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Ansmcr |

The regular tetragonal surface(S)- laycr of Azotobacter vinelandii UW1 could be
v1sualtzed by freeze-etch electron microscopy but: -only after the cells were cXtenswely
washed with buffer at an elevated. temperature Although the S-layer appeared to be
composed of uniform morphological subunits with a center to center spacing of 12.5 nm,

\ image processmg of el tron micrographs of negatively stained S-layer fragments showed ‘
two sorts of tetramenc subumts differing in apparent mass and mtcrconnccted by delicate
lmkers -

“fhe surface layer extracted from whole cells or outer membrane fragments with
distilled water, produced four protein bands whcn analyzed by SDS -PAGE, a major 55K
band and minor 45K, 30K and 16K protein bands. These minor bands were found to be
conformational isomers of the 55K species. mdxcanng it was the sole component of the
S- layer This protein, dcs1gnated the S-protein, was isolated from. outer membrane ‘
fragmenats by distilled water extraction and charactenzed as an acidic (pl 4.4) species
possessmg no major carbohydrate moiety. S protetn possessed a’ theoretlcal mono- .
molecular wetght of 60, 218 and an ammo acrd composmon dominated by hydrophobtc'
and acidic amino acids with no detectable cysteme ' ‘

Cell surface radioiodination expenn‘xents showed that distilled water washtng of whole
cells extracted essentially. all S-protein from the eell surface allowing whole cells to be used |
asa tcmplate for in vitro self-assembly of the S-layer. S-protein isolated from whole-cells
or that isolated from outer membrane fragments, and' further punﬁed’ by gel filtration
chromatography asa monomeric specxes, fatled to undergo invitro self-assembly inthé
“presence of a cell wall template. - However, _S-protem freshly isolated ‘from outer
membrane fragments could be induced to self-asscmble in the | prcsence of 0.5 mM Calt,
Mg2* or Sr2*. Analysm of the quate’rnary structure of freshly isolated S-protcm showed it
to be composed ofa multlmenc spectes thh an apparent molecular werght of 255, 000
This result in conjunction-with the i image processmg data suggested that S«protem ina
tetramertc form, composed the dominant morphologxcal subumt ‘of the array _The
tetrameric foxm of S-protem acnvc in reassembly could be stablhzed in vitro with 2:5mM
Mg?2* or Ca2+ ‘but addition of these species to monomeric’ S-proteth'dﬁ not result'in
reformation of the teuamer Both forms of S-protein’ posses;ed a secondary structurc; ,
~dominated by apenodrc and B-sheet configuranon’s and no alteratlons in thts structure ‘

occm'red upon ohgomertzanon or m response to dtvalent cattons S :

—_— Q
Vo, S ' .
AR e d

A,

iv



Y

Cells grown in Ca?*- hrmted medxum dxd not possess a regular S -layer although S- protem ‘
was attached to the cell surfage in 4 tetrameric form. Addition of Ca?* or Sr2*, but not .
more Mg?* resulted in the reformauon of the S-layer. Probes of the gross conformation
of surface bound §- -protein suggested that CaZ*-mediated crystalllzanon did not require .
gross changes in the conformation, of S-protein. The Ca2* spec1ﬁc1ty of in VIVO assembly '
suggested that in vitro reassembly of the S- laye: was partly artifactual. Secondly, dxvalent
cation-mediated in vitro reassembly. d1d not return the S-layer to the native state because it
was sensmve to dxsrupuon by monovalent cations at an’ clevated temperature These.
'expenments suggested a close association between the S- layer and an outer membrane
component in wvo which could not be duphcated in vitro .and that this association
influenced the dlvalent cation selectivity needed for. the organization of the anay '
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Before: T o : . -
"I stand in the dark with a blade in my hand, striking at heads...."
. . . . M
’ : Dr. Martin Dysart
\ - ( from “Equus” by Peter Shaffer )
‘Aftcr‘ . R S

-

" "This is the even-handed dealmg of the world/ " he sazd There is nothmg on whlch itis .

so hard as poverty; and there 1s nothing it professes to condemn wuh 50

the pursuit of wealth!{" : CoL L

v
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_ Ebenezer Scrooge
(from "A Chnstmas Carol" by Charles Dxckcns)
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1. lntroduclinn

. Despite lhc first |dennﬁcanon of regularly amngcd pro(cm subumts on thc surface of

a Spmllum species over 30 years ago (HOuwmk 1953) and subsequent investigations
 which showcd these structures,were common componcms of prokaryonc cell walls (Koval :

and Murray, 1986 Sleytt, l978 Slcytr and Mcssncr 1983), surfacc(S) -layers havc.l

+ received relatively litle’ a(tcnuon This is probably due to the faét that neither Eschenchlq
coli nor Bacallu.g subults possess an S- laycn and whnlc widely ghsmbutcd - only a :
relative few havc been studncd in any detail bcyond a prelxmmary cxammanoq by olccmon .

®

microscopy. -~
1.1 ‘Com"'po‘sition of S-layers

Buckmu‘e and Murray (1970 l973) were. thc frst workers to publxsh a dcta|lcd

' rigorous dctcrmmanon of the composmon of a bactcnal S- laycr Their approach with thc
X 'Aquaspmllum serpens VHA S- -layer illustrates a numbcr of prificiples with rcspcct to .
cstabllshmg the nature of the regularly arranged subumts seen on bactenal cell walls and
' tbc nmportancc of electron mxcroscoplc observatlons as a support to biochemical

approaches. Thcsc workcrs found that hcatmg wholc cells at 60°C for 1h in. 1mM CaCl, |

caused a dxsappcarancc of the hexagonal S- -layer from the ccll sﬁrfacc when viewed by
freeze-etch. electron 1 mncroscopy Exammaxon of the matcnal released from the whole cells
showed the moxphologlcal subumxs of the : array. attachcd to some sort of mcmbranc-hkc
"baclong layer". Although the ongxn of thc backmg laycr was, and still is, a matter of
. speculation (Chester &nd Mun'ay. 1978) it is not mxcgral to the dctcnmnauon of thclnaturc.
 of there ularly arrangcd subumts Further- treatmcnt of the backmg laycr and assocmtcd
'subumts with 1:5M guamdmc/HCl caused a dxsappcarancc of the subumts, lcavmg thc 5
‘backmg layer unaltc:cd Dnalysxs of the guamdmc/HCl extract and chcmxcal analys:s

‘ indicated 97.7% protein, 2. 3% carbohydratc and undctcctable hcxosammc. phosphatc and
* ethanolamine, cstabhshmg the subumts as protcmaccous, SDS:- PAGE rcvcaled that the
protcm fraction was composed of a sxnglc polypcpnde of 125-150!( apparcnt molocular )
| wcxght Subscqucnt mcubauon of solubilized protcm wnh smppcd backmg laycr m thc‘ :
,prcscncc of Ca?t; allowcd reasscmbly of thc solubxhzcd protcm back mto a hcxagonal &
"‘.laycrmdxsungunshable from thc native laycr | : ‘ A \
' Concurrcnt and subsequcnt sxmllar studlcs w:th the gram-posmvc orgamsm Bacillus '"

¢

s
G



‘ sphaeripus P-l conﬁrmed the protemaceous nature of bacterial S- layers and the mdrcauon

thdt the‘fy were composed of smgle polypepudes A detarled study of the B. sphaencus P-1

.. S- layer was conducted by Henry ( 1972 Ph. D Thesrs University of Pmsburgh

3 .‘;‘Pmsburgh PA) and matenal from this study appears in'a number of review articles (Sleytr,
s , 1978 Sleytr and Messner, 1983) ‘A study of the sarne S- layer by Howard' and Ttpper

(1973) is more accessrble and presumably contams much of the same mfonnanon These

o studres established a number of precedents and sohdlﬂed a number of speculations’
‘ concemmg S layers ( 1) S-layers are composed of protem subumts (2) S-layers are

g composed of smgle proteins, (3) S- layer subunits are attached noncovalently to other cell -

 wall components mcludmg other S- layer subumts and ) S- layer proteins have the abillty '

/to self-aSsemble invitro if su1table conditions are supplred ' ' ' '

\ N
™

,‘1.2 ‘ Fine. struc'tu're of Sflayers o

.'\1..2.1: “NegatiVe staining and image reconstru‘ction methods

[
<

_ The fine structure of S layerms determined by exammauon of neganvely stained
| preparanons of S- :layer sheets, ds much as possible, free of other underlymg cell wall
~.components. However the norse in the mrcrographs due tp heterogenerty in the support
- surfage and variations in stammg, limits the ability to observe fine detail. These problems
have been overcome by drgmzmg the electron nucrographrc 1mage and applying a number
_of computer-asslsted image processtng techmques (see Sleytr and Glauert 1982 for a
*  reviewof earher hterature) Although the physical and mathemattcal basis of such methods
, are beyond the scope of the thésis (and the understandmg of the wnter) some aspects of -
. these techmques are, explored below All rely upon the repetmve nature of 'S- layer
tructure, ie., they all depend oni the i lmage havmg a regular two-drmensronal penodrctty :

~so that the mult1ple coples of the unit cell (the basic repeaung unit of the array) can be -

: ,‘exaCtly supenmposed. 'I'he 1mage processmg techmque remforces the s1gnal (penodic part) .
ﬂ.of the 1mage whrle the norse (non-penodxc part) is averaged out. ThlS translatxonal
averagmg procedure produces an average of the mformauon present in the i unage, evenmg

| any random features Early techmques depended on the use of, S-layer fragments with"
/pel:fect crystalhmty (Aeb1 eral.; 1973) because otherwrse tlie various copies of the unit cell
: X would not be exactly supenmposed leadmg to smearmg and loss of detail. Smce it 1s -
practlcally amposs1ble to obtain such samples, a’newer techmque termed correlauon -
averagmg was, developed (Crowther and Sleytr 1977 Saxton et al 1982) wruchf" :



;o
T ) . - ',

compensates for long and short range distortions in the latuce so good resolutton is no
longer so dependent on perfect crystalhmty Another averagmg step employed is rotattonal
symmetrization; this procedure exploxts the property of rotattonal symmetry (see below).
While computer-assrsted image processmg techmques can effecttvely enhance the \
structural detail present in electron’ mlcrographs the i tmage ulttmately depends on the
mteractton of the stain with the S- -layer. In negattve staining, areas of(low stain denstty
represent high protein mass s; while areas of high stain densrty represent low protein
‘mass regions. Accumulauons of stain have been interpreted as pits or pones in the S- layer
Whether or not these regions represent true pores through the layer or blind pores (ptts)
‘can only be inferred by examtmng thh the cell and the environment side of\;he surface
array (Stewart and Bevendge 1980). The prominence of pores is strcungly depende’nt on .
the stain level and type (Rasch et al , 1984). Therefore if they aﬁear to be absent it does
not necessarily medn they are. hot present. Htgh stain levels may overwhelm regions of
" low. protein mass giving the i impression no protein exists in certain areas (Baume;ster etal,
1982) while variable embeddmg of the S layer fragment in stain can accentuate dtfferent .
details leadmg to qutte different processed images (Engel etal, 1982).
| Despt.te the 1mpressrve technology used to obtam 1mage processed views of S-layers
thére can be Tittle sohdanty in the mterpretatron of the resultmg 1mage by dxffercnt :
| mvesugators For example, the S- layer of Sporosarcma firege has been tmaged by three
, drfferent laboratories (Baumelster et al., 1981; Burley and Murray, 1983, Stewart: and -
_Beveridge, 1980) and compared to. the structure of the B sphaertcus P-18- layer
‘Baumeister's group (Rasch er al., 1984) cons1ders that the S layers of S. ureae: and B,
‘sphaerzcus P-1.are “similar even down to the ﬁnest detatls that can be resolved by electron |
mlcroscopy, he‘ce it is reasonable to regard them as homologous" On the other hand'.‘
Stewart and Bevendge ( 1980) consrder these\two ,8' layers to be "qu1te dtfferent" | g

I

\ A "’

. 1.2.2 Some terminOlo‘gy and a clasSiﬁcation of S-layer Organization" §
In order to drscuss the ﬁne structure of S- layers it is necessary to consrder some terms -
“ used in protein, crystallography The smallest umt from whrch a protetn crystal can be Bmlt .
s termed the "asymmetnc umt" for S layers this i 1s a smgle polypepttde "Mottfs" arc
: generated usmg "symmetry operauons" performed on thc asymmetnc tﬁtt The most.]j' ,f i
useful symmetry operanon used to descnbe S- layer structure is’ rotattonal symmctry
‘Rotatlonal symmetry is' a "pomt symmetry operatron" and mvolves the rotauon of the-,- |
" asymmetnc umt about a ﬁxed pomt in’ space whtch remams unchanged through the} g



rotatlonal operatlon If ‘the’ mouf can be generated by six successive 60° turns of the
asymmetnc umt hexagonal symmetry is present. Srmxlarly, four successrve 90° turns
indicates tetragonal symmetry, and three 120° tums indicates trigonal symmetry, The monf '
" which s generated is the actual unit nepeated throughout the crystal by translauon along the -
" lattice vectors (see below) In practice, a more mathemaucally defined structure, the "unit
cell”, which contams the motif,, is used to build up the crystal. Itis a hexahedron deﬂned m 3
three dimensions by three- "latttce vectors" (a b, andc) which: are perpendtcular to one
 another; the crystal is generated by uanslaung the ‘unit cell along these axes. Since S- layers .
- are two—dtmenstonal crystals or thnee-drmensronal crystals one unit cell thick, the third axis .
_' ¢ is not used and the unit cell can be dcﬁned in terms of the vectors & and b only. The -
s1mplest crystals have one motif posmoned with the same orientation at each of the four
corners of the unit cell “These crystal latuces are called primitive and desrgnated "p All '
Sslayers exammed so far in prOJectwn by image processmg techmques are primitive “
Iattlces ‘The combination of the lattice type (eg. P) wrth the type’of rotauonal symmetry |
~ (eg: P3) is termed the crystal "space group" in the case of two-dtmensronal crystals the
\te'\ "plane group is also used. It turns out that only plane groups: Pl(triclinic), P2
(monoclu:),PS/(nEna\l) P4 (tetragonal), and P6 (hexagonal) are posmble, and likely,
for bactenal S-layers. All such crystals have the protein molecules facmg the same way so
“the cell-srde and envrronment sxde of the S-layer are different. This feature is considered
nece'Ssary due to the dtffenng envrronments encountered by either srde of the S- layer“
(Baumerster et al.; 1986; Sjogren et al., 1985; Stewart et al., 1986). ‘

Baurnetster eral. (1986) recently proposed a classtﬁcatton s’cheme, based on all image.
processmg studtes to date, outlmmg the' mannenn wluch an mterconnected S- layer could :
be formed from a smgle asymmetnc molecular specxes “In this scheme the protein -
molecules are dmded mto two reglons represented in htghly schemanc form The first |
regton ts a domam desrgnated "M", 'where most of the mass is concentrated thxs domdin is
also known as a core regton The other hghter domam desrgnated "C". (also knownasa
connectmty regton), links netghbom'mg core regrons These reglons are further desrgnated N
wrth tespect to the crystallogmphlc axes around whxch they fall. ’I‘hese rotauonal axes can -

have nothmg to do thh the mohf or the umt cell and are ev1dent only after the crystal has o

b°°ﬂ generawd by the rotattonal symmetry operauon on the asynrétric unit, creation of the

monf and’ the translatton of the umt cell along the. lattrce vcctors to form the crystal o

Because eubactenal S-layers are almost exclusrvely of the P6 or ‘P4 type (Sleytr and
Messner, 19§3§, the folIowrng dtscussmn of the orgamzauon of S«layers is largely~
resmctedtothesesu'ucturalclasses AR T



1.2.3 Organization of hexa‘g“onal S-Iayers

All hexagonal (Pé) S layers studted 50 far possess exther an M C or M C,

’ orgamzauon (Table 1-1; Fig. 1- 1): For these types @f 'S-layers, the bulk of the molecular
mass is concequated in'acore and a putattve pore is usually found at the center; this last
i feature is pot umversal (mether and Sleytr 1977) Six’ spokes (the connectmty regtons)
emanate fromthe core each is consxdered to'be denved from a smgle polypepude and the
morphologlcal subumt i beheved to be a hexamer. ‘ ’

. A-major dlfference between hexagonal S- layersof dlfferent orgamsms occursin the
packing of the morphologxcal subumts mto the two«itmenstonal amay. The only dtfference

between M6C3 and M6C2 hexagonal S- layers is in the type of connecttvny Before the

publlcatton of Baumexster et al. (1986) the 1ndw1dual morphologtcal subunits were '
‘considered connectbd to six- other morphologtcal subunits by "lmkers" These were

' classtﬁed into two. types- "Y" (M603) and "delta" (M6C2) lmkers by Stewart and

.Murray (1982) Although hexagonal S- layers possess a unique six- fold rotanonal axis’ - '
| they also possess a two~fold and three fold rotanonal axis. The type .of linker deterrmnes
whether ‘protéin or. pore is found at the three-fold or two- fold rotauonal axes and thus ‘
_ determmes the ulumate porostty of the- S+ layer One strain of Bacteriodes buccae (Table
1- 1) appears to possesses a hybrid of the two linkage patterns (§Jogren et al., 1985). -
| While a basic hexamenc morphologlcal subunit can be envrsroned similar to the S- layers ,
" described above these units have major regions of connectivity at both the two—fold and
. three- fold rotatienal axes: Sjogren etal. (1985) have proposed that a smgle protem ceuk
give tise to the entire layer, bur unfortunately tbere is yet no btocheifucal tnformanon
- avaxlable on this layer. lnteresnngly, another stram of B. buccae possesses an S- layer of

' *thestandard M603 orgamzauon ' e o ',, T .J" A ;" o \\’\ '

. 124 O‘r'gfaniz'ationl of"t‘et'r’agl‘onal S_;layers ‘,»_

‘ The orgamzauon of tetragonal (P4) S layers ('I’able 1 2) 1s s1rmlar to that of hexagonal

" 8- layers (th 1-2) The tetramenc morphologlcal subumt possesses both a core reglon |
‘ where most of the protem mass, is' concentrated as well as llghter mgronmf pmtem mass »
) responsrble for the COnnectmty of the anay ACCordmg to Baumelster et aI (1986) all the

spore-formmg gxam-posmve—bactena w1th tetragonal S layers appear, ybeofthe same . .:




