by (ii)

immediate. and rapid separation of polypeptides by a

chromatographic method of high resolution (eg. HPLC). 1In

the end, however, Agquaspirillum RS proteins may simply
probe to be very labile proteins. Purified bacterial
adenosine triphosphatases (ATPases), for eiample, have been

shown to be cold labile {Vogel and Steinhart, 1976).

4.3.3 fRelateanegs

Stewart and Murray (1982) previously examined the fine
structure of the surface array of A. serpens MW5 and could
not detect any structuralsdifferepces between the inner and‘
outer hexagonall&-arranged protein layers. They pointed
out, however, that their analysis w;s limited to a
resolution of 2.5 nm which may not have detected minor
differepces. Proteins which form such similar structures
would be expected to be highly related. It would seem an
inefficieht expenditure of energy for a cell to synthesize
two different types of protéins which are to compr@se two
structurally-similar surface layérs. One ﬁight expect the
.synthesis of a slightly modified form of one of the two.

The amino acid compositions of the two proteins were quite

similar and the possibility existed that the 125K protein
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represented a ﬁodified or. cleaved form of the 150K pfotein.
As well, the molecular weight differences observed between
the outer (125K) and inmner (I50K) layer proteins by ~
SDS-PAGE may simply feflect differegcas in SDS-binding.

The difference in q(ectr&phoretic mobiiigg&g?%ween the two
was significantly reduced when the proteins were separated
in a polyacrylamide (native) gel where SDS was omitted.
Peptide mapping of the two RS proteins of strain MW5,
however, showed that, while the proteins shared certain
sequences, there were differences between them. One
protein did not appear to be a simple modification of the
other. The 150K and 125K RS proteins of strain MW5 ana the
140K RS protein of strain VHA did share certain sequences

/ »
an@ it is intriguing to think vwwf these as representing

common structural and/or functional domains. Kay et al.

(1984) examined the RS proteins of three Aeromonas

salmonicida strains and found that, while the proteins

shared similar molecular weights, amino acid compositions,
and'N—terminal‘sequences; tryptic peptide mapping

demonstrated differences between them; The authors,

however, attributed these differences to minor positional
differences in certain amino acid residues within the RS : ‘

proteins. The differences observed beg@een the RS proteins

of the A. serpens strains examined must be treated‘with

s
L]

caution for the same reason. The differences observed may
} also be exaggerated because of the molecular &eight

differences between the proteins.
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Antigenic cross-reactivity was observed Qe{;een the -ko
Nt

proteins of strains MW5 and VHA although anti—l5OK (MW5)

IgG did not bind to the 125K proteiﬁ of strain MWH and

reacted only very slightly with i4OK RS protein Qf strain
VHA. Nevertheless, IgG specific for these lattef proteins
cross-reacted with the 150K protein. This resu}t wasnv
consistently observed ;nd suggests that the 150K proteih

may possess an immunogenic region not foundlér regogniéed

on the other RS proteins. Intereg¥ingly, the 150K RS
protein is the only dne of the three wﬁicﬁ can be isclated
as an oligomeric’protein. Crude artisera specifi& for the
150K protein did cross-react, however, with the 125K RS
protein using 125I-1abelled Protein A to detect bound
an&iggfzj/”Antigenic cross-reactivity qould be ekpécﬁed
‘given thg shared sequences demonstrated by peptide mapping
and also because antibody to the proteins was, in each

case, obtained by challenging rabbité witﬁ SDS-denatured kS .
protein. Unfolding of the proteins shoqld offéer é greater
number of similar sites fér cross-reactivity. Antibody
raised in response to éhallenge by na£}ve protein would
perhaps offer a different perspective. Anti:l4OK (VHA) Igi
reacted with both of the RS proteins of strain MW5. " -7

Similar antigenic eross-reactivity has been detected . R
y Y e ‘

between the RS proteins of pelated'strains within other

bacterial species such as Aeromonas salmonicida (Kay et

al., 1984). Word et al. (L983), however, .found that

antibody specific for the RS protein of BﬁgijJ¢u§éﬁﬂxmigigg; .
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strain P-1 ﬁrqcipitated the RS prdteins of only 7 out of 17
. strains within its own DN% homology group and only partial
identity could be demonstrated in immuncodiffusion assays..
Pefhaps the whole question of relatedness between
bacterial RS proteins wouid be best answered by a genetic
approach to the'probieﬁ. Smit gnd Kgabian (1984) recently