 Table 1-1. ‘Et‘xbac‘tcr'i'a poéscssing hcxagdnal S;layci's which have been studied by ifna‘gc ‘
processing fechniques. -~ - ' ‘ S s

[}

S ‘ A ‘ . - ‘ . ,
" ! S - l-“ ’ + ! N ! v
~ Species ‘ Classificaton 'Reference,

Aégtogeniuh:kivui‘ . | M6C3 o Rastil et al.-(1984)

Aquaspirillum serpens VHA . M(C; . " Glaeser et al. (1979)
‘deabdaercrdstennq L MG | " Smit et dl. (1979)
A’qz)asgirjf!wn serpens' MW5" MG, . ~Stewant and Murray

R | j S(1982)
C(osiridihm thermohydro-, MGy - . Crowthet and Sleyw .-
L osulfuricim T (9F)
Deinococcus radiodurans. M,C, - Saxton.nd Baumeis- -
S er (1982)

. Synechocystis sp. Mg, .- ' Kadssoneral (4983)

 Bacteriodes buccge . ' MG, ‘@ . Siogieneral. (1985)

N
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T A serpeps ‘MWs PQ'S5°SS¢5 two superimposed S-layers both of the MGCI type.
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- Table l 2 Eubacteria posxcssmg (clmgonal S laycrs which havc been sludlcd by xmaggh ,
N proccssmg lcchmqucs _ ‘

Species o Classification : ‘Reference o
P R — ——
: A

Bacillus polymyxa M KON . Burlcy and Mumly
. . .. , . . N ; , (1983) !

o

' vV.BaC‘iII\t_usp,/zacriau D MG : ‘ Acbx et al (1973) '\,‘ .
' o ‘ P ° chault and Pm (1984)"‘
Clostridium thermo- M4Cz' S C;owthcr and Slcyxr Lo
v saccharolyticwn ! ‘ v a9 S
! Y i } ‘ ‘ ‘, | » . . "‘ . ‘ | ‘w -
Sporosarcina ureae . - MG, o . Stewartand | .
S S S o o . Beveridge (1980) |

' Aeromoﬁas salmonicida . M;C;,- o : 1’Slcwax',1 etal. '(‘-198’6) T

_ Fig.142, Organization of tetragonal ( space group, P4) S-layers. = . - ...\
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Fig:1-3. A model of the tetrag
* proposed by Burley and Murray (1983). Reproduced from the Canadian Journal of

Microbiology with permission of the, National Research Council of Canada, Ottawa.
Symbols: @& 4-fold rotational'axes; » 2-fold rotational axes. | .
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nal S-layers of the spore-forming gram-positive bacteria
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type, wilh major connectivity at the 4wo-fold rotational axis (M,C,). Burley and Murray

(1983) in another a model of these tctragonal S-layers, included subsidiary connccnvuy m
the othcr four-fold rotational axis as well (Fig. 1-3),

The only S-layer from a gram-negative organism which has been studied using 1magc
proccssmg techniques is that from Aeromonas salmonicida (Stewart er al 1‘)86) The

S-layer of this organism, unlike those of the gram-positive species, is of the M,C, type,

'1 e,, major connectivity at the other four~fold rotational axls In addition, this S- -layer can
apparently exist in two distinet cGnﬁz,umuons a pcwlmmy which will be discussed later in
this thesis,

\
1.2.5 Organization of trigonal S-layers
Allhough Baumcnstcr et al, (1986) and Sleytr and Messner (1983) havc stated that
mgonal S-layers have not been dcscnbc(in prokaryotes, it does appear that the so- -called
. hcxagonal doublc S-layer of Baall ke

arrangcd in an S- -layer with P3 symmc' ¥ (Fig. 1-4). Asa supplcmcnt 19 this discovery, an
attempt will be made to draw comparisons between the S-layety of B. brevis 47 and thosc‘ .
of B. brevis S1 (Abe et al., 1983), and Bacillus CIP 76-1 I!Q(Lcduc etal., 1973, 1977) .
These latter orgamsms may also possess trigonal S-layers. The general view of the cell
wall of these organisms appears in Fxgure 1-5. All the organisms (1) possess protein .
layers on either side of the pcpndoglycan (murcm) (2) exhibit a hexagonal array when cell

ms are negatively stained and (3) possess two high molecular weight. (100- 150K) cell

‘ wall proteins, Abe eral. (1983) consider the amorphous layer to represent one protein and
the undcrlylng electron dense layer to represent the hcxagonally packed layer because in
contrast to negauve staining, shadowed cell walls possess no regularly arranged subunits.
Abe et al. (1983) support this view by examination of a shadowed folded S-layer fragment
produced by in vitro reassembly of guanidine /HCl extracted cell wall proteins. One side
was found to be regularly structured while the other side was unstructured (amorphous). .
While this conclusion seems attractive there may be another explanation. Intact cells of .
Bacillus CIP 76-111 also possesses an amorphous layer but it is lost"during cell wall
preparanon with no loss of either ofghe two major cell wall proteins, lndxcanng -the
amorphous layer is not due to one of these protein species. Itis more hkely that Abe ez al.
(1983) have not been able to resolve the two closely spaced protem layc_:rs in B. brevis' S1
unlike Yamada er al. (1981) for B. brevis 47; the amorphous layer commonly seen on the
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Fig.1-4, Or'ganization“c‘)f trigonal (.spgéc group, P3 ) S-layers. Overlay the transparency
to prodiice a hexagonal S-layer fromi two trigonal S-layers when viewed in projection. -
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Fig.1-5. Cell wall stnicture of (A) B brevis 47, (B) B. brevis' S1 and (C) Bacillus CIP
76-111. For the sake of clarity, only the S-layers positioned on the outside of the murein -
(peptidoglycan) have been indicated. The different cell wall layers are not drawn to scale.
A, Amorphous layer; M, Murein; P, Protein; P; and P, Inner and Outer protein layers.



11

- cell surface may be due to capsule or adsorbed medium components ‘
Once the problem of the amorphouis layers is discarded, this eSSenually leaves a srmrlar
cell wall structure for all three organisms, A possrblc explananon is that one protein is on
one srde of the pepudoglycan and one is on the other. This is unlikely because when the
cell wall of Bacillus CIP 76-111 is extracted with 6M LiCl, the protein released produces a
sihgle’band on nondenaturing gels but two bands on SDS or 8M urea gels irrdicating the
two proieins are noncovalently associated in the cell wall. Thus two different proteins form'
~ a hexagonal array when viewed in pro)ecuon Some light has been shed on the probable
‘ structure of these arrays with the isolation of a phage resistant mutant of B brevis -47
(T sukagoshr et al., 1982) This mutant;lacks one protein of the cell wall leaving a lattice
with P3 symmetry composed of a single protein lymg on the peptidoglycan. Tsukagoshi
et al. (1982) have presented a number of alternative models of the structure of the
~ wild-type S:layer but a srmple explanation is that in the wild type, the other protein also
. forms a P3 lattice which sits on top of the underlying layer, glvmg the impression of
overall P6 symmetry at ﬁrst glance (Frg 1-4). One would expect this should produce an

6CJ type of hexagonal S-layer when Vlewed in_projection but the structures of these

S- -layers have not been resolved toa sufﬁcrent level to make out the type of hnkmg unit (Y B
or delta type) Whether these Bacillus species actually do possess two mdependcm
S layers each with P3 symmetry, awaits further study. '

1.3 Purification of S-layer psoteins

Assurr)irr g S-layers are composed of a single protein species (hereafter referred to as
"S-proteins") ideqtification of an extracted protein (judged pure by SDS-PAGE) as in _
S-layer protein/rests on a number of criteria: (1) the candidate protein must be present in
the cell wall in sufficient amounts to account for a fprotci'ri‘“layer which completely

.en?elopes the cell (2) rémoval of the protein must be accompamed by a loss of the regular
pattern from the cell wall when viewed by electron mrcroscopyL But probably the best )
mdxcauon that a protein constitutes an S- layer is (3), the dcmonstranon it can reassemble in
vitro into an S-layer mdxsungmshable from the native array on the cell wall. In most cases-

. (see below) when .the agent: used to dlsrupt the S-layer i is removed the - layer will -

spontaneously reform in vitro. This may occur in solunon or at a suitable gas /llqurd or.

- solid /liquid mterface The most commonly used. sohd/hqmd mterface is the naked' cell

- wall fragment from whlch the protein was released The appearance of a single band by

- SDS-PAGE and the ablhty of the protein to self-assemble in vitro leaves no doubt as to its
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ldentlty Thns xncthodtcal approach avoids problems which are illustrated by the study of ‘
Smlt etal. (1981) which concerns the S layer'of Caulobacter crescentus. These workers
recovered S- layer fragments from culturc supematant by centrifugation. Such fragments
produced a large number of bands when analyzed by SDS-PAGE leading the authors to
suggest that the S- layer of thts organism was composed of multiple polypepndes As
| pointed out by Koval and Murray (1984) this suggestion is premature and the addmonal
bands could just as easily be due to contammatmg outer membrane proteins. - L
Recent studies involving the 1solauon of surface array protems have largely dlspensed
~ with the use of whole cells (the appmach used by Buckmire and Murmy (1970, 1973) w1th_
A. serpens 'VHA), in favour of the cell wall fraction. After preparauon of cell envelopes,
the cytoplasmic membrane is usually solubilized with either Triton X- ,OO (Schnaitman, -
1971) or Sarkosyl (Filip et al., 1973) dependmg on thc stabthty of the surface array to
detergents Subsequent dxssocxauon of the S- layer from the cell wall almost invariably
involves the use of urea ‘or guamdme/HCl The objecttvc of these treatments is to
- selectively extract the S- layer without coextraction of other cell wall components and most
purification protocols do not proceed beyond these single differential extractions.
However, it is clear that such preparations of §- -proteins are almost never homogeneous as
. judged by SDS-PAGE. '

The studies of Kay er al. (1981) and Phrpps etal. (1983) mvolvmg the S- protem of A. *\l
salmomctda are illustrative of problems encountered with the surface array protems of
gmm—negauve bacteria. The initial report (Kay et al., 1981) mdtcated that pure S-protein
oould be obtained by two extractions of the cell- wall w1th 2% sodxum deoxycholate and
6M guamdtnc/HCl However it became clear subsequently, that a major outer membrane

; protein of 42K could not be reproducxbly removed from suckt preparauons Rehable
punﬁcanon requlred a DEAE- CL Sepharose chromatographlc step (Phtpps et al., 1983).
Evenberg and Lugtenberg (1982) using a different strain of A. salmonicida had toresortto -

‘ prepaxauve SDS-PAGE in order to purify thts S-protem Sumlarly, Thomley etal. (1974)
.found that a single extraction of the Acmetobacter 199A cell wall with 1M urea releaseda |

‘quanuty of an 1ntegral outer'membrane protem along thh surface array protein. The '

surface array protems of A. serpens VHA (Koval and Murray, 1983) and MWS (Kistand - l‘
' Murray, 1984 Koval and Murray, 1984) havc been extracted from the cell wall w1th 1~2M .
‘guamdme/HCl and 4-6M urea but when analyzed by SDS-PAGE the prepamuons were not E

: homogeneous (see below) S :

- Although tt mlght be expected that selecnve extracuon of S-protems would be more

. successful for. gram-posmve cell walls, this does not appear ,to_ be the case. Mo_s_t single

e
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. extraction protocols do not produce homogeneous preparattons S- protetns of the
~ lactobacilli have been extracted from cell wall preparauons by Masuda and Kawata (1979,
1981, 1983) using 4M guamdme/HCl All such preparatlons contain contamtnattng“ '
‘ polypepudes which range from minor (Masuda and Kawata, 1983) to severe' (Masuda and
- Kawata 1979) Sxmtlarly, while the surface array proteins | ‘of Clostrtdtum
N thermohydrosulfurzcum and C. thermosaccharolyncum can be extracted from the cell wall
w1tlf5M the guamdme/HCl and 8M urea, minor bands are always found as contammants
(Sleytr and Thorne, 1976). Attempts have been made to purify the surface array protems of
B. sphaertcus P-1 (Howard and Tipper, 1973) and 9602 (Hastie and Brinton; 1979a)
extracted with 6M uréa or 2M guamdrne/HCl by takmg advantage of the abthty of the
h protem to reassemble into sheets of tetragonal subunits in solution. However, in nelther.l
~ case was d prepardtion producmg one band on SDS PAGE obtamed In contrast to all the" '
'singlé' S- layers listed above, tt appears that the two protems constttuttng ‘the double
tngonal S- layers of B. brevzs S1 and B. brevis ‘47 can be released in pure form by a
~ single extraction with 6- 8M urea or M guamdtne/HCl (Abe et al., 1983; Tsubot dt; hl
1982), :
‘Some authors have charaetenzed thetr S -layer protem preparauons as pure even though
contaminating polypepndes are clearly visible on SDS gels (Howard and Tipper, 1973
~ Kay eral., 1983). However as hinted by Koval and Murray (1984), SDS- PAGE patterns
of solubilized S-layers revealmg more than one: band should be explained, not ignored.
They suggest that low molecular weight spectes result from proteolyttc degradatton of
surface array proteins dunng tsolatxon due‘in part, to the use of denaturants in many'
isolation schemes (it is obvious that a degraded protein is of little use for chethal or .
phystcal charactenzatmn) There is good evidence for such a proteolysxs problem with the . '
S-proteins of A. serpéns 'VHA and A. serpens MWS (Ktst and Murray, 1984; Koval and
Murray, 1984) as well.as S. ureae (Baumelster et al., 1981). The degradatxon of the .
S- protem of A. serpens VHA appears to be a non- specxﬁc proteolytlc degradation. If urea
extracts of cell \yalls are examined by SDS-PAGE, withouit prior removal of the urea, only ~ B
one band is seen, but, 1f the urea is first removed by dlalySts, degrag tron of the protcm is -
.'observed Baumerster et al. (1981)reported that when the S-lay r‘protem of S. urede was
' prepared in the cold, only one protein band was seen by SDS- P GE but when prepared at "1 :
. ‘20°C, multiple bands  were evident suggesting extensive de tlon. = : o
| Addmonal protem bands on SDS gels have been hnked to other explananons such as .
. coextracnon “of other protems, espectally in crude preparatlons, but this explanatton is
_ 'dlfficult to accept in more htghly punﬁed preparatlons For example, Kupcu et al ( 1984)‘ o




\ R "

' extracted the S protem of. B stearothermophtlus wrth SM guanldme/HCl and further
. punﬁed it by Sepharose CL—6B chromatography yet SDS- PAGE revealed four promment
bands rangmg from 80K to greater than 160K. One explananon which has been’ put

forward for these multtple bands on SDS gels is mtcroheterogenerty in S-protem

- glycosylauon ‘This explanation necessuates demonstmttng that the pnotem isa glycoprotem R

and is usually done by penodtc acid-Schiff(PAS) stalmng in. SDS gels. However
‘Thornley et al. (1974) found artifacts using this approach ie., the protein stained PAS

‘ posmve in SDS -gels but not in native gels Nevertheless PAS posmve S- protems have

been found for Campylobacter fetus (Wmter etal, l978) C thermohydrosulfurtcum and

C. thermosaccharolyncum (Sleytr and Thome, 1976) andB stearothermophilus (Kupcu .

et al., 1984) and may explain the ongm of multiple bands on SDS PAGE in some cases
Only one punficatton protocol has involved the use of S- protem recovered from
culture supematant (Wmter etal., l978) These workers purified the S-protem of C. fetus

from culture supernatant usmg free flow electrophoresrs The final preparauon produced -

- more than one band by SDS-PAGE but this was probably due toa nucroheteﬁogenerty ina

' carbohydrate moetty (Wmter etal., 1978) Purlftcatton of S- protems from culture fluids . |

j may eventually replace more labounous protocols which begin w1th the cell wall fraction

- and would obviate the need to expose the protetn toa denaturmg agent which could lead to

" an mcreased suscepubtltty to proteolytic degradauon (Koval and Munay, 1984) A'number
,of S-protems are secreted and can be recovered from culture fluids. Orgamsms which are

knowa to secrete thelr S- layer protems mto the culture fluids include. Acmetobacter 199A .
(Thorne et al 1976) A. serpens :VHA (Koval and Murray, 1985), and B. sphaerzcus -

“P-1 (Howard and Tipper, 1973) Befland and Trust (1985) constructed mutants of A.
' salmomczda by Tn5 mutagenes1s which synthesrzed LPS molecules lackmg O-side chams ‘

- The. S-protem of these mutants was synthesrzed and exported but could not be assembled
on the cell surface, large quammes of S-protem were recovered ﬁ‘om the culture ﬂurds in

nearly‘purefom oo ‘.“" L w-‘ . '41‘ ‘
1‘-4- In vit‘ré :-,S,le,-?'sseﬂ‘ibly" of S-.larer' ‘pfl‘ot,e.iﬂlsy -

Y

Most S-layer protems have been demonstrated to self-assemble in-vitro mto .:-
iltwo-dtmensmnal arrays mdxsungutshable from those present on the cell surface The G
_followmg_drscussxon 157 lelded mto S-protems of gram-negauve and gram-posmve o

:Vbactena because there does appear to be a correlauon thh m vztro reaSSembly ,;

tf"charactensucs P T
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The S- protems of the gram- posmve specres C thermohydrosulfurtcum C.

1 thennosaccharolyti‘gum (Sleytr and Glauert, 1976) L. buchnen (Masuda and Kawata

<

1981) and B brevis S1 (Abe et al 1983) will reassemble in, solutxon srmply upon

" removal of the guamdme/HCl or urea by dralysrs against drsulled water The S- protems of
_ B. sphaencus 9602 (Hasne and Brinton; 1979a, L. brevis (Masuda and Kawata 1980) -
' and B. stearothermophtlus (Jaemcke ef al., 1985) have been reassembled i ln solution by .

dralysrs against Tns/HCl or sodium phosphate buffers it is not known whether dlStl"Cd‘
‘water would work Just as well R I . , R -
" Unlike the S- protems of. gram- posmve bactena those of the gram- neganve bactena ' ’

" must be 1nduced to self—assemble after removal of the denaturant These mducements

usually mvolve a Suitable interfacial surface and 1omc envrronment The S-protein of

‘ “ Acx‘netobacter 199A will reassemble at an a1r/water interface in the pnesence of CI; larger

' ,polyvalentiamons (8042 . PO 3- ) mhrbtt self-assembly (Thome et al 1975) The double '

S layer of A: serpens MW5 requtres Ca2+ for reassembly but it is not clear whether a
suitable. mterface is necessary (Kist and Murray, 1984) Like strain. MWS5, A serpens

‘ VHA reassembles in the presence. of Caz* but requires.an mterface compose\fof :

¥ phosphollptd and hpopolysacchande (Chester and Murray;- 1978) The LPS species can

be prepared from A. serpens VHA or Pseudomonas aerugmasa mdlcaung that- the :

mteractton is non- specxﬁc with the interface probably prov1d1ng 4 suitable charge densrty

Dtsregardmg the partlcular aspect of in vxtro self-assembly for the moment itis clear
that' S—protems fall roughly into two classes those which are mherently rnsoluble in

. aqueous buffer systems and those whleh are readrly soluble, provided the triggering .

L condmons for self-assembly are absent Unfortunately, the 1nsoluble S- protems have

- recetved more attentton than the soluble variety. For example, Hecht etal. (1986) in thetr' -

‘ ,'study of the S protem frog’l the archaebactenum Hanbacterzum halobmm state that o
 "surface layer protems from eubactena [whlch] are mtrmsxcally msoluble in aqueous buffer o
| solutxons In‘ fact, the S protems from the gram-negauve orgamsms A. salmomczda :
- ‘(Phlpps et al., 1983) Acuyetobacter 199A (Thorne ét al 1975), A serpens VHA and B
‘ :MWS (Buckmlre and Murray, 1973 Klst and Murray, 1984), and C fetus (Wmter etal,.
- 1978 ) are all soluble i certam aqueous buffer syStemst Just as. the loss of solubrlxty by,l
"+ some: S,protems of gram-negatlve orgamsms is tnggered by the. appropnate 1ons and_ o
:mterfacral sm'face, the solubihty of the S-protem of H. hanbmm decreases with i mcreasmg
‘NaCl concenuanon. The dannct dlfference m solubthty propertles between S-protems of o
L gram-negattve and gram—posmve bactena mxght be expected 1o be reﬂected in the amino.
. A:j',amd sequence of the protems and perhaps m the armno acrd composmon 1tself 1 e “ some', o



protems may exhlbtt a more hxghly hydrophobtc composmon thus leadmg to a lower
solubthty Thcre is no pnmary sequence mformatron available on any S- -protein. but armno |
acid composmon has been determmed for a number of molecules (see Sleytr and Messner, .
. 1983); all possess between 48-55% hydrophoblc amino acids. Bhowmlk et al. (1985)
reported that the S- protem ‘of L. ac:dophtlus possessed only 31% hydrophobtc ammo ’
. atids. However only a 24h hydrolysis penod was used and quantttatxve liberation of |
hydrophobtc ammo acids requtres a hydrolysxs period in, excess of 24h. All other
. S-proteins from lactobaclllt possess 48 50% hydrophoblc ammo acids (Masuda and
Kawata 1983) ‘ o ‘ ‘ ‘

- While reassembly of S-pmtems isan tnterestmg property, 1t has been overemphasnzed ’
' m the hterature Reassembly products have been characterized in great detail using electmn
) mtcroscopy as to thetr stzes shapes and dtmenStons but these: studxes would seem to shed
 little light on the state of the profein on the cell surface Jaenicke'et al. ( 1985) recently K
. extended the electron mtcroscoplc analysis of the reassembly products wrth a kmetlc

analysis of thetr formatlon It is difficult 10 see how SUch studies can contnbute to an .
understandmg of the m v:vo assembly process which is presumably the objective of
studymg the m vitro reassembly process in the first place Unlike in v:tra reassembfy ;
‘which occurs 1nstantaneously fmm a denatured protem S-layers in vzvo never form on
. the cell surface de novo, by i mstantaneous crystalhzatlon of the entire layer using a large
pool of avatlable S-protetn In vivo, subumts are added conttnually, as the cell surface area
tncreases w1th a contmual recrystalhzauon of the S- layer ‘ ‘ '

1‘.5, Int’eractions between S-‘la'yer\ prot"eins' s

In vttro self-assembly expenments mdrcate that the. major dnvmg force for assembly
.of the S- layer is the so-called hydrophobxc effect (Tanford 1978). In tlus respect S- layer -
orgamzatton is no dtfferent from the assembly of any other ohgomertc protem composed of -
1dent1cal subumts (Cantor and Schlmmel 1980) B . R R |
A number of studtes have attempted tq examme the types of bonds Whlch hold .
S layers together by evaluatmg the effect of vanous perturbants on. S- layer structure “This
1s a very dtfferent type of expenment than conductmg m v:tro reassembly expenments -
because the startmg matenal is the S layer assembled by the cell As w111 be dxscussed»; C
below, -layers reassembled m the laboratory can exhxblt very deferent stabllxty fromff o
those assembled m vzvo Most of the experxments evaluatmg the effects of vangus‘ ,
dxsruptmg agents begm w1th the 1solated celI wall fracnon can'ymg the attached S layer It; =
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is obv1ous from this approach that itis expenmentally dtfﬂcul’t or 1mposstble to separate ‘k,
the two posstble effects the dtsruptlng agent is havtng (1) dtsrupnon of subumt-subumt L

v mteracttons 2) subumt-cell wall mteracuons or both Only if the S- layer is removed intgct
| from the cell wall can a statement be made that a cell wall subumt 1hteractlon has been .
\ affected Stmtlarly, only 1f the S- layer is dlsorgamzed and at the same time: remalns"‘ '
' attached to the cell wall can a statement be made that subumt—subumt mteractxons have been ‘
’ affected ‘ ‘

T

If the perturbant has no effect on etther attachment or orgamzatton a quahﬁed
concluston may be’ made that netther mteractton is affected ThlS is because the association’ -

. of the S- -layer with the underlymg surface may stabtllze it, so even if. some bonds are

dtsrupted no drsorgamzanon results Perhaps’ the most extreme example of this point is the

S-layer of D. radzodurans The $- protem of D. radiodurans has been shown to be ltterally .

cut to pieces in vivo yet retams its orgamzed state. When the’S- layer of this orgamsm is

k solubthzed with SDS at 100°C, andanalyzed by SDS-PAGE multxple bands are seen. As
“hinted above the clear bias in the literature is that S- layers are formed fmm single proteins
‘ Thts snuauon would be expected from molecular complexes with a high degrec of

‘ symmetry There is good ev1dence that proteolysrs occurs in vivo but the cleaved ‘

" ‘polypeptldes ferhain assoctated w1th one another in the native s layer Upon dtssoc1anon

with. SDS, the cleaved pepttdes come apart producmg muluple bands on"

. SDS- poly§crylamxde gels (Rachel éral,1983). - o , ‘n

. As mennoned in order to determme the nature of the mteracuons between S- layer

protem subumts, S- layer sheets must be tsolated intact from cell walls. Thts has only been.
"accompllshed for the S layers of the gram posmve bactena S. ureae (Bevendge, 1979)

B, ponmyxa (Nermut and Murray, 1967) B sphaerzcus P-l (Aeb1 et al 1973) and two ‘
Closmdmm spectes (Sleytr and Glauert, 1976) ln these ‘cases, mtact S- layer sheets were

: recovered by drgestmg the pepndoglycan from beneath the S- layer or by treatmg the cell

wall w1th a low concentratton of urea or guamdme/HCl whlch detaches fragments of the -

Y

{Slayermtact _i* T s e

. In all casesa mtact S layer fragments dlslodged from cell walls could be dtsmtegrated
by ac1d1ficatxon whlch would dlsrupt tomc mteractxons between charged resrdues of the' -

’”".protem moleculet The S ureae array was. not, dtsrupted by dtthtothrettol or _
. 'B-mercaptoethanol mdlcatmg dtsulﬁde bonds wer‘e not 1mportantoto the structure Thts 1a

' ,not surprtsmg smce no cysteme has been found m tlus S protem or any S-proteln fmm the
,;-so-called typtcal gram—negatlve ahd gram posttfve eubactena (Sleytr and Messner. 1983)

Slmtlarly, dlsulﬁde bond perturbants have not been found to affect any cell wall assoclated
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- surface layer SO far examined mdtcatmg that this is probably a. general phenomenon

- “Bevendge (1979) and Ncrmut and Murray (1967) exarmned the effects of a number. of -
detergents dlffenng in their abllmes to disrupt hydrophobtc mteracuons Tnton X- lOO and '
Sarkosyl were not effecuve whlle not surpnsmgly SDS dlsmpted the ; arrays Tnton X 100
has not been found to have any effect on any cell'wall associated 8- layer probably because .
it does not readxly disrupt protein: protem mteracuons (Helemus and Simons, 1975) The
effects of urea and guamdme/HCl were tested on all the S- -layers listéd. above and found o
be potent dlsrupnng agents Although it is stated repeatedly in the S*layer hterature that
~urea and guamdme/HCl dlsrupt hydrogen bonds this i 1s not correct. ‘These agents act by
tncreasmg the solubrhty of hydrophobtc side chams in the solvent and thus, pnmanly
dxsrupt hydrophobrc mteracuons {Cantor and Schlmmel 1980) ‘

" One eubactenal S-layer that stands out m its resxstance to chermcal perturbants 1s that

' fnomD radtodurans strain Sark (Thompson et aI 1982) andstram R1 (Baumelster et al (
1982). The excepnonal stabxhty of the S- layer of this orgamsm allows other envelope B

' components to be solubtlmed ‘with 2% SDS at 20°C for 12h (Thompson et al., 1982)
Altematlvely, S- layer sheets can be released from whole cells by treatment with SDS (1%) ‘
at 60°C for 2h and purified by i 1sopycmc densrty gradtent centnfugauon (Baumerster etal.,
1982). The resulung array ean be dxsrupted by acrdrﬁcatxon and dlssocrated by urea,
guamdrne/HCl -and SDS but only at temperatures approachmg lOO°C (Baumexster etal.,
- '1982). - , oo : : N Ce

L. With the exceptrqn of D. radzodurans and the lack of dxsulﬁde bondmg, none of the o

~data descnbed above is parncularly striking. It is not. surpnsmg that drssoctauqn of the

protém array results from dlsruptron of hydrophobrc and ionic mteracnons

.1.6‘ ‘In_te‘ractions" between S-lay‘el: ‘prOtein‘s and. othert,cell‘ wall 'c‘o'mp‘on’e.nts'

e

l

)

E 1;671 Gram:positive cell wall

A number of so-called heterologous reattachment expenments have been performed, E

| wrth S layer protems from gram-posmve orgamsms 'l‘hese expenments mvolve’f-‘ L
determxmng whether an S-protem fmm one ()rgamsm can neassemble on the naked cell wall L

. of another Tlus 'Frankenstem type of expenment should give an mdrcatron whether al‘,’,:_" o
global feature of gram-posmve cell walls 1s responsrble for S- layer assbcranon .
Heterologous reattachment (and reassembly) has been shown for two Closmdzwn specres o '
(Sleytr, 1975 ""Sleytr. 1976) and a few Lactobaczllus specres (Masuda axg Kawata, 1980 ; R
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' Masuda and Kawata, 1981). However, not.all Z;ctobacillus cell walls supported :
reattachment of a hcterologous S-layer derived from another Lactobactllus species,
mdtcaung spectes or sttatn dtfferences were important. Hastie and’Bnnton (1979b) are the

I , only workers who ‘have tested for heterologous reattag}m/nt between dxfferent genera. .

. They found that the S- ~proteiu from B. sphaericus 9602 would only reattach - and

. 'reassemble on its own naked cell wall and not that of other Bactllus Carynebactermm
Lactobac:llus or Staphylococcus specnes (or sttams) | " - e

| Masuda and Kawata (1981, 1985) attempted to tdenttfy components of the L -

o buchnert cell wall responsxble for S- layer attachment, The S- protem of thts organism was

found to reassemble on cell walls treated with cold trtchloroacettc acid which removed ‘
" teichoic acid, but not on walls extracted thh hot formamtde to remove both a neutral
o carbohydrate component and tcxchotc ac1d leavmg only the pepttdoglycan They concluded' |
“that the’ S- layer was bound to the neutral carbohydrate m01ety R ‘
The few studies outlined above indicate that mteracuons respons:ble for attachment of
S- layers to the rest of the gram- positive cell wall are obscure.. Recent expertments by |
' Masuda and Kawata (1985) 1llustrate the problem in deterrmnmg meamngful mformauon in -
~this area. ' These" workers modtﬁed the S»protem of L. buchneri by amtdmatlon :
a ,acetylauon succmylauon and’ armdatton (ﬁr the armdtnated proteinretained the abthty to

- reassemble on cell walls They concluded, not surprtsmgly, that both the positive. charge

. on the amino grdups and the negative. charge on the carboxyl groups were important. This
“type of. approach lacks precision because except for the amldtnated protetn all the other
' modtﬁcattons caused the protem to lose the ablhty to self-assemhle in the absence of a cell

wall template mdtcatmg major modtﬁcattons o the protetn had occurred.” ’ ‘

- One’ pomt is clear the bonds formed between the rest of the cell wall are different from s

"vthose formed between ad]acent subumts This is because acxdtﬁcauon of acell wall .,
o suspensxen produces S layer dJsorgamzauon but leaves the protetn attached to the cell wall -
. -surface . (Hasue and Brmton 1979a, l979b Sleytr and Glauert 1976) Whtle 'thetr .
: assembly in vztro 1s no doubt dnven by hydrophobtc mteracuons, assocmtxon thh the. cell‘ L
‘ ;wall provrdes even more Stablhty to the anay smce in vztro self-assembled produt:ts (not. S
o attached tohe cell wall ) are ﬁaglle and’ dtsmtegrate easxly (Sleytr 1976) Sumlarly, Hasue ‘ ;, v
. and Bnnton (1979b) found that'it took lugher conceitratiors of urea to dJSSOClatc cell wall

' assoc1ated arrays of B sphaertcus 9602 than the non—anchored vanety
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.t _1.-6.2 ? Gram-\negative' cell walls o
Generally, the approach taken wlth gram posmve cell walls has been apphed to
‘. gram- negauve cell walls. There are only a few studies in tlus area and'the most complete is |
that of Thome etal. (1975) who studred the S- layer of Acmetobac:er 199A. Cell walls "
. 'extracted with EDTA to remove LPS; or dlgested wrth phosphollpase C to hydrolyze
phosphatldylethanolarmne and phosphandylglyceml snll ‘supported S-protem reattachment
. ‘and reassembly. Sumlarly, the: S- -protein could not be mduqed +to reassemble when
‘presented with punﬁed LPS These expenments 1nd1cated nelther phOSphOllpld nor LPS
’were the sites of S- protem attaellmem and a protein component was assumed to be the
_receptar. Chester and Muxray (1978) had demonstrated earlier that the S- layer of A,
" 'serpen.s“ VHA could be mduced to crystalhze on vesicles formed of phOSphOllpldS and'
"LPS from this orgamsm again suggestmg a role for PS in 8- layer attachment Recently,
‘ “Belland and Trust ( 1985) showed that mutants of A. salmonzcxda unable to produce ‘
smooth type LPS, were also unable to assemble thetr surface layer. The S- protem was |
| exponed but falled to.bind to the cell surface and was found in the culture fluids. .
A major dxfference bea(veen the S- layers of gram- posmve and gram—negauve bactena |
s thelr response to the chelatmg agents EDTA and EGTA. Netther of those chelatmg ‘,
\agents has been found to have any effect on native S- layers of gram posmve orgamsms |
<There may be two excepuons which- will ‘be dxscusséd later in this thesis. In contrast the
- §- layers of A. serpens VHA (Koval and Murray, 1983) Acznetobacter 199A (Thorne et
. 'al '1971) and two manne ammoma oxxdlzmg bactena Mtrosomonas and Mtrosocycns
(Watson and Remsen 1969) are dlsrupted by’ these agents which suggests a role for
3 dtvalent canons in S layer Structure Dlvalent catlons may form a salt bndge between
suxtably dlsposed carboxyl gmups w1thm the S—protem molecule 1tself between S- protem
. molecules or between the S-protem and the outer membrane (Buckmxre and Murray,
1976). Thome ‘et al. (1975) tried to confirm’ this salt bndge idea by blocking and *
v_;modlfymg carboxyl groups located m both the cell wall and S-protem of Acmetobacter g
" 199A but the results obtamed were not concluswe L : "
LA deﬁmte requu-ement for dxvalent catxons spectﬁcally Ca2+ has been shown for the \
j“,‘genus Aquaspz‘nllum (Bevendge, 1981) Both A serpens VHA (Koval and Murray,
. \1985) and A pumdxcanchylxum (Bevendge and Murray, 1976) possess no v151ble S- -layer .
when grown ina medmm lacktng Ca2+ Unhke th aquaspmlla, the - mvolvement of -
-fpartxcular d1valent catmns m the S layers of other gxgl-negauve bactena has not been f""
"'.estabhshed : : S Tl T AR

t‘
H

AR
+ i L

-



‘ |
’ Although S- layers are a surface '
| srmtlarmes superﬁcrally Stmply because two proteins pack m a geometncally regular
~ pattern at a gross level does not necessartly indicate a srmrlanty of fine structure or
functton For example, the hexagonally (or tetragonally) packed photosynthettc reaction
o complexes of the mtemal membranes of . Rhodopseudomonas viridis appear almost

cture one should not regard their overall structural '

mdrstmgutshable ona gross level from typtcal bactenal surface layers (Mtller 1979, Weltc:
et al 1981) In other words appcarances can be decetvmg 'While this statement may'
| seem obvrous mtcrobtologtsts in partxcular have been gurlty of i tgnonng it. The hcavy ‘
- emphasrs placed on morphology as a basis for bacterial taxonomy has been shown to be .