)

cloned the gene for the RS protein of Caulobacter crecentus

‘strain>C815 and, -using ‘a probe for the gene, found
significant hybridization with the surface array genes of

related strains using the Sofithern blot method. Unless
\

-

S -

similar genetic techniques are employédﬂ it would be
di:??&;lt to consider the RS proteins ?f A. serpens strains
as us;ful taxonoﬁic markers given the observed,
morpholoéical, biocﬁemical, ané antigenic differences

. - : .
between them. The conservation of a protein throughout .
evélution depends greéﬁly on its significance to the celkl
'apd on how great’the selective pressure is to retain the
structufe of tha€ p:otein. Random changes through mutation.
take place ;verAtime and are acceptable ;s long as the
modified proteins -still perform the same function and are
effective in the same selective syst;m. The function of

the two KS proteins’of Aquaspirillum serpens MW5 is not

known but is suspected tq-be a protective one. The RS

. . 8. )
layer of Aquaspirillum serpens VHA has been shown to
protect the organism‘from invasion by the pacterial

predator, Bdellovibrio bactefiovbrg; (Buckmire, 19717.

~Perha the cell tolerates minor, or even major. changes 1in
[

<

- o T i ) .
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these proteiﬁs as long as the modifiéd proteins continue to
form paracrystalline surface layers which afford the
organism protection form such environmental hazards. For
other baé&eria (eg. Aeromonas salmonicida) whose RS
proteins fulfill other functions, severe changes may not be
as acceptable and so the proteins may, indeed, be highly

( conserved.

»

JIf the fungtion of the surface array of A. serpens MW5
is,\in fact, a protective one then it might be an effective
s;rategy for the cell to make the two layers of "its
double—layere& surface a;ray out of different co&ponents if
only to ensure that, in the event of one layer being:
deétroyed or lost, a second back-up one remains. Certainly
the outer protein layer proved much more labile than the
inner layer. BI?%erences between the t%o could also be
exﬁected simply because the proteins iake part in di}ferent
types of molecular interactions. The protein éomprising
the inner layer (150K) must attach .to an outer membrane
surface while the 125K protein (oufe} layer) lnterécts-with
the 150K protein layer -and also with the environment. The

two RS proteins compr;sing the surface array of A. serpens
MW5S demongtrated differenceg in their s;abiiity, solubility
and assembly properties, and calcium-binding actiyities. 7
The two proteins are nét, howev?r, unrelated. fhey shared
similar isocelectric. points, ,amino acidlcomppsitions, and

certain amino acid sequences. What is difficult to

estimate is the mctual extent of the structural differgnces
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between the two proteins. They may, in fact, share a
certain core of sequences with the remaining sequences

accounting for the observed differences in their

biochemistry and assembly.

4.4. Conclusions

This study examined the regularly-structured surtace

array of A. serpens MW5 and showed that ma%y rules which

govern the assembly of the components of single-layered
P 3

arrays are also appliktable to more complex, double-layered,

structures, The dependence on calcium for éssembly in
vitro is a recurring theme amongst Aquaspirillum RS

proteins (Buckmire and Murray, 1976; Bevéridge and Murray
1976a,c? and this study illustrated the calcium-binding
properties of the RS Pproteins of strain MW5 through both
assémbly studies and a spectrophotometric assay.
Calcium-binding has proven to be one of the more
interesting bioéhemical features of these prgteins and the
mechanism of this Sinding and‘ﬁhe'contribution of the
cation to the conformation of the proteins should be

explored in future studies.