mtsleadmg (Stackebrandt and Woese, 1981) resultmg in the misclassification of many
"' species. Similarly, a vanety of cell wall structures have' been classed as § ayers based -
.. solely on their regularity’; some of these structures have quite dtfferent properties. from the | ‘,
- S- layers already descnbed 'Ihe precedmg drscu'sston has been dehberately restricted to the "

tradmonally deﬁned gram-p051t1Ve and gram- negauvx: cubacteria whose S layers conform )

toa deﬁmuon first proposed 1mphc1tly by Chalcroft et al. (1986). That i ts an S- layer isa
‘ __superﬁcral regular protem (or glycoprotem) array mterconnected by noncovalent forces and
W":.whose intégrity does not depend on mteracttons with the underlymg cell wall

‘ Structures classed as'S-layers have been descnbed in most of the ten major eubactenal
lines of descent determmed by 16S rRNA catalogumg (Sleytr and Messner 1983, Woese
etal, 1985). One line of deseent is represented by D. radtodurans While the hcxagonal
~ S-layer of this Qrganism. appears grossly similar to other eubactenal S-layers it is quite. a.
dlfferent structure as mdtcated by its exceptronal resrstance to solubtltzatton by: many
denaturants, (Baumetster et al,; 1982 Lancy and Murray, 1978) Rather than consxdermg
thts S layer to be. composed of monomers grouped into a_ hexamenc butldlng block
Baumetster and co~workers (Baumetster et al 1986 Rasch et al 1984) consrder the
S- layer to be butlt from dtmers wrth one monomer from one hexamer and one monomer
"f;from another HOWever, 1n thts case the delmeatton may ‘be: qurtqarbttrary Thc anay ts so

-'refractory‘ that a dtssecuon of its substructure is not posmble wrthout use of treatmcnts ‘
| letely d1ssoc1ate 1t ureverstbly mto monomers 'l'he S-layer of Chlamydta '

" \trachom; s has been exammed usmg 1mage processmg techmques and is of the M2C‘,3
" ee Baumelster et al 1986) Thls 1s clearly dtfferent from all other hexagonal

\
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S- lﬂycrs so far descnbcd (Fig. 1-6). Hexagonal S-layers of the M(C; or M(C, type are
widely (llsmbutcd taxonomically. Thcy are found in Deinococcus, gram-positive
¢ubaclcna gram- ncgauvc cubactcnd and even, in the cyanobacteria and are therefore

popular designs. The S laycr 'of C. trachomatis is believed to possess as its major

| component the so- Calloq major prolcm of the outer membrane (Chang et al., 1982). This

protein has bccn shown to be prcscm as ohgomcrs cross-linked via disulfide bonds
(Newhall and JOr,xCS' l983) This fact makcs this S-layer umque in another respect, the
protein molcculas of lhc layer are covalcmly associated with one another. Unlike all other
bactcna lxsth 50 far C. trachomatis does not possess peptidoglycan yet is osmotically
stablc "I‘hls is bcllcvcd due to extensive disulfide cross- linking of outer membrane

protcms W'hl(.h presumably serves the same function'as peptidoglycan, providing rigidity

. tothe cell wall (Hackstadt et al 1985). However, the concensus for all other eubacteria is

th §. layers serve no morphogenic function (Sleytr and Messner, 1983) since mutants
ﬁmg thcxr S:layers aré apparently hcalthy ‘Thus, the unique organization of the S- laycr ’
of C: trachomans may be related to a specific morphogenic function not required by other
cubactgpa The spirochetes are ‘another major line of eubacterial descent rcportcd to
possess S- layers (Sleytr and Messncr 1983). . However, the regularly arxanged protcm
" subunits of the spirochete cell wall may be actually located within the hxlaycr of the outer
shcatlhgg)d may be more analogous to tl}c E. coli matrix protein (Masuda and Kawata,
1982) than an S-layer per se . L. ' L

'Q Even within the traditionally defined gram-negative eubacteria S-layer-like structures

" cdn be found, The so-called S- -layers of the pseddomonads are somewhat confuglng

Baumelstcr etal. (1986) clas51ﬁcd the surface array of P. avenae (Wells e1 al., 1983) as an
4C’, type which mcans that protein mass should be centered around both of the four-fold

rotauonal axes. Howcver in a subsequent study (Chalcroft er al., 1986) of the P.

' ac:dovorans S-layer which has the same structure in pTOJCC[lon as the P. avenae layer,

both four-fold axes clearly fall in pore negmns (Fig. 1-7). In fact it is very difficult to see ,
how either array could be of the M,C, type since there is no obvious connectivity bctwecn

the morphologlcal subunits at all. For this reason Chalcroft etal. ( 1986) further point out
that the S-, .layer of P. ac:dovorans (and by implication that of P. avenae ), may not be true

S- laycrs, since all troe S- layers possess interconnected subunits. Thus, the "'S-layers" of

thcsc two ﬁ:@udomonas species may be more com:ctly termed ’ rcgularly urranged outer

membrane proteins”. o
' Altlmough thc phylogencnc posmon of C. trachomatis is now bcmg dcﬁned (Welsburg
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Fig.i-7. Organization' of the tetragonal S-laycrs of P. avenae and P. acidovorans . Note
the "cobblestone™ arrangement of the dimeric subunits and their lack of interconnectivity.



et al 1986),. it is mterestmg that many of the pmkaryotlc lmeages dlscussed above
possesses a distinctive cell ‘wall structure (Holt, 1978 Sleytr and Glauert, 1982) and

cytoplasmic membrane llpld composmon (Goldﬁnc 1982). These differences in cell .
envelope structure and composition seem to include S-layer characteristics as well and
mther than looking at the S-layer as a separate entity, it should be viewed in tlIe context of

the entire cell envelope,
1.8 Thesis objectives

. 'Azotobacter vinelandii, a gram- rlegative bacten'um cornmonly isolated from soil, has
been reported to possess an S- layer of tetragonal orgamzanon (CS. Fuqua K S. Howard,
and M.D. Sokolofsky, Abstr. Annu. Meet. Am. Soc Microbiol. 1979, J21, p- 92). Few ,
tetragonal surface layers from gram-negative bacteria have been characterized from both a
structural and biochemical standpoint. The only S- layers of this type which have been or
are now being studied, are those from Acinetobacter 199A (Thornley, 1975) and A
) salmonicida. The S-layer of the former_orgamsm is no longer being actively studled
although the latter structure is under intensive investigation. The surfacé array of A
vinelandii "provides 4 good bpponunity to study a tetragonal S- 1a9e’f’ fa gram-negative
‘orgamsm While little is known about the cell wall of A vinelandii beyond the fact it is a

typ1cal" gram-negative type (Sadoff, 1975), much prelxmmary data exists on. both
'bnochemlcal (S.P. Schenk 1978; Ph.D. Thesis , University of Texas at Austin, TX) and‘ ‘
structural (J.L. Doran 1983; Ph.D. Thesis, University of Alberta, Edmonton, AB) aspects
,of its surface array. A detailed understandmg of its structure should aid in formulaung
gcneral principles concerning the organization and structure of bacterial surface layers.
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2.1 lntroduction L e 3
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'

In 1977 Schenk et al descnbed a protem of 60 OOO apparent molecular wetght B

’ (dcsrgnated "60K") whtch copunﬁed ‘with the envelope fraction (mner and outer

' membrane) prepared from Azotobacter vmelandu 12837 Analysns of ‘total envolope .

‘protein by SDS PAGE and densxtometry mdtcated 601( accounted for 20% of the total |
envelope protem Funher, tmmunoelectron rmcroscopy showed' the protetn was exposed '
on the outer surface of the outer membrane “The assocxauon of 60K with the outer
membrane was found to be easnly dlsrupted because the protetn could be ehtracted from
whole cells by washing with distilled water; thrs tndtcated 60K was probably a penpheral |
outer membrane protein. Prehrmnary expenments also. suggested that divalent cations.

effected the‘tntetmolccular interactions QGOK possrbly through its attachment to the outer

membrane (Schenk and, Earhart 1981). The amino acid composmon of 60K was’

. deterrmncd and found to bear similaritiés to the Acmetobacter 199A S- layer protein

-~

(Thomley er al '1974). These data lead Schenk and Earhart (1981) to propose that 60K
formed a regular surface la¥er onA. vmelandu 12837 This’ proposal became accepted in

_'the literature (van Iterson 1984;. Lugtenberg and Van Alphen 1983) although no attempt |
“was made to vrsuahze the layer- using eléctron rrucroscopy, in order to conﬁrm ithad a

‘regular’ structure Such conclusaons are hazardous since all protems wrth the properties )
‘ above do not form regular arrays (Hayes 1984; Inouye etal, 1979, 1981; Takutru :
1983 Word et al., 1983) although they may form surface layers Interestmgly,

Azor acter vmelandu 12837 has been shown to'possess a regular sm;face layer of

tetragonal orgamzauon (C S. Fuqua, KS Howard and M«g Socolofsky, Abstr Annu

‘Meet Am, Soc Mtcrobtol 1979 121 p. 92 ), apparently thts neport has not been wxdely :

noted ) A : : o ‘
4 ' Page and Doran (1981) found that 60K rccovered from dtsulled water wash flutds o
was an acxdtc protem (pI 5. 1) whtch could be precxpttated by Ca2+ of Sr2+ but not. by.\ |
Mgz* The pnectpttanon of 60K by dtvalent cauons ts stmrlar to results obtamed thh the‘ |

f -S-protem of Acmetobacter 199A (Thome et aI 1975) but the speclﬁctty of the reacudn. -

.il €. thh Caz" and not Mgz" is mterestmg, and suggests a spectfic mteracuonbetween‘,

A versnon ot‘ tlus chapterhas been pubhshed. Bmgle W H J. L Doran and WJ.Page. 1984 chular
surfaee layer of Azotobacter vmelandu J Bactmol,- 159 251-259 . ,

! D8
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6OK and Ca2* The srgmficance of thts ﬁndtng is retnforced by the observauon that A
- vinelandii, OP grown in a medium lackmg Ca2+ possesses 'no tetragonal surface layer K
when vtewed by freeze-etch electron rmcroscopy, but when Ca? (q{ Sr2*) but not Mgt
s, added to the culture ﬂUIdS the layer raptdly appeats completely covermg the ccll surface
. (W.H. Bmgle, J.L. Doran and W. J. Page Abstr Annu. Meet. Am. Soc. MlCl‘OblOl
1983, K155 p- 202) A sumlar type of ‘specific mteractmn with Ca2* has also been noted
/for the surface array protem of the Aquasptrzllum putrtdzconchyltum (Bevendge and '
Murray, 1976) The ability of the 60K protem to'specifically complex Ca2+ appears tobea
reasonable candtdate for a measure of: the ' activity', of the prqtem 1e an mdtcator of
whether the protex&ts present in its nauve state and is btologlcally acuve '
* To date, no direct ewdence has been prescnted for the' tnvolvement of the”GOK
protem m a regular surface layer reported present ofi A. vmel(:’ndu this chapter prov1des .
such evxdence Thls chapter also explores (1) condmons‘for opumxzmg the release of the
6OK protein from wholé cells by dlsulled water wasliing,  (2) the use of Caz"-precxpltatmn‘ ‘_
“as an mdlcator of btologlcal acuvrty (invitro reassembly competence) of the 60K protem |
-and (3) an evaluatlon of the state of outer membrane after dxsulled water washmg It is .
unportant to apprectate the: condmon of the outer membrane, after removal of 60K should
-a template be requlred for the study of in vztro reassembly of the A. vxneIandu surface | ,
" layer protetn Fmaﬂy—(zt)'attempts at estabhshmg condtuons for the m vitro reassembly of ‘
theSlaycraredescnbed. ‘ . .

23 Male'fia's and Mehods

";"B‘act‘erial ,'strain;s‘ "and" ‘_‘grovvth‘ conditlons'

In thts study the capsule-negauve stram UWl (Ntf‘ ) of A vmelandu OP (ATCC o
13705) descnbed by Flsher and Brill (1969) was used L1qu1d cultures (40% culture e

volume per flask volume) of modtﬁed Burk medrum (Pagc and Doran 1981) were grown o
“at 30°C m a gyratory water bath shaker (model G-76; New Brunswrck Sc1enuﬁc Co Inc., -

deson, N J ) operattng at 300 rpm. ModlﬁedaBurk medlum contamed 1% glucose,-'
ammomum acetate (1 % g/l) as a mtmgen source and CaClzm place of CaSO4 Bm-k buffer '
(pH 7 2) was Burk medmm wnhout ackled" : |

'mM K112P04, 0. 8mM MgSO4, 0.6mM cacx2 and 18uM FeSO,.

OFeBB was Buxk buﬁ'er lachng tron and BBP04 was Burk buﬁ'er potassutm phosphate

1¢ .sejor ammomum acetate and contamed .A""_’:



3

o qumd cultnres were moculated to an initial optxcal densrty at 620 nm of 0 05 and were .

' grown for 20-24h to a fmal optrcal densrty of approxrmately 3 optical densrty ‘
measurements were made wrth a Bausch and Lomb Spectromc 20 spectrophotometer ,
Iron- lrrmted cells were grown as descnbed by Page and von Trgerstrom (1982)

' 'Outer membrane isolation

 Cells were broken using a French pressure cell and fragments of outer membraneg
were separated from lnner membrane and poly-8- hydroxybutyrate (PHB) granules on’
' sucrose gradrents accordmg to the method of Page and von Txgerstrom (1982)

»
1

Reattac‘hm'ent of S-protein to .outer'membraﬂe veSicl'es‘.(OMV),‘V

Outer membranes were recovered from sueroSe gradrents (Page and von Tlgerstmm “

1982) and washed by centnfuganon w1th 8 mM Tns/HCl PHT. 8 to remove the sucrose..”
Membrane matenal (1 5mg membrane protetn) was suspended in l S ml of dxstilled water
-at room temperature and vortexed wgorously for 1 min. Chlonde salts of Na+ K*, Ca?*;

g Mgz*, Sr2+, .and the nitrate salt of Be?* were then added and after 2 h of incubation at .
. room temperature the outer membrane fragments were recovered by centnfugatlon at

: 100,000 g for 30 min. Na*t and K+ were added to a concentratron of 10, 5 2, 1,0. h
- 02,0.1; 0r 0.05 mM while Be?*, Mg2'r Ca?*, and Sr2+ were added to a concentratmn of |

' 3 4, 1 7, 0.68, 0. 34, 0.17, 0. 068, 0034 Sr 0017 mM Reattachment of protem to thee

,outer membrane was momtored by SDS PAGE and by measurmg the reducuon in
o , ﬂ, s . n .

)

supematant protem concentrauon

: lWashing ‘ i'ntact 'cells With distllled waterr Coe

- Cells were harvested from culture ﬂulds by centnfugatxon in a Sorvall RC—S
' centnfuge at 135, 000 g for 5 'min at 4°C The cells were suspended in l volume of tce—cold
jOFeBB and pelleted agam Each cell pellet was resuspended to and opncal dl*nsrty (OD) at.

620 nm of 3 in either ice-cold distilled water (Protocol 1) or fresh OFeBB (Protocol 2).

s -Ten-mﬂhhtre porttons were collected by ﬁltrauon ona 47 mm dnameter Mllhpore fi lter i
(O 45. p.m (Protocol 1) or O 8 p.m (Protocol 2) pore dram,eter ) and the cells were washed f‘

:-f 'etther 4 (Protocol 1) or. 5 (Protocol 2) ttmes w1th 1’0 ml of. dtstllled water preheated toy‘
_38°C 44°C or 46°C. The ﬁlter was ﬂoated on 1ce-cold OFeBB to hft the cells from the P
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filter and the cells were'collected by centrifugation at 15,000 g for 15 min at 4°C.
*Concentration’ and "'deSal‘ting of d‘ia‘tilled water wash fluids

Dtsnlled water wash ﬂurds were'’ ﬁltered through a 045 Mm Mllllpore ﬂlter and |

| , concentrated by lyophxhzauon ’I‘he resultant whrte ﬂocculant materlal was resuspended to
‘a protetn concentranon of 1 mg/ml i in dlsulled water Thrs preparauon was desalted either: ‘
by dralyzmg (10, 00012 000 molecular weight cut- off) for 24 h agm ast three .changes of -
1000 volumes of dlsnlled water at 4°C or by’ gel ﬁltratron usmg Sephadex G-25 -
(Pharmacra Fine Chermcals Upsala, Sweden) In some cases desaltmg was accomphshed
using the Amrcon ultraﬂltratron rmcropartmon system (YMT membrane* size cut- off

10, 000 Amicon Corp Oakvrllet Ontano)

F reeze’-etch electron microscopy
Cells used for freeze-etch electron rmcroscopy were pelleted and resuspended in the
residual supematant ﬂutd followmg decantanon A drop of thick cell suspension on a3
mm dxameter gold disk was frozen i in liquid Freon 22 and stored in qumd nitrogen (Moor :
1969) The specxmens were: held ‘at - 100°C and were fractured and etched for 60 sec
(DeVoe etal., 1971) usmg a Balzers BA 360M apparatus chlrcas were formed by
: shadowrng with plannum (200~250 nm) and carbon (2 2 5 um) The orgamc ‘material ;
‘ contatmnaung the replrcas was removed by treatment with corQenuated sulfunc acxd‘
followed by dxsulled water, commercral bleach and a final rinse with distilled water The :
rephcas were mounted on 200—mesh copper gnds and observed with a Phrhps 300 electron <
| mlcroscope at an accelerattng voltage of 60 or 80 kV.. | :
‘ Radioi‘odinat’konf'; of }wh’ole. cells )
Cells were resuspended at a concentrauon of l ug of total cell protem per pl m
OFeBB and mcubated wtth shakmg (100 rpm) for 30 mm at 30°C before. labelhng A
number of whole cells eqmvalent to 50 ug of cell protem was mrxed wrth mI and enough
OFeBB ‘o brmg the volume to. 100 ul 'I‘hls suspensron was mlxed and added 10 the
bottom of ‘a tube ( 10 X 75 mm) onto whlch Iodo-Gen ( 1 3, 4 6-tetrachloro-
3a,6a-d1phenylglycounl Prerce Chenncal Co Rockford Ill.) had been coated by drymg

down a solutton (l or 2 mg/ml) m methylene chlonde at 40"C (Fraker and Speck 1978)

’4



: Radlorodmanon contmued for 10 min at 30°C The cell suspenston was then transferred to
a 1.5 ml Eppendorf ‘centrifuge tube and. the cells were centnfuged in a Fisher 235 :
‘mlcrofuge for 3 min. The resultmg cell pellet was washed three umes by cenmfugatlon ’
* ' with OFeBB containitig 25 mM Nal. The. washed cell pellets were resuspended in 150 pl '
~.of SDS- sample buffer and analyzed by SDS-PAGE. Autoradlographs were made from wet
gels wlth Kodak XOMAT~AR5 ﬂlm

Elect‘rophore‘sis
, , | | ' o
Sodxum dodecyl sulfate polyacrylamlde gel electrophoresns (SDS -PAGE) was
- conducted aceording to the methdd of Laémmii (1970). Samples were boﬂed for 7 min in ,
‘ sa@ple buffer contarmng 2% SDS, 10% sucrose, and 5% B- mercaptoethanol in 62.5 mM
Tris/HCl, pH 6.8 before application to the gel. Slab gels (15 mm thlck) were formed in a
| Hoeffer model SE 600 electrophoresrs cell Gels were Tun at 10 mA for2.5 h through the’
: “'5% stackmg gel and at 20 mA, for4 h through the 10% separauon geL Gels were stained
- for carbohydrate and protein accordmg to Falrbanks etal. (1971) Horse radlsh peroxldase
type II was’ used asa glycoprotem standard Two- dxmenstonal gel electrophoresxs was
conducted accordtng to O'Farrell (1975) thh the modxﬂcanons mtmduced by Bxshop et pI
‘( 1980). The protems used’as molecular weight standards were phosphorylase A (94K)
' bovine serum albumin (68K), gamma globulm H—cham‘(SOK) ovalburmn (45K), gamma
globulin.L-chain (23.5K) and nbonucleas&(I’} 7K) All p téin standards were purchased' ‘
from Slgma Chemrcal Co St Lou;s Mo. s \ : S

{ : ‘--..;
; ' " ~

A ,
[

| Assays o " | ,‘ SRR ’
Protem was deterrmned rounnely by the modxﬁed Lowry mcthod of Markwell er al : ;
‘ (1978) using bov1ner serum alburmn (BSA) as a standard. For whole cells, a predtgcsuon o
Tine 1 N NaOH at 90°C for 10 mm was conducted accordmg to Hanson and Phillips (T981)—
C Carbohydrate was measured elther by the. phenol-sulfunc ethod or thF anthrone mcthod :
: ,(usmg glucose as a standard) as descnb(d by Herbert et’al (1971) The Conccntran on of =
.2-keto-3~deoxyoctanoxc ac1d (KDO) was determmed 4 the mcthod of Ke]eu and Ledererf
,(1974) L ' P e e
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Visualizatiokbf the A. vinelandii .tetragonal S-layer
Cclls washcd once with Burk buffcr at 42°C (Doran, 1983) failed to exgxbxt a
tetragonal S- laycr After mvestlgaxmg a number of washmg ‘protocols, the following

proccdure was adbptcd chls wcrc resuspended to an OD“320 of 1 in OFeBB and incubated

at 42°C for5 mlm afl‘h.c cells were recovered by centrifugation at room temperature and the

ash treatment was repcatcd an additional four times., This more ngorous washing regime
cffccnvcly exposed the S-layer to visualization by freeze-etch electron microscopy (Fig.
2-1) and was used in all further cxpcrxments for vlsuahzanon of S-layers assembled in
vivo. Careful measurements revealcd the center to center spacmg between the subunits
was 12.5 nm rathcr than the appmxxmatcly 10 nm reported by Doran (1983).

Figure 2 1 reveals the general features of most freeze-etch replicas. Where the 3
shadowing angle was optimal, areas of the regular array wcre evident. However, on the
windward side of the cell, accumulations of. platmum obscurcd the array while on the
leeward side, an'absence of platinum rendered thc array mv1sxblc The array possessed
limited topographxcal relief and unless the shadowmg angle was appropriate it could be
missed altogether. Thus, only those rcphcas which exhibited both under- and over
. accumulations of platinum were used when cva]uati’ng the cffects of various treatments on ’

¢

' the surface features of A vinelandii.

Effect of distilled water washlng on the outer membrane protein

compositlon of A. vinelandii

’ ’

) Because Schenk and Earhan (1981) provxded insufficient detail in the descnpnon of
thclr method for the 38°C-dxsulled water extraction of 60K from A. vinelandii whole cells, .
two shgh;ly dxfferent washmg protocols were mvcsngated m the present study (see
Materials and Methods) After dlstllled water washing, the cells were floated from the filter
on 1ce-cold ©OFeBB, processed for outer membrane isolation arid: the distilled water wash
fluids were concenu'ated by lyophﬂlzamn Examination of outer mcmbrane proteins after
distilled water washing protocol #1 (38°C) showed a shght reduction in the amount ofa
pmtem éf 55,000 apparent molecular weight (Fig. 2~2 ]anes 1 and 2). During plpemng of

the dxsulled water and. resuspensmn of the cells bn the filter, the water cooled to 32- 33°C L
Thus. the cells were. nevcr really exposed to a temperature of 38°C for more than bnef

T




a

ﬁ -1 Frcczc-ctch replica of the convex surfacc of A. vinelandii UWl showing the

S-layer (S). OMF, outcr mcmbngnc fxacmre face; Q- , direction of plannum
shadowmg. Bar. 05 pm. , .

o -—
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i‘.g.z-z Effect of dxsnllcd water washing of whole cclls on the protcm composition of
the outer membrane of A. vinelandii: UW1. A. vinelandii whole cells were washed with
distilled water cither by protocol #1(lanes 1-4) or protocol #2 (laries 5-8) based on the
method of Schenk and Earhart (1981)., Cells were processed directly for outer membrane |
-isolation (lanes 1 and.S) or washed wnh distilled water prcmcubatcd at 38°C (lanes 2 and

6).44°C(1anes3and7)or46°C(lMes4and8) '



period. Therefore the expcnment was repeated w1th dnstllled water held at 44°C, During

manipulations, the distilled" water cooled\ to approxtmately 38°C, i.e., when the
temperature of the cell suspension’ over the\ filter was measuré® immediately. after

resuspensxon of the cells, the temperature wa routmely 38°C. This modnfxcauon to

distilled water washmg protocol #1 caused almost complete release of the 55K’ protem

_ from the outer mcmbrane (Fig. 2 2; lane 3). Inc asing the temperature another 2°C to

46°C did not appear to aid in the removal of the mihor residual 55K protein (Fig. 2- 2; lane

'4). Total protein recovered from the wash fluids paralleled the i impressions gamed from
followmg the outer membrane polypepude composmdn (Table 2-1).

Surprisingly, dlstllled water washing protocol 2 produced a completely dlfferent |
pattern qf 55K protein release with Tespect to temperature sttxlled water at 38°C caused E
"almost a pomplete release of the protcm and increasing the temperature to 46°C appeared
to allow complete total of the 55K protein from the outeg\membrane (Fig. 2-2; lanes 5-8).
Agam the amount of protein recovered in the distilled water wash fluids. corresponded
with the reductmn in the 55K protein‘band seen by SDS-PAGE (T able 2- 1) It was decided .
to adopt the modified protocol #2 of Schenk and Earhart (1981) using distilled water
preheated to a temperature of 46°C for further work. - ‘

When the protein from the distilled water quh ﬂurds was examined by SDS- PAGE. :
a major 55K protein was found, as well as trace amounts of 45, 30 and 16K polypepudes‘

- (Fig. 2-3; lanes 1, 2 and 5). Exarnination of distilled water washed ceils by freezc-etchj '
electron rmcroscopy (Fig. 2-4) showed no evidence of the regular array indicating it was
lost concomitant with the removal of the 55, 45, 30, and. 16K proteins. .Since the 55K_‘
protein was the major component of the S- -layer it was designated the "S-protein” for future ‘
reference. The minor 45, 30 and 16K species were also evident in S-protein preparations -
produced by a single dlstllled water extraction of the outer membrane (Fig. 2-3; lanes 3,4
and 6). These protems also appeared to be released mto the culture fluids (Flg 2-3; lane
7). ' .

\ Although analysxs of outer membrar)es by SDS PAGE showed that S proteln ;
appeared to be completely removed from whole cells by this distilled water wash,‘;ng.
two—dxmensronal gel electrophoresis of cell lysates prepared before and after, dlsulled ‘water
washmg (Fxg 2-5) showed that some: S-protem remained thh the cell. Whethcr thns :
residual protem was surface locahz.ed or not yet exported 'was unclear S



Table 2-1. Effect of wash femperature on. the recovery of protcin from A. vinelandii

)

UWI1 by two distilled water washing protocols based on the method of ~Sch<;nk and Earhart

(198!, .

s

bl
Y

Témpcraturc (°C )

Protein recovered ( Hg/ODyq unit)

o
Protocol #1 __Protocol #2
% R |
g 63 14.0
44 | - 126 13s L
SN 124 151
‘chsuité ofa typicg;l éxbcxir’ncﬁt . " ' B

~



Fig.2-3. SDS-PAGE analysis of outer membrane proteins extracted from A. vinelandii, .
UWI whole'cells by distilled water washing. Lanes: 1,-outer membranes from unwashed

~cells; * 2, outer membranes from distilled water washed cells;*3, unwashed outer

. membranes; 4, distilled water washed outer membranes 5, concentrated distilled water
wash fluids from whole cells; 6, distilled water.extract of outer membrane; 7, concentrated
“cultumsupcmagl%mpmtcin.‘; S T
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F'g. 2-4 Effect of dxsulled water washmg on thc surfaoc fcaturesofA vmelandu UWl
Freeze-etch replica, convex surface. OMO, outer: surfacc of thc outcr mcmbranc‘e
: dxrecnon of plannum shadowmg. Bar b \um SR




o -Awhcn oclls are pmwashed wnh dxsnll atcr. et

'an 2.5 Tw0-dlmcns1onal gcl electmphorcsxs of whole ccll cxtracts prcparcd from

. unwashed (A) and distilled water washed-(B) whole cells. The afrow () indicates the .
.location of an acidic. protem of 55, molecular wcxght that is rcduced in, abundmcc .




Radiolodination of the‘cel‘l surfacef.‘ “ ! | TR " e

| The examtnauon of outer’ membrane protetns by SDS PAGE and by two—

o dtmensmnal gel electrophoresrs after drsnlled water washmg of whole cells, provrded
, | somewhat confhctmg mformatton on the effecttveness of thrs treatment for removmg

| S-protem from the cell. The drfferences could have been due, to the fact that the resrdual

8- protem seen, on the 2D gels was not yet COmpletely exported Because distilled water .

- washed whole cells were to, be used asa template to study in vitro self-assembly, it was
N unportant to deterrmne the amount of resxduail S-protem left on the cell surface.’ In an effort |
\‘ ' .to confirm that the S-protem was. completely removed from the cell surface by. drsulled

o ‘water washin g whole cells were radiocidodinated to reveal surface exposed polypppttdes

. Cells radrorodrnated w1th Iodo—Gen (50 ug) and 1251 (0.5 pCiful) showed aTtadiolabelled

: polypepude of 55 000 molecular welght, but it was not as protmnent as expected frona»&
i abundance of the S-protem in the outer membrane (th 2 6; lane 1). Since no attempt was

,made to 1solate outer membranes from radtorodmated whole cells, the assrgnment of any
- ,labelled polypepttde toa major outer membrane protein could not be made w1th complete )

- tcertatnty (Leeb and Smtth 1983) Inon-lumted A vznelandeﬁ derepress the synthesis of | |
o three uonlrepressmle outer membrane protems of apparent molecular weight 93, 000
. : "85 000 and 81 OOO (Page and von Tlgerstrpm 1982) whrch are probably srderophore ‘

" . receptors These protems would be expected to be exposed to the environment and could
S also serve as markers mdrcatmg labelhng of. outer membrane protems As expected itwas
= ,jposstbte to label these proteins (Fig. 2-6; lane 2). The failure of S-protein to be detecied -
was not due: to its loss fromxthe cell surface durtng the 25 mM NaI wash stnce Uﬁter .
_ o membranes 1solated from cells so treated carned S-protein A major protem of 55, 000
C molecular wetght could be..labelled by mcreasmg the amount of Iodo-Gen to 200 174 and

e . the 1251 concentratton to 5 u.Cll}ll (F“tg 2-7; lane 1) Thrs polypepude could be reducedcby

o washmg the cells, w1th drsttlled water before labelhng, conﬁrmmg 1ts 1denttty as the

L S-protetn (th 2-7 lane 2) The protems apparcntly labelled under these condmons were | ,
few in contrast to labelhng under low reagentconcen'tratmns Although it appeared that
S ;'only the 85K tron-repressrble outer membrane protem was labelled under these condmons, o




as

P F.g.z-g SDS-PAGE of mdxoxodmatod whole cclls of A vmelandu’ UWl Cclls were "
.. cither:grown" under iron-sufficient ‘(lane 1) or. 1ron-lnmtcd (lane: 2) ‘conditions and;
.- radioidodinated with 50 ug of Iodo—Gcn and 125 I at 0 5 qu/ul 'l‘he radxoautogmph was
‘*',_?";cxposedforIISh o T e B B T T
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B Fig.z-"l SDS PAGE of radloxodmatcd A vmelandu UWI bcfonc (lanc l) and aftcr
'(lane 2) distilled water washi zsg Cells were grown under m)n-lumtauon and radxoxodmatcd
. ‘»\wuh 200 pg Iodo-Gen and 1 Z8 at 5 uCt/ul Thc mdloautograph was, cprsed for 15 min.

'
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Effect of dtstllled water Washtng on the outer membrane of A. vmelandu .
Ltpopolysacchande (LPS) release was used as an tndtcator of structural damage to
the outer membrane caused by the dtsnlled water washmg S protetn concentrated from» |
dtsttlled water wash flutds and analyzed by SDS PAGE was statned for carbohydrate :
usmg peﬁodtc acid-Schiff (PAS) stamtng Although S—protem itself failed to stain, it did -
‘ appear that very famt LPS bands exhtbmng a large degree of stze heter()genetty could be
detected on these gels In order to confirm'the presence of LPS, the concentrated dtsulled ‘
‘water wash ﬂutds were assayed. for KDO a component of A vmelandu LPS (Olin and‘ "
Warner 1967) a level of 0.8 ttg KDO/mg protem was. found Further, 1t was esttmated :
that dtsttlled water washtng released only 1% of the total cellular LPS Stmtlarly, the
amount of carbohydrate (due to the O-side chatns of the LPS) detected in the concentrated
wash ﬂuxds was also low (30 ug/ mg protem ) when assayed by both the phcnol sulfunc
and anthrone methods (Herben et al., 1971) ‘ SR -

2 Attempts' at reassembllying‘ the s.ta‘y‘er“g,;. A. vinelandii in vitro. .

'Q‘- ‘ A number of expenments were performed in whtch S protetn tsolated from whole

' cells and dralyzed agamst drsulled water was mixed with distilled watér washed cells in
vartous proportlons concentrattons pH levels dtvalent cation concentrations and buffer
types but in no case was the reattachment of S- protetn to the cell surface observed >
S-protem prepared from whole cells appeared totally macttve In contrast tncubatton of
S-protem extracted from OMV w1th its "parent outer membrane fragments in the -
presence of mono- ondtvalent catlons, produced reattachment of S- pmtem to'the OMV in.
all cases. The level of reattachment was dependent upon the ionic strength of the‘ |
suspendmg medtum and the valence of the catton present (th 2 8) Be2+ caused all
 detectable protetn to reattach 10 the OMV all other cations: supported 80—85% reattachment ;
5of S-protem to; the OMV at an gontc strength of 1x10‘7" Both monovalent and dtvalent :

" cations. were effecuve m reattachment at an tomc strength of 5x10‘3 but a reducuon tn".'..

| tomc strength to SxIO“‘ rendered the monovalent cattons consxderably less eﬂ'ecuve whtle‘ J‘

‘_i'the effecnveness of the' dtvalent cauons (Bez*" excepted) was only shghtly 1mpatred

" At an ionic strength of 5x10‘5 nelther monovalent nor dtvalent ¢attons caused a sxgmﬁcant

| f;reattachment of S-pmtem to the OMV OMV w:th attached S protem wete exammed m‘the :

,..,,.

""electron mtcrosc0pe after negattve staming wnh 1% ammomum molybdate, pH 7
""'(Buckmue and Murray, 1976,’I'home e:al 1975) and after freeze-ctch treatment but
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. a negular Surface layer nor 1solated subumts were observed By momtormg the polypcpude |

o composmon of the OMV (Fig. 2-9) it was clear that it was reattachment of S- “protein which

was bemg meaSured in the expertment shown in thure 2-8. thure 2-9 " illustrates the
| results obtamed using CaQ* Mg2* and K” Stmtlar result@e obtained with Sr2+ Be?* |
and Na”. . | | ‘ .
In an effort\to conﬁrm that S- protem was actually attachmg to the OMV and not
o snmply forming mxcroaggregates of self assembled protein which cosedtmented with the .
; OMV (Thornc etal., 1975) the expenment depicted'in Figure 2-8 was repeated without the
addmon of OMV to thie S- protem cation mixtures. Aftera2 h’ mcubauon the mtxtunes were )
‘centnfuged at 100 ,000 g for 30 min and the surface of the supematant ﬂutd was sampled
' "‘(w1thouL decantatton), no reductton in protem concentratlon was’ detected Ina second
'expenment mixtures ot" catton and S- protem with and thhout OMV were Ioadeg onto ™~
" compamon two-step sucrose gradtents composed. of a small (l ml) 72% step, and-a large
.(8ml) 15% step The gradtents were centrtfuged at 200 ,000 g for 90 min (Page and von
Tlgexstmm 1982) ‘and the material at the tnterface between the 15% and 72% layers was
collected and analyzed by SDS PAGE S~protem could be recovcred from the mterface |
: only when OMV were present in the S- protem-catton rm:uures ‘

The spec1ﬁc1ty of the S protem outcr membrane' neacnon was tcsted by substmmng
cytoplasmtc membrane vesicles (CMV) for -outermembrane- vesncles m the reactton
,‘lmtxtures This expenment (Table2:2) showed that S,protem also attached oa cytoplasmtc
. ’membrane surface Although attachment levels were 20—30% lower for CMV there was no =

" way of determmmg whether the amount of exposed surface was the same for the OMV and

‘ ‘CMV In the reacuon mlxtures equtvalent amounts of membrane protem (etthér OMV or 7

o CMV) wqre mixed wtth a solution of S- protctn The rauo of S- protem to outer membranc

' protem was that normally fouYtd in the nauve cell wall but thls did not necessanly indicate .
) anythmg about the amount of surface available for S protem bmdmg in the CMV.
"preparauon Nevertheless sigmﬁcant amounts of S -protein did bind 0 CMV |

: "Reattachment of S protem to OMV was also medtated by 8 mMrTns/HCl pH 7 8 Buffer .