This study emphasized the need to differentiate

‘.
between the morphological units of the array and their

component subunits and emphasized that the assembly of

. N
these structures actually involves two assembly processes:
monomers to intact units (oligomers) .and units to an

assembled array. - The biochemical diffefences between the

1

7




two RS proteins of strain MWS were reflected by differences
in their assembly properties such as the inability of the ‘
%25K protein Fo self-assemble in vitro and the ability of
the two proteins to reassemble onto an outer membrane
su;face only in their ‘natural’ order. The differences
between the éomponents df.the two layers reflect an
effectivemstrategy on the part of the cell which has.
provided itself. with a back-up layer should one be lost or
damaged-. .

This étﬁdy also examined some of the degradation
problems associatéd with éhe purification of bacterial
surfa;; array proteiﬁs and these results should be
considered when plgnning futq;g purificétion'strétegies for
Aquaspirillum RS ﬁfoteins.L

RS proteins rqpéésent large proportions of the total
cellular protein and'? large part of the cell’s energy,

therefore, must be directed towards their synthesis. The

majority of studies of bacterial RS,layers have

an

concentrated on the ultrastructure, biochemistry, and in
vi&xé~assembly of these struct;res. Advances have recently
been made, however, toward the study of RS gene regulation,
synthesis,.export, and in vivo assembly of these proteins.
Initial experiments iﬁ these efforts are, quite-
understandably, bging conducted wiih organisms which

. " .
possess single-layered arrays such as Caulobacter crecentus

(Smit and Agabian, 1984) and Aeromonas salmonicida (Belland

and Trust, 1985). The surface array of strain MW5 will

118
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provide, in the futlure, an excellent model for the in vivo

assembly of a more complex surface structure. Of

particular interest are questions regarding coordinate gens=

regulation. possible post-transcriptional.or translational
modification of one of the two proteins (given the shared
amino acid sequences), and the task of assembling not one,
but two protein layers oﬁ the cell surface in their correct
order. It is hoped that the biochemical and in vitxe

assembly properties of the RS proteins of A. serpensg, MWS

examined in this study will aid in-this effort.

\

(’\



Figure 1.

o

Scheﬁatic cross-sections éf the cell envelopes
of 'typical"(a) Gram-positive, (b)
Gram-negative, and (c) archae- bacteria.

1. Cell envelopes as seen in thin sections.

2. Distribution of cell envelope components.
Abbreviations: PM, cytoplasmic membrane; PG,
pebtidogiycan; OM, outer membrane; RS,
regularly—st}ucturéd layer; LPS, lipopoly-
saccharide; PR, protein; PL, phoﬁpholipid ; TA,
teichoic/%eichuronic acid; LTA, lipoteichoic

acid. Modified from Sleytr.(1981).
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Figure 2.

Figure Z2a.

Figure 2b.

Demonstration of a regularly—st;uctured array on
the surface of A. serpens MW5 by electron
microscopy. . | i
Whole ceils of A. éerpea; MW5 negatively‘
stained with 1.0% ammonium molybdates” The cell
has partialiy plasmolyzed which makes the RS

layer more visible by négétive stain. The

*ribs’ of the array are aligned at 80 deg;ee
angles perpendicular to the lbhéitudinal axis
of the‘cell. Bar = lOOinm.

Thin section of A. serpens MW5 which
demonstrates the presence of two additional

layers lying external to the outer membrane of
I'd

the cell envelopg. Abbreviations: ISL, inner

structured layer; OSL, outer structured layer

Bar = 100 nm.
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Figure 3.

:
v kY
N ~

Négatively stained cell envelopes of A. serpens
MW5 which demonstraie the moiré- surface pattern.
Bar = 100 nm. SDS-PAGE of these envelopes show

the presence of three major polypeptides and
’ *

A

several minor proteins.






Figure 4. DS-PAGE comparing the electrophoretic

mobilities of the cell envelope proteins of A.
serpens MW5 with protein standards of known
molecular weight. Lane A, RNA polymerase (165K,
155K, 39K), boving serum albumin (68K), and
soybean trypsin inhibitor (21.5K); lane B, cell

envelope proteins of A. serpens MW5H . |

\/ﬂ
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Figure 5. Densitometric scan of cell envelope proteins of

A. serpens MW5 separated by SDS-PAGE angd

stained with Coomassie Blue.