"'.(F1g29laue2) S FCE ST AR e

A puzzlmg aspect of aIl the. expenments descnbcd above was that some level of
| “\yprecxpxtatxon of S~protcin by Ca2+ and Srz'r was expectcd (Page and Doran, 1981), thls -
;'was not observed These expenmcnts led to a remvesnganon of the precnpttauon of
»]"S—protem by Caz* and Sr2+ | ' . S T L

P ‘..U ‘ AR 2 ,n‘,,‘.‘\‘
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Fig.2-9. Reattachment of S-protcin to outer membrane vesicles monitored by
SDS-PAGE. Distilled water extracted outer membranes (lane 1) were, incubated with -
.S-protein and 8 mM Tris/HCI, pH 7.8 (lanic 2) pr K (lanes 3 to 5), Ca?* Slancs 6to 8)
and Mg?* (lanes 9 16 11) at fonic strengths of 5 x 105 (lanes 3, 6, 9), 5x10 (lancs 4, 7,
10) or 5x10°3 (lanes 5, 8,11). ~ - . v



Table 2-2, M,ono-‘ and divalent cation-mediated reattachment of
S-protein to outer and inner membrane vesicles.

Reattachment ( % )'

Cation , ‘
Outer membrane " Inner membrane

Na* .78 , 31 .
K* 73 ‘ 23
Bc2: 100 o 100
Mg 76 . ' 55
Ca?* 8 . 51
Sr2* 78 . 46

lOutc:r or inner membrane vcsmlcs (1 .5 mg protein) were mxxed with 300
ug freshly extracted S-protein and monovalent (5 mM)ror divalent (2
'mM) cations for 2 h-at room temperature. The membrane vesicles were

removed by ccntnfugauon at 100,000 g for 30 min, the reduction in -

S-protein concentration was mcasurcd and thc level of attachment was

51
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Precipitatidn of S-protein-with divalent cations |
| o - { .
S- protcm (1 mg/ml) 1solated from distilled water washmg of whole cclls was
mcubatcd with vanous concentrauons of CaCl between 0-100 mM. After 2 h the solution

was centrifuged for 5 min in an Eppendorf centrifuge and the reduction in protein
_ concentration of the supcmatam was measured (Fig: 2- 10). Approximately 80% of the

protcm could be precipitated when a concentration of CaCl, in excess of 20 mM was

employed; further increase m the CaCl, concentranon had no effect. The specxﬁcny of the

reaction was examined by mcubatmg S-protein with 20 mM concentranons of the chloride
salts of CaZ*, BaZ*, Mg?*, Sr*, Tb*>* and the nitrate salts of Be2* and Ca?* (Table 2-3).

Neither Ba?* or Mg2+ caused precipitation of the protein. However, the CaZ* analogues
Tb3* and Sr2* did caus€ precipitation but were not as effective as Ca*2, Further the

protein was -precipitated by Ca?* regardless of lts companion amon (CI" or NO )

| Interestingly, Be?* was the most effective dxvalent cation for the pmcnpnatmn of S-protein.
When S-protein solutions were subjcctcd to dialysis prior to performing precipitation _
experiments, the protein lost all abllxty to precipitate with Ca?*. Initially, it was thought -
that the protein had become denatured during dialysis against distilled water, but thk
scéméd unlik',cly, since it was originally isolated in highly dilute form in distilled water,
spent considerable’ time during concentration in distilled water, and was subjected to a
number of freczc thaw cycles. Although the dmlysns tubing was boxled in Na,CO,/EDTA

prior to use, the possibility was mvcsngatcd that some contammant from the dxalys:s ‘
tubmg (poss:bly a protease) rendered S-protein macuve To test this idea, one samplc of

S-proteln was dialyzed agamst distilled water and a duphcate sample was combined with a *
piece of dmlysxs tubing Only the dialyzed samplc lost the ability to_prcmpxtate with Ca2*.
mﬂm, -pmtcm subjected to gel filtration on a Sephadcx G-25 column lost the ability

- to precipitate with Ca2+ Thcse results. indicated that some low molccular weight spemes;

was required for S-protein prec1p1tanon by Ca?*, In a final cxpcnment, a sample of the

concentrated distilled water wash flmd was subjcctcd to ultraﬁltrauon using the Amicon -

" micropartition system: m order to scpamte any protcm from the wash fluids. Protéin assay
conﬂrmcd that the ult(aﬁltrate contained. no detcctable protem, yet when the protem-frcc

, ultrafiltrate was madc 20 mM thh gedlz a large ﬂoccvlant prempxtate formed i m the

‘ abscncc of S-protem. Secondly, when samples of S-protcm (I mg/ml) desalted exthc:; by
dmlysxs or gel ﬁltrauon were mlxed thh the ultrafiltrate Ain, al: Irano followed by the
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- Fig.2-10. ‘Effect of Ca?* concentration on the precipitation of S-'protcih. Calcium
chloride was added to 'S-protein solutions (1 mg/ml) and incubated for 1 h at room .
temperature. The resulting precipitate was removed by centrifugation and the level of

precipitation was estimated by protein assgy.

- Table 2-3. Precipitation of S-protein with polyvaicnt cations!. .

Cation ‘ Pmcipitation-( % )
: o ' :
‘. Baz+ . ‘ 7
B - . 100
C32+A ' | ' » a9 k
Mge 2
s | 52
IR R L

. 1Polyvalent cations (20 mM) were incubated with 'S-protein

- (Img/ml) for 2 h at room temperature in Eppendorf centrifuge
" tubes. Any resulting precipitate was collected by centrifugation and '
- the reduction in soluble S-protein concentration was assayed. .



of CaZé‘(ZO mM) S- pmtem regamed its abtlrty to prectprtate to a level of 80%of a crude
. '(undesalted) sample mixed in'a 1:1 ratio wtth drsulled water. All of these expenments'
indicated that precrprtatlon of §- protem by Caz* was a secondary event. Addition of 20 .

- mM Ca2+ or Sr?* o BBPO alone resulted in precrpttate formation whrle addition of a
‘”smular level of Mg2+ did not Therefore, rt was lrkely that trace contammatwn of the
distilled water wash fluids with PO, produced msoluble salts upon addmon of Ca?*and

Srzf which Subsequentl y .adsorbed S- protem giving the 1mpressron of specrflc )
precrpttatton by these cations. Since Mgz* dxd not form msoluble phosphate salts no

: precrprtauon of the protern was observed.
24 "Discussion

A vinelandii UWl possesses an S- layer of tetragonally arranged protem subumts
'superﬁcrally smular to S-layers observed on many other bacteria (Sleytr and Messner
1983). Cells grown under iron-sufficient conditions requrre a more rigorous washing
. regrme than iron- lumted cells (Doran, 1983) to expose the S- layer for visualization by
freeze-etch electron mlcroscopy The reasons for this are not clear. Washing and heating
the’ cells. before freeze-etchrng possrbly removed minor amounts of capsular matenal; |
gy thought to be produced by strain OP (Page, 1984) which otherwxse may have collapsed'_ .
_over the S- layer during etching (Sleytr and Messner, }983) 'However, iron- lxrmtatlon has .
been reponed to enhanoe psu‘le productAon (Jarman et al., 1978) which does not correlaté /: |
- with the greater drfﬁculty in exposmg the S-layer i m 1ron sufﬁcrent cells. Sxmrlarly, ~
o problems in wsualmng the Caulobacter crescemus surface array by both negauve stamm g
) 'and freeze-etchmg have been noted by Smit et al ( 1981) These workers also consrdcred i
) the possibility of mterfermg capSular material. - « : o S
Although its reported theorencal molecular wexght, derwed from amino ac1d analysrs
~ i5.65 000 (Schenk and Earhart, 1981), the pnncrple component of the S- -layeris.a protem
-which ranges from 55,000- -60, OOO apparent molecular wetght on SDS:TPAGE In my
: hands, an apparent molecular wexght of 55 000 is consrstently obtamed, the value reported- .
by Page and von Tigerstrom (1982) Three other addmonal polypepudes in trace amounts' :
' appear to be coextracted from whole cells wrth S-protem These protems do not appear to. .
beouter membrane pmtems since they do not possess the same moblhty as any major outer
- membrane protem (see Fig 2-3) and the level of LPS release from the. outer membrane by . .' "
.dtsttlled water waslnng does not mdrcate auy senous drsrupuon has occurred The nature e,.
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and origin of these spectes awaits further mvestrgauon
“The radxorodlnauon behavrour of S-protem does not appear consrstent wzth its
known surface _m;ahzanon Although it completely envelopes the cell itis onl ‘
' ‘labelled under conditions Wthh clearly label mtegral outer membrane proteins. Thls sult "
can be explamed by consxdenng drffenng accessrbllmes of tymsme residues to 1odmauon' |
(Concmo and Goodgal 1981; Markwell and Fox 1978) The tyrosme resrdues labelled
under low reagent concentrations arc probably those whrch interact most mnmately with
 the, ‘environment. S- protem is labelled weakly under these condmons mdxcatxng some of i its |
tyrosine resxdues are. of this type. On the other hand, when hlgh reagent concentranons are .
used S—protem becomes intensely labelled whlle most mtegral outer membrane proteins
fail to undergo the same degree of further radxoxodmauon This mdrceues that S-protem ;
" contains' addmonal tyrosme residues which are more accessrble than those of mtegral outer '
membrane protems These re81dues are probably located within nghtly folded regxons of
~the protem and are only accessible at high 1] and lodo-Gen levels f\t the same nme ‘
1ntegral outer membrane proteihs fail to undergo the same degnee of labellmg because the
majority of their polypepude chains are buried in the outer membrane whlch provxdes an .
- effective bamer‘to 10d1nauon (Loeb and Srmth 1983). When the exposure time for an. -
autoradlograph is chosen based on the $- protem band labelled mtegral outer membrane :
.+ protein bands are almost undetectable The appearance of a radloxodmauon pattem showmg |
. only the S- layer protem of Aeromonas salmonicida led Kay et aI (1981) to suggest that .
~-the S- layer of this orgamsm was external. The results presented here suggest that such
_ conclusrons should be drawn thh cautmn The labelfing of relauvely accessible armno acid
remdues in an S- lﬁyer protem accounung for a large proportlon of total envelope proteln s
may mask the fact that gther surface exposed protems are also bemg labelled because
- exposures of autoradlographs adequate to vrsuahze S layer protems may not deteet less
abundant species. -~ | -, ‘ B - ‘
| - The S-prot@m of ‘A. vme[andu has been reported to be 4 glycoproteln (Schenk e
i 1978 Page and Doran, 1981) due to its staining reaction on SDS gels, thrs could not be N

_ conﬁrmed in. the present studyt Schenk (1981). used the. Alcxan blue statmng method of ",,i:-f'

. Wardr and M1chos ( 1972) whtle Page and ‘Doran (1981) used the PAS method of Page and | w

Stock (1974). The staining method of Wardi and Michos (1972) was not desrgned foruse .
—wrth—SBS- -gels: and it has been subsequently found that thrs compound wxll stam any‘

protem (not just glycoprotems) dependmg on whether the sodrum dodecyl sulfate used is* :‘
¢ontam1nated wrth sodmm tetradecyl sulfate and the ngor thh wluch SDS gels are
washed before apphcauon of the stam (Kun1c1k1 et al 1981) On the other hand, the T



e B : . B N et ! x o L "‘ '

E problem wtth the data of Page and Doran (1981) may have due toa faxlure to destam the
PAS stained gels effecttvely It is therefore unhkely S—protem possesses a major
,",carbohydrate moerty | I S
o The release of the A vmelandu S-protem by drsttlled water extracnon alone 1s
- umque The removal of other S layer protems from 1solated cell walls usually requtres |
~ either urea, guamdrne/HCl chelanng agents, detergents pH. extremes or competmg
: | cauons (Koval agd Murray, 1984). Perhaps the most comparable treatment to that used for
LA vmelandu is’ that used to release the -protetn fnom Acmetobacter 199A (Thornley et
B al 1974) Thls S- protern is released by sequenual extractron with EDTA (or EGTA) and |
distilled water. During the EDTA extraction, LPS is released from the outer membrane but
. the protem remains cell wall assocrated. The subsequent distilled water extractron releases ;
the S-protem in almost pure form. Thrs treatment probably involves chelation of essential
_ dlvalent cations followed by a reductlon in ionic strength (provided by the EDTA rtselt)
'w1th distilled ‘water, leadmg to a release of the protem A similar mechanism: could be
| mvolved in the release of the A vinelandii - S-protem Page and Doran (1981) reported
'that &protem 1solated from whole cells, was moderately acrdrc (pI 5 D. Thrs suggests
. that salt bridging could be at least partlally mvolved in 1ts attachment to the cell surface. In
- the case of A. vmelandu, exposure of the cell to drsttlled water at an elevated temperature
may be sufficxent to 'leach out any. drvalent cauons An argument agamst tlus idea is that
. premcubatton of the cells in Burk buffer (Pnotqcol #2) rather than drsulled water (Pnotocol
- #l) apparently makes the protem easrer to wash from the cell surface Because the drstrlled

. water had a pH of 5. 2 H30+ dtsplacement of -essennal cations could be the mechamsm of |

\

-S- protetn release However, dunng extractton of S-p\rotcm from outer membrane
fragments, rapid neutrahzanon of the drsnlled water by resrdual 'I‘ns bufferoccurs castrng
.'l_j doubt on thrs hypmhesrs Dtsulled water washmg has been reported to completely remove .
_;,_S-protetn from the cell surface (Schenk and Earhart l98l) Although this i 1mpressron is -
"grven by followmg the polypepnde composmon of the outer membrane cell surface
. radrorodmatron mdteates some S-protem remams However, the amount of resrd,ual ‘
4 ‘-:S-protem is srnall when_ compared to the amounts of S-protem naturally present on the cell |
;_'-_surface and should no "hmder the use of whole cells asa template for reassembly N
- Although the ‘umber of mdrcattons that dtvalent catrons, specrﬁcally Ca2+
':fare tmpcrtant to th stracture of the: surface array, it has not bee possrble usmg these ',
4'.spec1es, D' eas ', ~ ~prote1n 1solated from whole cells, back onto the cell surface ‘
va .ty of condmons Ttis dlfﬁcult to accept that the protem has been ureversrbly
d-since thie ‘ueaunemused tolsolate theA‘ vinelandu S-pnotem 1sthe mostbenign




o drvalent cauons for assembly are commonly 1solated usmg urea and guamdtne/HCl |
E these agents are removed the surface layer protems can reassemble 1mo a regular array
. provided suttable condmons are provxded (Ktst and’ Murray, l984wKoval and Murray, o '

- 1983; 'I'homley etal, 1974) It is’ possrble for the A. vtneIandu system that suitable.

reassembly condmons have; not been 1dennﬁed but thts seems unltkely The most“
' probable explanatmn is that S- protem as 1solated 'is mcapable of reassembltng into a o
» regular array Because the spectﬁc precrpttauon of the proteln by Ca2+ ions was found to

~ be an artifact, there is really no ob]ectxve method of determrmng whether the S- protem N
o 1solated from whole cells has been meversrbly denatured during 1solauon beyond its abthty o

to, reassemble in vztro Althgugh the specific precrprtatton of the protem by’ Ca2+ and tts .

‘ analogues seemed to be ltnked to the - necessity for Ca?*j m the growth medrum for regular

o array formatxon (Doran 1983) this was a nasty comcldence Despxte the amount of effort
" expended i m opurmzmg the yield of S-protein from whole cells, determmmg purity and the
o mvestrgauon of conditions for in vitro reassembly, the use of S- -protein isolated from
. whole cells was abandoned in favour of that released from outer membrane fragments |
_ Schenk and Earhart (1981) reported that S-protem from A. vmelandn copurtﬁed
wrth outer membrane fragments, prepared usmg EDTA only if: the mtxture was
' [subsequently made 2 mM wrth any of a number of dtvalent cauons Although the .
‘ srgmficance of tlus observatron Was unclear, because of the extensrve damage to the outer
o membrane caused by EDTA (Cho et al 1974) it drd suggest that S-protem released from
| ‘outer membrane fragmé}nts could be acnve in drvalent cation- medtated reassembly of the :f' |
: :S- layer To test tlus hypothests, outer membranes were recovered by the’ method of Page

- , vand von Trgerstmm (1982) whrch mvolved no 'EDTA treatment. S-protem was released by

B ;3_'problem may exrst thh the template surface rather than S-protem The hrmted e i
o "lwrth cytoplasmrc membrane vesrcles have shown that S—protem wrll attach to a qurte N

distilled water extracuon and assayed for the abthty fo reattach to the’ outer membrane tn the

presence of mono- and dxvalent cations; While reattachment could be documented no ",. 5
o regular array formatxon was detected by electron rmcroscopy, However in tlus i stance, :

; heterologous surface, this casts doubt on the “s"f"l“ess of ls°lat°d cel alls i templatc

| N surface for in vttro reassembly Ifthe membrane vesrcles ar
Colet al 1977) altered permeabrhty (Irvm et al 1981) ot mcompletely sealed (Nakae and

s }for S-protem attachment The compeuuon for S-protem ‘-‘»by the mner surfaCe of

o “‘Nrkardo, 1975) they: could present both the mner and outer surfaces of the outer nwmbrane,‘ .