.
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Figure §. SDS-PAGE of A. serpens MWS cell envelopes
heated for 30 min in 2% SDS at 50C (lanes A,

B), 60C (lanes C, D), and 100C (lanes E, F).
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Figure 7.

Negatively stained cell envelopes of A. serpens
MW5 following treatment with (a) 6 M urea,

(b) l.@ M guanidine hydrochloride, (c) 20 mM

LIS, and (d) 2% SDS. . Abbreviations: OM,
outer membrane; OMV, outer membrane vesicles. ‘
Bars = 100 nm.

-
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Figure 8.

SDS3-PAGE of A. serpens MWS5 cell envelopes

following treatment with 8 M urea (lane B},

1.5 M guanidine hydrochloride (lane D), and

20 mM LIS (lane F). The cell enveiope proteins

-

solubilized by these chaotropié 5gents are shown

-

in lanes A, C, and E, respectively.
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Figure 9.

Negatively stained cell envéiobes of. A. serpens
MW following treatment with (b) 0.2 M EDTA,
(c) 0.2 M EGTA, (d) 1.0 M sodium citrate, (e)

1.0 M sodium oxalate, and (f) 0,05 M

8-hydroxyquinoline. Control egvelopes are shown

in panel a. Arrows in panels b and ¢ indicate

outer membrane biebs. Abbreviations: HEX,
L}

hexagonal arrangement of subunits. Bars = 100

nm. . ' "







Figure 10. SDS-PAGE of A. serpens MW5 cell envelopes . ¢
following treatment with 0.2 M EDTA (lane B),
0.2 M EGTA (lane C), 1.0 M sodium citrate (lane
D), 1.0 M sodium oxalate (lane E), and 0.05 M
8-hydroxyquinoline (lane F), Control envelopes

are shown in lane A.







Figure 11.

L

Negatively stained cell envelopes of A. serpens

MW5 following incubation in buffers adjusted to

pH (a) 3.0, (b) 7.0, (c) 10.0, and (d) 12.0.

Abbreviations: om,” outer membrane. Bars = 100

nm.
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Figure 12. SDS-PAGE of A. serpens MW5 cell envelopes

+ following incubation in buffers adjusted to pH
. .

3.0 (lane B), 3.5 (lane D), 4.0 (lane F), 4.5
(lane H), 5.0 (lane J), 5.5 (lane L), 6.0 (lans
N), and 7.0 (lane P). The cell‘envelope
proteins solubilized by ihese treatments are
shown in lanes A, C,ZE, G, I, K. M, and O,

]

respectively.







Figure 13.

SDS-PAGE of A. serpens MW5 cell envelopes
following incubation in buffers adjusted to pH
7.0 (lane B), 9.0 (lane D), 8.5 (lane F), 10.0

(lane H), 10.5 (lane J), 11.0 (lane L). 11.5

_(lane N), and 12.0 (lane P); The cell envelope

proteins solubili;ed by these treatments are
shownvinAlages A, C, E, G, I, K, M, and O,

respectively. . ) .







Figure

14.

SDS-PAGE of the sequential protein extraction.
Control envelopes (lage,a) were treated
initially with‘éodium borate buffer, pH 10.3.
The solubilized prgteins are shown in lane b.
The extracted envelopes (lane c¢) were then
treated with 6 M urea. Lane d, 6 M

urea-extracted protein; lane e, éLy

urea-insoluble envelopes.
#

.




Figure 15.

Negative stains and corresponding thin sections
of the céll envelopé fractions from the
sequential protein extraction. Control

envelopes'(a and b) possessed both the inner

'and outer surface layers (ISL and OSL), whereas

pH 10.3-extracted envelopes (c and‘d) possessed

only a, si’ngle surface layer (ISL). Envelopes

expracted initiallf with pH 10.3 buféer and

subsequently with 6 M urea (e and f) contained -

no additional l;yers external to the outer .
membrane. Abb;;;iations: ISL, inner

structured layer; OSL, oute; structured layer; ) \
HEX, hexagonal arrangement of subunits; OM,

outer membrane. Bars = 100 nm.
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Figure 16.