'}v_membrane, may possrbly drsrupt the formauon of the ‘re_ 'lar array inrts natural locatron,

ments

ntverted wpotogy (Bamcs ‘
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. the outer leaﬂet of the outer membrane The logrcal extensnon of the ﬂndtngs reported here
y would be to develop a reassembly system ustng (1) whole cells asa templatc surface and
). S-protetn tsolated from ouiter membrane fragments as the source of "brologrcally acuve ";

N surfacearrayprotetn e
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3 Characterlzatlon of the surface layer protem l‘rom
Azotobacler vmelandns .

| 31 lntroduction"
Surface layers of regularly arranged protein subumts are now recogmzed as common |
featun:s of eubacte.t‘ial cell walls (Sleytr and Messner 1983) sttnbutcd wxdely among ;.
- both ‘gram- posmve and gram negauve eubactena these arrays are noncovalently attachcd |
to the surface of the outer membrane or the pepndoglycan sacculus in lmear tetragonal or
5 hexagonal formats formmg m some cases the pnmary bamer between the cell and the

envtronment Thls regulanty of structure has been' explorted for ultrastructural analyses D

through electron tmcroscopy and i tmage processmg methods (Bevendge 1981 Sleytr and ‘
Glauert, 1982) Desptte the .detailed mfonnauon concemmg S-layer ultrastructure, thc L

blochermcal analysxs of these layers' has only been prelnmnary A notable eXcepnon to.this |

generahzanon is the study of Phrpps et al (1983) whtch outlmed the punﬁcanon and
charactenmtlon of the. S-pnotern of - Aeromonas salmomada Recently, the enure S-protein
genes of Caulobacter crescentus (Smxt and' Agabtan 1984) and Demomccus radzodurans L ‘
. (Peters'and Baumetster, 1986) were cloned as well as a large pornon of the S-profem gcne
. of Baallus brevts 47 (Tsukagoslu et al, 1984) Thls should fac1htate the further o
) blochetmcal analysrs of these surface array protems ‘ | ‘

The S-layer proteln of Azotobacter vmelandu (Bmgle etal., 1984) would appear obe
a useful model system for the study of structural aspects ofa surfacc afray protetn since it
can be released from the cell surface wnth drsulled water a reagent unlikely to mduce |
radlcal perturbauons m its structure when companed to the reagents used to solubthze other ;

S layer protems (Koval and Murray, 1984) However condmons for xts reassembly into a A

regular array have not been eluctdated, and dtsttlled waer. extracts appear to contam three |

tmnor eontammatmg protems A prehmmary charactenzauon of the protein eonsnmtmg the - :
A vmelandu S-layer (S-protem) was made by Schenk and Earhart C 1981) However, this. S B
study used S-protem washed duectly fmm heavdy encapsulated whole cells and S-protem‘
prepared in thts manner apparently does not self-assembte (Chapter 2). Thls study has. = i

employed both a vcapsule-ﬁgauve stram of A vmelandu

_ A.msxon’ofmmcmpwhasbeenpubushed Bingie, W, IL. Doranamw.m‘age 1986 L
Chmctenuuon oNtesmfaee layerpmtemﬁunAzo:olzamr vmelandav ,Can J chrobnol. 32 112—120

"'and 1solated outer membrane CEE



| fragments mstead of whole cells asa prtmary source of S- pnotem A stgmﬁcant atd in the
punﬁcauon of the A vmelandiz S~protem is that tt can be released from outer membrane o
fragments by a smgle drsnlled water extraction (Schenk er al 1977)

- This chapter outlmes (1) the development of a system for the in vuro reassembly of
the A, vtnelandu S- layer (2) a. punﬁcatton scheme to separate qurotetn from.the three
minor contammatmg protems found in dtsttlled water - extracts 3)a btochemtcal
characterization of purified S- protetn and (4) the mteractton of purtﬁed S- protetn wtth
divalent canons L o _‘ ; —— o

' . ) . - . a
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3.2 Materia‘ls'l ‘and»M‘ethodsr P
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Bacterial strains ‘ang_,.grou'th conditionsr - . S g

A vmelandu UWl was grown in Burk buffer contammg ammonium acetate and
glucose as prevrously descnbed (Btngle et al 1984; Chapter 2): ‘For 353. -labelling of

whole cells all sulfate salts were replaced with chloride salts and Na2804 was mcluded at
” a concentrauon of O 2 mM. 35SO ’2‘ \vas added as H280 to a specrﬁc concentranon of
'i’ ' lmCrIIOO ml or. 05 mCr/lOO ml (1 C1-37 GBq) BBPO refers to the potassrum
. phosphate buffer of Burk buffer (4 6 mM KZHPO4/ 1.6 mM KH PO , pH 7 2). OFeBB

' nefers to iron- ltrmted Burlc buffer (Page and van 'l‘tgerstrom 1982 Chapter 2) ty

N

. ‘lsolation of ‘S‘-p‘r'otein N o e

Outer membranes were prepared from approxrmately 16 g wet wetght of cells
essentrally by the method of. Page and von Tlgerstrom (1982) Bneﬂy, the cells wcre
resuspended in 10 mM Tns/HCl pH 7. 5, contammg 10% (w/v) sucrose and drsmpted
usmg the French pressure cell Outer membranes were separated from cytoplasmtc

o \ menibrane’ and poly-B—hydroxybutyrate granules (PHB) on sucrose step gradrents For

larger 5cale 1solauon of outer membrane fragments concentrauon steps formtng thc upper
part of the gradrent wete reduced in: volume or elumnated to accommodate larger loads of - |
matenal this: dld not reduce the resolunon of the gradrent All sucrose soluuons wcre made ‘:* : :

- - m 10 mM Tns/HCl pH 7. 5 and all mampnlanons were conducted on tce unless otherwxse
specrﬁed Outer membrane materral collectmg below the PHB band was recovercd and : :

uy'm

dﬂuted S-fold w1th 10 mM Tns/HCl pH 75 Thts suspensron\was drspensed tnto



~ polycarbonate centrifuge tubes and centrifuged at 4°C for 1 h at 100,000 g. Each'of the
| resulting outer ménibrané pellets (each approkimamly 3’ mg protein) was cxtmctéd with, 1
m| of distilled water at'room temperature by agitating with a vortex mixer at high speed, '
Outer membrane fragments were thcmcfnovcd by centrifugation at 100,000 g for 30 min
- at 4°C The resulting S-protein §( tion.contained approximately 1 mg/mi protcm when
L assayed by the Markwell ez al. (1?78) modlﬁcauon of the Lowry procedure usmg bovine
.\, serum bumin (BSA) as a stafidatd. .Finally, the buffcr concentration was brought o a
" final conentration of 10 mM through the addmon of I M Tns/HCl pH 7.5 and the
, solution was routmcly storcd at ~20°C prior to further yse. S -protein was further purified
at 4°C on Sephadex G-100 Superfine usmg 10 mM Tns/HCl pH7.5as lhc elution buffer,
- S- protem eluting in the same fractions as BSA (molccular weight=66, 00()) was pooled,
: ‘.concentratcd und used in all cxpcnrucms unless otherwise spe(ﬁxﬁ) .

.

Concentration 'and. desalting of S-protein preparations : i
L e \ . .
S-protein soluuoﬁs ‘were conccntratcd by ultraﬁltrauon using an Amxcon PM 10

ultrafiltrauon mcmbrane (Amicon Corp., Oakville, Ont.) which had a molecular weight

cut—off of 10,000. Small volumes of $- -protein soluuons were concentmated by
,ccnmfuganon with the Amicon ultrafiltration- mxcroparundn system {YMT membrane;

molecular wcnght cut-off, 10 ,000). Ceﬁugauon w/as interrupted at 5 min intervals to '
dlslodge any'proteir that may have coll on the membrane and to ensure concentration

did not prdceed complete dryness. Desaltmg of S-protein preparauons was
g accomphshcd ust; small on-Gel P-6DG (BioRad Laboratories, M13$1ssauga Ont.) gel

ﬂltrauon COIUmn (1.5X 11 cm) This column' was also used to exchange Tris buffer in - \

S- prptcm sarnplcs for either dlsulled water or BBPO, buffer

K d

; ‘ L‘(” R ’ - ‘ .
iﬂ%“Rate,ﬁonal centrlfugatnon . : S , - ‘
h mear ,glyccrol gradxents (12 ml) of 6-30% (v/v) in the appropnate buffer wcre
prepamd by laycnng }olutmns differing i in concentration. by 2% (v/v) glypetol in Beckman
SW40 ultraclcar centnfugc tubes. The gradxents were held at 4°C for 18 h to pérmit
. dxfiusxon to abohslr ¢ interfades and establish linéatity. S:protein samples (200 pi: 0.8
' ‘.mg protem) were carefully addéd to the top of the gradxents a\xd ccnmfuganon was

- performed at 40.000 $pm (200 qbo g) for 21.5 h at 4°C Twenty-four 35-drop fractions "~




Circular dichroism ((,D) measurements and ultraviolet- (UV) nbsorptlon

Spec(ra ) _z-\

CD spectra were determined using a Cary 60 spectropolarimeter in conjunction with a
model 6001 CD, attachment according o Olkawa et al. (1968). '
+ The percent a-helix, B-sheet and random conl configurations were calculated using the

experimental mean residue ellipticities at 213 nm 222 nm and 225 nm using the followmg
equanons from Chen ez al. (1972) '

! .
' e
[

[0 )33 = -26.4(f ) -9.68(fp) - 3.50(fx )
X

[0 1y =-31.5(f o ) -2.67(fp) - 2.78(fc)
\ |

[0 155 = -30.0(f o ) -2.00(fg} - 3.38(fxc)

whcre[ 0] represcnts the mean re51due ellxpucuy in (degrees 'cm? per dccnmole) x10-.and
for I and f RC Tepresent fracuons of a-helix, B-sheet and random coil configurations

respectively. The mean resnduc molecular weight of 104 was calculatcd using the
'thcoreucal molecular wclght from the amino acid analysis. The absolute protein
‘concentration was calculated based on the modified Lowry procedure of Markwell et al.

,(1978) usmg BSA as a standard. A convcrswn factor of 0.565 derived from the total -

_amlno acid analysxs was used, i.e., [absolute] 0.565 [relative]). The above set of

snmultaneous equations was solvcd using thc maénx algcbra capabilities of the APL

computer languagc ‘ R : o ~eagn
UYV absorption spectra of S-protein solu'tionsv were determined using a Perkin Elmer

'Lambda 3 spectrophotometer.

Amino acid analysis |

AN

S- -protein extracted from the outer membrane with disnllcd water was dcsaltcd
lyoPhlhzed and hydrolyzed in 6 N HC for 24 48 12 and 96 h at llO°C The cvaporatcd

R



hydrolysates were resuspcndcd in 0.2 M sodium citrate, pH 2.2, containing 1% phenol
and 0.5% (v/v) thlodlglycol Amino acid analysxs was performed using a Dionex-D500

" amino acid analyzcr Serine and thfeonine composition were estimated by extrapolating to
zero time. Valine values were taken from hydrolysis periods in excess of 24 h. Tryptophan
contént was estimated spccuoph?'tomcu'ical'ly by'thc method of Edelhoch (1967).

| Reassembly assay

Cclls were washed with distilled water to remove the native S- laycr as, described by
‘Bmglc etal., 1984) DlStll]cd water washed cells were rcsuspcndcd to an optical dcnsxty at
620 nm of 13 in 2 ml of an S- -protein solution in distilled water (220 pg/ml protein),

containing 1 mM CaCl, and/or MgCl,. The suspension, was shaken slowly (150 1pm) for

2 h at 30°C and the cells were pellcted at top speed in an IEC clinical ccntfifugc for 10 min
at room tcmperaturc ‘The amount of S-protem that remained in the supernatant was
assayed (Markwcll etal., 1978), and if attachmcnt to the cells occurred, the cells were
¢lectron mlcmscopy for evidence of regular array formation.

examined by ﬁ'cezcjctc
Electrdphdresi§

Sodium dodecyl sulfat polyacrylamxde gcl elcctrophoresxs (SDS PAGE) was
-conducted as previously de Cribed (Bingle et al., 1984; Chaptet 2). Samples were boiled
for 7 min in SDS-sample~buffer conte ining 2%. SDS, 10% glycerol and 5%
B-mercaptoethanol in 62.5 mM Tris/HC], PpH 6. 8, before application to the gel.
Nondenatunng gels wc\ run in the absence of SDS and .samples were not pretreated as
_ described above. ‘Isoeleétric focussing of S-protcm was performed in_vertical slab
polyaérylarmde gels (7% acrylarmde, 0.2% N N'-methylenebisacrylamxde) in the presence
* of 9.2 M urea using apparatus and condmo‘r)s described by Page and Doran (1981). The
 pH gradient was formed usmﬁ mixtur of pH 4-6 and 3. 5-10LKB ampholmes presentat
a concentration of 1.6 and 0.4% (w/v respectively. The pH gradient was determined by
excising a lane from the gel and incubating slices of 0.5 cm in length in 2ml of distilled

water for 24 h, Gcls were stained by a modxﬁcanon of the method of Fairbanks etal

; (1971) descnbcd by Page and Doran (1981).

T



Freezp;etch electron microscopy

Freeze-etch electron mlcroscopy of whole cells was performed as descnbed pmvrously
(Bingle er al., 1984; Chapter 2).

33 Results V “ T _

. Reassembly of S-protei_n onto the surface of distilledl water washed cells

S- protem could be reattached to distilled water washed whole cells wnh a variety
cations (Fig. 3 1). Monovalent cations were unable to support levels of reattachment |
comparable to those with divalent cations at an ionic strength of 5 x10~. 3. In the case of B
Mg2+ Ca?* and le* there was little increase in reattachment of S- protem afforded by
increasing the concentration of these ions in excéss of 0. 5 mM which agreed well with the

“levels of two of these ions in the growth medium. In contrast to the other divalent cations,
Be?* promoted an enhanced reattachment of S-protéfn over the entire concentration range
tested. B ‘ (-_ , o

" Whole cells with reattached S_:eprotein were examined by freeze-etch electron

microscopy for evidence of the reassembly of the regular array. It ‘was’not necessary to
wash or heat these cells before freeze-etching to expose the regular S-layer. Distilled

. water-washed whole cells incubated with S-protein and 1 mM Mg?*, Ca2*, Sr2* or )

'OFeBB showed extcnswe areas of typical tetragonaI hrray frequently covering the entire s
visible cell surface (Fig. 3-2). Be2+ did not promote regular array formation and the cell
surfacé appeared to be free of vmble S-protem subunits (Fig. 3-3). A control sample |
incubated in OFeBB in the absence of S- protem showed no regular array formatton,* ‘

‘ mdxcatmg addition of S-protein was requtred The lack of de novo synthesis' of §- -protein

was confirmed by 1ncubanng distilled water washed cells with 1 mM Ca?*, Mg2+ Sr®* or .

- OFeBB for 2 h at 30°C with shakmg, isolating the outer membrane, and extracting with A

. distilled water ‘No protem was detected in excess of the trace amount released from a
similarly extracted umncubated control. :

' Hon!_roge'neity: o‘f jS-protein, prepai‘étions

S-protein extractcd dlrectly from outer membrane fragments and uscd in the rcassembly .
expcrunents hke that tsolated fmm whole cells was not a completely pme prx:parauon and
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Fig. 3-1. Reattachment 6f$-protein to distilled water washed cells. Isolated outer

membrane was used as a source of S-protein which was mixed with with whole cells at

- 30°C for 2 h in the presence of Na* (), K* (O), Mg?* (A), Ca?* (@), Sr2* (W or Be?* .
(D). Monovalent cations were added to a concentration of 0.5, 1, 2, or 5§ mM, while .