N\
Reassambly of the’surface\ar;ay.components onto
RS~ celi envelopes (a) which do not possess an
RS .layer Dialysis against distilledawatgr.
NaCl, KC1, LiCl, or MgCl, resulted in thé
reassembly of only a few patches of
hexagonally-arranged subunits on a small
proportion of the cell envelopes:- (b). Arrows
indicate ﬁatches of reassembled protein.
Dialysis against CaCly or SrCl, resulted in the
reassembly of both layers of the surface array
as demogstrated by the pres%nce of a linear
surface pattern (c). . Abbrewiations: OM, outer

membrane. Bars = 100 hm.

g

”

'
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Figure 17. SDS-PAGE of reconstituted envelopes
Urea-eitracted surface protein (lane a) was ‘
mixed with RS™ cell envelopes'(lang b) and
dialyzed against various salt solutigns. Lanes °

v

c through i represent the envelope fractions
: <
. ' after dialysis of the reasgembly mixtures

against distiljed water, NaCl, KCl, LiCl,

MgCly, CaClp, and SrClp, respectively.

' 4

o

-1







Figure 18.

Heterologous reattachment. 6 M urea-extracted
surface protein of A. serpens MWH was mixed

with cell envelopes prepared from (a) A.

N

serpens VHL, (c) A. §_sz_e_n_s 12638 (type

strain), (e) Escherichia coli, and (g)

ng@domonas aeruginosa and dialyzed against

10 mM CaCly. The RS proteins of strain MWS
reassembled to form linear arrays on fhe outer
membrane surfaces of A. serpens strains VHL (b)

and 12638 (d) but fajled to reassemble onto

those of Escherichia coli (f) or Pseudomonas

aeruginosa (h). Bars = 100 nm.
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Figuﬁg 19. Negative staining of sequentially-reconstituted

' cell envelopes. RS™ cell envelopes were mixed *

*a
.

initially with the 150K protein extract énd
A dialyzed against Ca2t. Thé protein reassembled
_into’a hexagonal array on the outer ﬁembfane
surface (a). The addition of.the 125K protein

extract to these envelopes resulted in the full

reconstitution of the two-layered surface array

’

] “(b). Bars = 100 nm.
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Figure 20..

2

|l

_ SDS-PAGE of the sequential reconstitution.

Control envelopes are shown in lanes a and g.
RS™ cell envelopes (lane ' b) were mixed with the

150K protein extract (lane c). The 150K

protein reassembled onto the RS~ cell envelopes
. . * '

(lane d)y and provided é template ,for the

a

- reassembly of the 125K‘proteinr(1aﬁ6 e). - Lane

f, fully reconstituted cell envelopes.
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Figure 21.

Self:assembly of thé surface array éomponénts:
Negétive(stains of the planar sheets: produced
when 6 M 9féa—extrécted RS pro?eins were
dialyzed at 4C against: (a) distilled water
containing 10 hM CaCls, (b)'di;tilled wj¥er-
centaining 10 mM SrCly, or (c) 10 mM HgPﬁg, pH
7.9, comtaining 10 mM CaCly. Bars = 50 nm,

«
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Figure 22. GSDS-PAGE of the self-assembly praducts. Lane

#
. A, 6 M urea-extracted surface proteins; lane E,
self~assembled surface array produced when the

. protein extract shown in lane A was dialyzed

against CaCly or SrClop.-
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Figure 23, Self-assembly of the 150K protein. Negative
sﬁains and SDS-PAGE of the .assembly products
' "obtained when the 150K protein extfact waé

dialyzed against 10-mM CaCly. Bars = 50 nm.
N , Y

4
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Figure 24. Image ahalysis of the self—assemgled products.

L4

An appropriate region of a pegatively stained
image of tke ;elf—assembled 150K protein (a)
was ethined(by standard image analysis
techniques. Bar = 50 nmf The difézaction’
pattern fgr this array (b) confirmed a

’ oL hexagogal arrépgement of subunits, or sixfold

symmetry.
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Figure 25.

"Image analysis of the in vitro self-assembly of

3

the RS proteins of A. serpens MW5 (150K +
125K). An appropriate region of the

negati&ely staine8 array (A)-was exgmined by
standard optical diffraction-and filtering
techniques. Bar = 50 nm. The diffraction .
pattern for the double-layered array (B)

indicates a linear arrangement of subunits.
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Figure 26. Reconstructeci images aqf the self-assembled 150K ‘
<9 . o

-t . protein array (a) and the self-assembled - “
, . * [
L . double-layered array (150K + 125K proteins)
(b)’ i \.,\ -
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Figure 27. Effect.og heating on thg mobility of the RS. !
| proteins of:ﬁ. serpens MW5°in an
SDS—pol;acrylamide gel (5% polyacrylamide).
Lane A, é M urea-extracte® and dialyzed RS g
proteins heated for 3 min at 100C in s&mple
. buffer; lane B, identical RS pgoﬁein extract

not heated prior to electrophoresis. . .







Figure 28.1 SDS~-PAGE comparing the electrophoretic

A ] .
mobilities of the RS proteins of A. serpens

MWS which were heated in sample buffer at 100C
for 3 min (lane B) or not heated (lane C)

. ﬁbr to electrophoresis, with proteéinéd of

PR

known molecular wéight (myosin, 205K;
. ;4
B-galactosidase, 116K; phosphorylase B, 97K)

(lane A).
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Figure 29. Negative.stains of heated and unheated 150K
protein bxtracts.\

Samples not heated in 1%

SDS prior to slectrophoresis showed

decreased
mobility in an SPS—polyacrylamide gél (5%
polyacrylamide}"(lane B) and negative staiks
of these extracts (panel D) demonstrated the
presence of 11.5-12.0 nm doughnut-shaped
uni£s. These structures were not found in the
150K protein extracts which had been heated in
the detergent at‘lOOC (lane A, panel (C).

-

50 nm.

Bars = v

N







Figure 30.

v

Mobility of the RS yroteins of A. serpens MW5

in a 5% polyacrylamide (native) gel. Lane A,
150K protein extract; lane B, 125K protein
extract; lane C, 6 M urea-extracted and

dialyzed RS proteins (150K + 125K proteins).







‘ Figure 31.

Determination of the isocelectric points of the

RS proteins of A. éerpggs MWS5. 6 M

urea-extracted and dialyzed RS proteins (150K

+ 125K) were focused in the first dimension in

an ampholine gradient of pH 4-6 and then

sepafated in the second dimension by SDS-PAGE.

A







Figure 32A.

'

Figure 32B.

‘ '
’
.- L)

-

Ioh—egghahge chromatogrqphy of the RS
proteins of A. serpens MWS. 6 M
urea—exﬁiacted RS proteins (150K + 125K) were
dialyzed against 0.01 M imidazole buffer, pH
6}5, and ;hromatographed og a l1l1.0 ;m x 0.7

cm DEAE-Sepharose column. The protein was

eluted with a linear gradient of 0-1.0 M %;Gl

in 0.01 M imidazole, pH 6.5. 1.0 ml

fractions were collected. A, the elution
profile and SDS-PAGE analysis' of the major

’ )
peak which contained- the 150K polypeptide and

a number of minor, lower-molecular-weight

proteins.

Interaction of the 125k protein with
DEAE-Sepharose CL-6B in batch tests. The
125K protein extract (which contained the
major,4lower molebular weight form of this
protein and several other minor pr:teins)
(lane A) was mixed with the .resin (previously
equilibgated with 0.01 M imidazole, pH 6.5)
and a stepwise elution ipitiated. Lanes B-E,
protein eluted after mixing with 0.25 M,
0.5M, 1.0 M, and 1.5 M NaCl in G Ol M

imidazole, pH 6.5, respectively.




FRACTION

A

A .(Wu 0B2) IDNVEHOSEY




() 4

. 90
Figure 33. Polyethylene (PEG) cuts of the 125K protein

) extract. SDS-PAGE of the proteins
- ¢ I
° : prectpitated when the 125K protein extract
L 4
(whicn contained the major,
Y .. lower-molecular-wéight form of this protein
. and several other mino? proteins) was mixed

with 3% (lane A), 10% (lane B), 15% (lane C), )

and 25% (lane D) PEG 1500.
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Figure 34.

-

Immunoblotting of the RS protein extracts.

The 150K and 125K proteins were extracted
sequpniiélly from cell envelopes, séparated by
SDS-PAGE, and electrophoretically-transferred
to nitrocellulose. Lane A, the 125K protein
extract; lane B, the 150K proteiﬁ extract.‘
The blotted proteins in lane A were incubated
with antisera specific for the‘IZSK RS protein
and the proteins in lane B witﬁ antisera

specific for the 150K RS protein. The

antibody which reacted with protein was

detected by incubation with 12%I-labelled
Protein A and subsequent autoradiography for

18 h at -70C.
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Figure 35. Stability of the RS proteins of A. serpens

MW5. The 125K and 150K proteins were
<

) extracféa sequentially from cell anvelopes “and

L el

dialyzéd, separately, agaihst deionized water
atJ4C Bvernight. Lane A, 125K protein
extract; lane B, 150K protein extract. Lanes
C ahd.D repregent the same protein extracts
following concentration by membrane filtration

A

and storage for 30 days at ~10C.

W
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36.

’

Extraction of the 125K RS protein- from A.

serpens MWS envelopes in the‘presence of A
vafious anti-proteclytic agents. Cell

envelopes were extracted with sodium borate
(pH 10.3) containing either 10 mM
dithiothreitol (lane B), L-cysteine
hydrochloride (lane C), 1 mM
phenylmetﬁylsulfgnyl fluoride (PMSF) (lane D),
N-tosyl-L-lysine chloromethyl ketone (TLCK)
{lane E), N-tosylphenylalanine Chloromeﬁhyl
ketoge (TPCK) (lane F), 100 ug/ml soybean
trypsin inhibitor (type 1) {(lane G), ;protiniﬁ
(lane H), p-chloromercuriphenylsulfonic acid
(PCMBS) }lane I), pepstatin (lane J), or 10 mM
iodoacetate (lane K). Lanes B through K show
the sqlubilized protein after overnight
dialysié at 4C against distilled water
containing the same inhibitors but at
one-tenth the concentration used during thg,

extraction. The control. extract is shown in

lane A.




- G G A 9 Y o G B >
A 2 T b s

4




Figure 37. Growth of A. serpens MW5 in éalcium—free
¥ ’
broth. Cell envelopes prepared from A.

R ‘ serpens MW5 grown in a definedv?edium
supplemented with calcium possessed the
regularly-structured array as demonsyrated by
negative s%aining-electron microscopy (a).
Repeated transfer to calcium-free media
re;ulted in the loss of the array. The
majofity of negatively stained envelopes

, prepared from these cells showed a smooth

outer membrane surface although small patches
(&3 ¢ ,

. of hexagonpnally-arranged, or!individual, units

) could be detected on a few of these envelopes

v
t
1

(b). A Bars = 100 nm.







Figure 38. SDS-PAGE of A. serpens MW5 ceil envelopes

‘ preéared from cells grown in dé;ined medium
suﬁplgmehted with calcium (iaqe B) and upon
repeated transf?r in calciuﬁ-free media (lane
A).. Lane C, co;trol envelopes prepared from

cells grown in PSS broth supplemented with

-calcium. . 1




D aar
X 4

<150K
<125K

185



Figure 39.

Effect of calcium on the electrophoretic
mobility of the RS proteins of A. serpens MW5 .
Lanes A and D, 6 M urea-extracted RS proteins
dialyzed overnight against deionized water;
lane B, the same protein extract dialyzed
against 10 mM CaCljy; lane C, RS proteins of A.
serpens MWS5 extracted from cell envelopes with
6 M urea containing 10 mM CaCly and

subsequently dialyzed against 10 mM CaCls.
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40

Effect of EGTA on the 'KS proteins of A.

serpens MW5  SDS-PAGE of the KS proteins
(150K + 125Kj extracted from cell envelopes
with 6 M urea (in 10 mM HEPES buffer, pH 8.0)
and dialy;ed oygrqight;at 4C against eipher
butfer (lane A} or buffer containing 20 mM

\‘_EGTA (lahe B).

-
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Figure 41.

Inhibition of RS protein degradation in the
presence of EGTA. A. serpens MW5 cell

s
envelopes were treated with 10 mM HEPES
buffer, pH 7.5, containing 6 M urea and 1 mM
TPCK. Lane A, the solubilized RS proteins
immediately after their extraction; lane B,

' e N, . ,

the same protein extracfj}olIOWLng overnight

e

diélysis against buff%}/containiﬁg TPCK.
Extraction of the RS ;Lépeins with 6 M urea
containing 10 mM EGTA resulted in the
degradation of thé two ﬁajor polypebtides
(lane‘C). This degradation increased uﬁon'
dial}sis against EGTA (lane D). The observed

degradation of the RS proteins in the presernce

of EGTX was inhibited when TPCK was included

in the extraction buffer (lane E). This

inhibitofy effect was lost upon dialysis
against a reduced concentration of inhibitor .
(0.1 mM{TPCK) (lane F) but could be partially

maintained when the inhibitor concentration

remaihed at 1 mM throughout dialysis (lane G).

4







Figure 4Z. One-dimensiocnal peptide mapping of the kS
proteins of A. serpens MW5H. SDS-PAGE showing
the peptide profiles generated when gel bands
containing either the 150K (lane C) or 125K

(lane D) proteins were subjected to limited

proteolysis (30 min/40C) using Staphylococcus
aureus V8 enzyme (3 ug). The enzyme migrates
- ;s‘a déublet in an SDS-polyacrylamide gel
(lane E):. Lanes A and B, control 150K and
125K proteins. respectively. Arrows indicate

positions of peptide fragments common to ‘both

RS proteins.
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Figure 43.

’
Two-dimensional peptide mapping of the RS

proteins of A. serpens MW5 and A. serpens VHA.

The propeins were labelled with 1251 and
digested with Staphvlococcus aureus V8 enzyme.
The peptide solutions were spotted onto
éellulosg—coated thin layer chromatography
plates and separated in the first dimension by
high-voltage electrophoresis and,
subsequently, in the second dimension by
chroméfography in a solvent system. A, B, and
C repfesent autoradiograms of the peptide maps
generated for the 150K and 125K RS proteins of

strain MW5 and the 140K RS protein of strain

VHA, respectively. ’







Figure 44. Autoradiograms of the two-dimensiocnal peptide
maps generated when the 1257-1abelled 150K (A)
and 125K (B) RS proteins of A. ggipggg MW5 and ~
the 140K RS protein of A. serpens VYHA (C) were
digested with trypsin. The peptide solutions
were spottea onto the origin of
cellulose-coated thin l;yer chromatography
plates and separated in the first dimension by
high-voltage eleotrophorésis and,
subseéuently, in the second dimension by

chromatography.
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Figure 45. Antigenic relatedness of the RS proteins of A.
serpens strains MW5 and VHA. Ceil envelope
proteins'of both strains were separated by
SDS-PAGE and electrophoretically-transferred
to nitrocellulose sheets..Lanes A, C, E, G, I:
MW5 cell envelope proteins; lanass B, D, F, H,
J: VHA cell envelope proteins. The blotted
proteins were ingubated with : Anti-150K
(MW5) IgG (lanes C, D); anti-125K (MW5) IgG
(lane E, F): anti-140K (VHA) (lanes G, H); and
IgG isclated from normal (pre-immune) serum
(lanes I, J). Antibody which reacted with
protein was detected by incubating the strips

with goat anti-rabbit IgG-horseradish

peroxidase conjugate followed by 4

chloro~l-naphthol. Laneg A, B: éell envelope

proteins of strains MW5 and VHA stained with
Amido black. Arrows indicate the pbsitions'of

the RS proteins.
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Figure 46. Model demonstrating tHe two-step assembly of

the hexagonally-arranged RS layer. Monomers

firsf assemble to form intact,
doughnut-shaped, ‘units (oligomers). The in
vitro conditions required for this assembly
were not determined. The second step of the
process is calcium/strontium-dependent and
involves the assembly of units into hexagonal

arrays.
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