- divalent cations were added to a concentration of 0.2, 0.5, 1 or 2 mM. Reattachment of
S-protein'was determined as described in Materials and Methods. P
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‘Fig. 3-2. Divalent cation (Mg2*) mediatéd in,vitro reassembly of fréshly isolated -
~S-protein onto- the surface of distilled water washed A. vinelandii  whole cells. .
Frecze-etchreplica; Bar, 0.5 pm.- - 1. ot o
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- Fig. 3.3, Freeze-ctch replica 6f distilled water washed A vinelandii UW1 whole cells -
- Incubated with $:protéin iy the presence of 0.5 mM Be". Bar, 0.5 ., *-
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’ contamed three addmonal protems of 45 000 30 000 and 16 OOO apparent molecular
wexght when analyzed by SDS PAGE (Flg 3-4: msert) The three smaller addmonal -
- polypepudes could have represented unique protem specres present as: (l) minor ‘
‘ ‘ " components of the S—layer ) contamtnatlng outer membrane prOtetns either i in a soluble :
form or assoclated w1th \small outer membrane fragments or (3) posstble proteolytlc
: degradatlon products of S- protem T T 2
If the three mmor spectes represented umque protems ina soluble form or:as outer
membrane fragments 1t should be possible to. separate them from S- protem by gel :
. ‘ﬁltratron When a dnsulled water extract of outer membrane was chromatographed on
. ‘Sephadex G- 75 Superﬂne two peaks were observed (Flg 3- 4) a small void volume peak
~ and a large peak elutmg at the same. position as BSA (molecular welght 66,000). The
‘ 'column wagr capable of separatmg ‘BSA from ovalbumm (OVA molecular weight: =
- 45,000) and therefore, if the 45 30 and 16K bands weére unique protem species, they ‘
- should be absent from the matn S-protem peak. Nevertheless when the peak fraction was’
analyzed by SDS- PAGE the three mmor protein bands ‘were present apparently uriaffected
by the chromatographtc step (Flg 3—4 insert). If the contarmnaung bands were present as
small outer membrane fragments they would be expected fo elute at the void volume Tt
‘ was therefore unhkely these species were present in a partxculate form. ‘While the'"
| posstbrhty of proteolysrs could not be completely ruled out, the integral nature of the '
molecular wetghts, i.e. multrples of approxrmately 15K was unusual Thrs fact coupled
 with the unusual property (fér a bacterial S-protem) of srgmﬁcant quanttues of cystetne |
(Schenk and- Earhart, 1981) in: the protem, suggested the possxbthty that borlmg m ‘
'. SDS sample buffer had failed to completely denature the A. vmelandu S-protem and that
i 1ts apparent monomolecular welght was approxrmately 15 000 rather than 55 OOO 60, 000 :
»To test " this 4 ypot esis, “the protem was heated in SDS- sample buffer (no -
- B- mercaptoe ‘anol) for 5 min, at 10°C mtervals between 20 and 100°C The unexpected -
';'iresult (Fig. 3-3) .' as that the presence of the lower molecular welght specles was' enhanced -
i.f';between 20~ °og At 40°C rnulttple bands were evrdent extendmg from the 301( to
‘ @55 6OK fo T | addmon the lowest molecular Welght form (16K) observed in these gels |
:(here runmng at the dye front) was also 1ntens1ﬁed at 40°C Increasmg the mcubatron
i temperature to lOO?C caused a reducuon but never a eompletc elmunauon of these mmor
'}":fbands with a concomltant producuo ' _f the 55 60K form. Thus, the pte nce of the, 16K,:.?1v
30K and _4 ' K bands were arufacts whxch resulted from mcotnplete S-protem denaturauon
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nembrane fragments With distilled water. The: column. (2.6 X 41°cm)’ was.
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. flow rate of 10 ml/h collecting 2:8 ml fra fractions: A 1Cale i position of Blue -
Dcx _ _(left). ‘BSA (middle) and OV ﬁ(nght).ﬂ..lnsct SDS-PAGE of ‘S-protein.
./ preparati lm ‘.cmde outc membrane ‘extrag 'b‘cforcchromat" 'aph  lane 2,
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"Flg 3-5 Effcct of trcanng. S-pmtcm at dxffcrcn( tcmpcmturcs in SDS-sample buffcr.
‘Samples (20 ug. protcm) were hcated for 5 min at the tempcraturcs mdxcatcd bcfore
‘apphcaﬂon wthcgd P S T e e e
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directly from ‘outer membrane: fragments by distilled . water ‘extraction. .. Lanes: 1

 untreated: S-pmtcm. 2, S-pmtem 'tn:ated wnh 1% Sarkosyl. 3 S-protcm mcatcd wnh 10
| mM EDTA !
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" ‘The near-UV absorpuon spectrum of §- proteln released dmectly fmm outer membrane

fragments by distilled water was lsxgmftcantly different from that of s- protexn further ‘

- punfred t@el ﬁltrauon on Sephadex G- lOO Superﬁne (Frg 3-7, a, c) Whlle both'
possessed an absorpuon maxunum at 278 nm and a mrmmum at 250 nm, the Azso Azsd" .

ratlo was st mﬁcantly lower i m e former re arauon igdicatin kel nucletc acid
8 prep g Y

. ‘contammauan However, most of these 1mpur1t1es could be: removed by passing the

.“S protem preaarauon over a Bio- el P-6DG desalting’ column (Fxg 3- 7 b). Based on
' tabulauons by Warburg and Christi n ( 1941), the desalted preparauon contamcd about 1% ‘
‘ nuclelc acrd K@O(Z “keto-3- deox octanmc acrd) was'’ detected ata level of 0.5 ug/mg
o protem in desalted S-protem preparatrons when assayed by the method of Kelen and{
. ‘Lederer (1974) Ohn and Warner ( 1967) reported a KDO lrpopolysacchande (LPS) ratio of -
133 mmole/gram LPS for LPS extracted from A. vmelandu thh cold phenol Thxs "
amounts to 33% by wéﬁght KDO which glves an LPS S-protem rauo of 1.5 pg/mg protem o
A value of 33% by wetght KDO is high. compared with other llpopolysacchandes, whtch :
| rarely exceed J‘b% e‘xcept in. mo;e molecuIes lackmg O-side chams Thus 1 5 ug/mg .

protem is lrkely to. be an underesumate, perhaps by an order of ma mtude Nevertheless, TR

desal d-S-protem released from outer membrane fragments was present in a hrghly g

The ammo a&td composmon of S~protem xs presented m Table 3 1 The values N -.'.
presented are based on separatedetemnnauons usmg two drfferent S-protem samples Theff . ;3
only sulfur contammg ammo actd detected was methlomne The protem contamed a large )
proporuon of hydrophobrc ammo acrds (44%) m addmon to 19% acrdlc ammo acrds and _‘
f-‘ 7% basxc ammo acrds. Although the analysrs drd not drstmgursh between glmamxc acrd and'_. i

,‘ ac1dlc nature,‘o"' S-protein’ (Flg" 3'

glutamme bﬁktween aspartrc acrd and asparagme‘ lsoelectnc f0cussmg conﬁrmed the','_‘ o
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Table 3-1. Amino acid analysis of 4. vihelandii S-protcin.
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three tryptophan residues per molecule, This is believed to be a reliable estitnate since the

method also indicated 16 tyrosine rcsxducs which was in rcasonablc agrccmcnt with the -

14 re51ducs determined from the automated amino acid analysis.

Circular dichroism of S protein
Tﬁc far-UV cirr:ular dichroism (CD) of S-protein is presented in Figure 3-9A,
Calculations of the secondary structure based on the equations of Chen eral. (1972). .
indicated little o no o-helical structuge (< 2%), 34% B-structure, with the remainderof
the ;iolypcptidc backbone being aperiodic in nature. S—prbtgin was incubated with 1 mM
EDTA (ethylenediamine tetraacetic acid) overnight at 4°C,. but this treatment did not alter
. the secondary structure as detected by CD. The near-UV CD spectrum (Fig. 3.9B) showed
ncgati\r_c‘dichroic troughs ccntcred at 263 and 269.5 nm which were due to phenylalanine
and another trough at 277 nm which was due to tyrosine (Strickland, 1972). As with the -
far UV-CD spectrum, there was no effect of EDTA on ‘the near UV-CD spectrum
'indicating that the environments of the phehylalanine and tyrosine rqsiducs which
contributed to the near-UV CD spectrum were not affected by this treatment. Treatment of
S-protein with SDS (ﬁﬁal concentration, 1% w/v) resulted ina 14% increase in a-helix
and a slight increase in B-structure (Fig. 3-9A) lwith a concurrent loss of aperiodic
structure, which decreased from 65-70% to approximately 25% of the backbone. While the
sum“of the a- hclical B-sheet and random coil componcnté equalled unity for untreated (or
EDTA treated) S-protein, the sum of the, fra\cnonal cocfﬁcxents only amounted to 0.8l for -
_the. SDS treated - sample. However, only as litde as a 10% neganve error in the
dctcrminatzon of the ellipticity at 225 nm can halve the proportion of random coil with only
a 1-2% change in the proportion of ot- -helix and B- shcet structure. Concomitant with the
SDS bmdmg was the loss of the 196 nm minimum seen in the CD spectrum of native
S-protein. A minimum at 194 nm is characteristic of the unordered form of proteins (Chen
et al., 1972). This minimum was shghtly red-shxfted for the A. vinelandii  S- protcm and
was closer to that observed for synthetic polypeptxdcs. The loss of this minimum is further
" qualitative suppo‘x"t for an enhancement of sécondary structure on SDS binding
The effect of various reagents on S-protein conformation was also investigated by
‘ elecm)phoresm in native polyacrylanndc gels. S-prOtem (1 mg/ml) was treated overmght at
room temperature with - 1% SDS, sodium lauroyl sarcosine (Sarkosyl) or octyl’
‘phcnoxycthanol (Triton X- 100), IOmM ethyleneglycol- bls-(B-auunocthylcthcr) N,N'- .
tetraacetic acid (EGTA) or EDTA, (pH 8) and 10% wiv B—mcrcaptoethano_l. Samples were

4
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" Interaction of Se-\protein ‘with divale‘nt cationS' ‘
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added to nondenaturmg sample buffer containing 62 5 mM Trrs/HCl pH 6. 8 and’lO%

glyt:erol and electrophoresed under&nondenatunng con . The mobtlrty of the protem .

was unaffected.by all reagents except SDS (as expected) and Sarkosyl SDS produced a

smearing of the band while Sarkosyl produced some (even discrete) forms of S -protein B

with reduced mobrltty mdrCatmg a}confonnauonal change had, been produced in the protem
by this mtldly amomc detergent (Flg 3-6; lane 2) i .

- '
-

o

l‘“‘
R4

\' The ablhty of divalent cations to produm conformatronal changes in punﬁed S- protem
- was exammed by cucular dichroism. No change in either the near or far-UV CD specttum

Was detected upon mcubatron of thevprotem wrth 1 mM Ca(Cl, or 1 mM MgCl% whtch

tndlcated that no conformattonal changes were produced by these species. (at least those “

i ,t‘

detectable by CD). ' e . .
" To test whether S—protem monomer could be reassembled mto a mulumenc form i in
vitro under the condmons prevmhng it the reassembly assays, ie,a protem concentratron
of 200 ug/ml i’ was necessary to label S-protein with 338 for detection purposes
Although the amino acid: analysns Indlcated contrary to the ﬁndmgs of Schenk and Earhart
( 198 l) ‘that srgmﬁcant am0unts of cysteine were not present m the protein the presence of

mcthtomne allowed S- protem\ to be’ labelled wrth 35S However when the gradrent ‘

fractlons were asSayed for evidence of S-protem aggregauon the onl? radioactivity

detected was in those fractions correspondrng to S- protem monomer (th 3-10B). This | ‘

mdrcated both MgCl2 or CaCl2 fiuled to aggregate the monomer mtd higher ) molecular

| welght specres v ;r" oo .
' The lack of any demonstrable effects of - d1va1e catlons on purtﬁed S- protem '

. _' ;-monomer was surpnsmg consrdermg that in vitro reasse bly of S-protem onto the surface
- of distilled waer washed cells was a dlvalent catlon dependent event. It was subsequently
. found that punfied S-protem monomer could not reassemble in vztm onto the surface of

drsttlled water washed cells S-protem in BBPO buffer was mcubated mthdrsulled water

o washed cells in the presence of Ca2+ and Mg2+ but no- reattachment of the punﬁed
| "monomer to the cells was observed. The réason for the mabrhty of punﬁed S-protetn 0
. reassemble onto the cell. surface in vztro ‘was not 1mﬂiedrately clear. S¢ protetn freshly
o extracted from outer membrane fragments when !mxed iy excess wrth drsulled water .
washed cells in the presence of Ca2+ or Mg2+ typrcﬁlly was found to cover the enure cell

v ;-»“ ¢ T

\

x'
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surface in a regular tetragonal pattern. When this freshly 1solated S -protein was Subjected
to rate zonal cenmfugation (th 3- IOA) two sedtmenting zones were observed: one

| cornespondmg to S- protem monomer and a mulumenc form Wthh sedimented just behind
‘. , Jack bean urease tnmer (molecular wetght = 290 ,000; Dixon et al., 1980). This suggested-

that the majonty of the S—protem freshly prepaned from outer membrane was presentina . |

" multimeric form and this was the species active in divalent cation mediated massembly It
appeared dunng manipulations involved in'the punﬂcatton of S protem the’ multtmenc

SpeCICS drssocnated mto monomers. A o ‘ g
34! »D’iscuss'i'on - o
The ‘S-protein of A. vinelandii is similar to surface array proteins of many other
eubactena in its ability to self-asSemble in vitro (Sleytr and Messner 1983). Usually
self-assembly. is ‘classified as e1ther template or ndn template depende(tt (Kist and Murray, -
1984). The abthty of the S- protem of A. vinelandii to self-assemble in the absence of an -
: underlymg cell wall template has not been investigated, mamly because the ex 1natton of
the process really sheds no light on the in vivo process of assembly wher:rlcell Wall |
template is indisputably involved. Secondly, reassembly requtrements in the absence of a
| cell wall may be quite drfferent from those in the presence of a cell wall template (Thome ef’
1975) The demonstratlon of in vitro self-assembly of S protem demonstrates that the ,
protem released from purified outer membrane fragments retams at least the abthty to attain <
a nattve conﬁguratton : o cod ' : -, :
The level of reattachment of S—protem medtated by the divalent cations Ca2+ Sr2+ and.
Mg2+ only approached 60% becausc the amount of S- protem used was in excess of that
- required to saturate the cell surface This amount of S- protem was used to ensure proper
coverage of the cell for the compamon freeze-etch study Extractlon of buter membrane '
fragments wuh distilled water at a concentratlon of 1 mg/nﬂ outer membrane protein
| releases approxnnately 300 p.g S-protetn, the vast maJonty of \whlch can subsequeptly be-
reattached to the vesicles upon addmon of cations (Bingle et al 3] 1984 Chapter 2) ThlS o
- observauon served as the basis i‘or the development ofa reassembly assay for whole cells: “
.' ~ Data from many expenments mvolvmg washmg ‘whole’ cells and determm:ng the- amounts o

- of S protem released mdxcated an average of about l2~13 p.g per OD&(, umt, thercfore, o
300 ug S-protem represemed about 26 ODszo umts of cells. To mamtam thg same
o concentration of surface exposed per xmlhhtre as found;n‘reacnon mtxtures mvolvmg outer o
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Fig 3-10 Rate zonal sedimentation of S-protcm ,(A) Frcshly isolated S-pmtcm in 10
. mM Tris/HCl, pH 7.5; (B) 33S-labelled S-protein monomer preincubated in distilled

| water (O)1mM CaClz( A ), and' ImM MgCl2 (EI) Arrows left and right
rcs:

ght = 580,000) and tnmcr (molecular wcxgl}t

290,000). In order tg detect the
- formation of iultimers, 3S-labelled S-protein monoimer in distilled water

w%s mcubated
with 1'mM CaClzor I mM. MgCl2 ata oonccntrauon of 200 ug/ml for 2 h. A200

aliqiiot was loaded on a glycerol gradient made in distilled watér containing 1mM Cac12’

, ‘or 1 mMMgClzmdoenmfugedasdcscnbed q\ Maxcmls angahods

nectively indicate the sedimentation position of jack bean urcase hcxa&br (molecular -
X
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membrane fragments, 26 OD620 units of distilled water washed cells were

resugpended in' 1 ml of a 300 p,g/ml solution ol‘ S- protetn Howebver, this'was qmte a thick

* cell suspension to mampulate, so the concentration of exposed surface was decreased

" arbitrarily by one-half. In order to provrde\excess S-protein to the distilled water ‘washed

. cells, the amount of S- proteln was also mcreased by approxrmately one-half

Divalent cations e@)medlate reassembly of the S- layer ori whole cells at jonic strengths
where monovalent cations are ineffective; this suggests a specific interaction between
divalent catrons S-protein and the outer membrane. Cations may be involved ‘in
protein- protem interactions: to form subumts subunit-subunit mteracttons to form a
tetragonal array, or a combination of these interactions. S-protein attached to who’le cells

. in the presence of Mg2*, Ca?* and Sr2+ was orgamzed into. a regular array. In contrast
~ Be?t promoted effective reattachment but did not. support regular array formation.

Secondly, the reattachment curve for Be2* was different from those obtained with the other
drvalent cations. Because of its small ionic radius and iricreased electronegativity, Be2* has
a greatly increased charge/radius ratio, felative to Ca2*, Mg?*and Sr2*. This property

: causes bery]lrum bondmg to possess apprecrable covalent character'with a shorter bond

length thar the ionic bonds charactensttcally forined by Ca2+ Sr2+ and Mg2* (Cotton and -
Wllkmson 1980) Beryllium, therefore, may prevent the correct orgamzatlon of S-protein
into subunits or that of ‘subunits mto a regular array (orboth), although 1t docs attach

* unorganized S-protein to the cell surface The A. vmelandu S- layer seems to be sumlar to

that.of Acinetobacter 199A m that a number of divalent cations wrll support reassembly

' of the S- -layerinto a regular tetragonal array (Thome etal,, 1975). , :

Extractron of S-protein from outer membrane fragments is fast, producmg reasonably‘ :
concentrated solutlons (1 mg/mly and the protem spends rmmmal time free of the outer

‘membrane Such a preparatlon of S-protem is present ina hlghly punﬁed state after a -

. ,fprehmmary desalttng step whlch appears to remove tibo- and deoxynbonucleondes Most .
* other S-protems of g gram negauve bactena are released from‘the outs membrane with urea,’
, 'guamdme/HCl or detergents (Koval and Murray, 1984) whlch ‘can. al release othcr outcr |
‘ membrane protems and LPS (Phlpps er al., 1983 Thomley et al., 19721). contaxmnants
. whlch must lSubsequently be removed. Dtstllled water. extractlon is.a relanvely bemgn

3 'treatment hxghly specrﬁc for the A. vmelandu S-protem, w1th no apprecrable rclease of e

any other outer membrane component. T - T N

v S-protem exhibits anpmalous behavrour on SDS-polyacrylamlde gels, producmg one'

 major band and three mmor bands when pretreated in SDS sample buffer a6, 100°C Somc o
: .of thiese bands have been noted prev;ously (Page and Doran 1981) but not by Schenk and o
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Earhart (1981). These bands.are due to conformauonal isomers of S- protem as shown by
electrophoresis of samples treated w1th 2% SDS at drffcrent temperatures. Conformational
isomers'can be résolved by gel electnophoresrs if the half time of isomerization (unfolding)
is on the order of, or sxghtﬁcantly greater than, the ume of electrophoresrs (Goldenberg
- and Crerghton, 1984). Usually only nauve and completely unfoided states predomlnate ‘
- because partially folded states are unstable However, mtermedrate may be visible if the
‘protein contains a number of tndependently unfoldrng domains./For the A. vmqlandu ’
S-protein there appears to be a number of relauvely stable intermediates. The pattern of -
bands between the 30,000 and 55,000 formis deprcted in Figure 3 5is exactly what is
predicted by theory for 1rrevers1ble isomerization of the folded to unfolded states |
_'(Goldenberg and Cretghton, 1984), although the mterpretauon 1s comphcated somewhat
by the presence of discrete conformauonal isomers. Since drscrete conformauonal 1somers
are wsrble clearly the major unfolding of S-protem occurs durmg the pretreatment in 2% :
SDS sample buffer. Ltttle fufther conversion: occurs during electrophoresis m gels .
containing 0. 1% SDS although the’ smearmg in the 20°C and 30°C lanes may mdrcate ""
‘some rsomenzatlon during electrophoresrs The dtscrete conformabonal 1somers seen
bétween the 3OK and 55K forms show the greatest net productron at 40°C as does the 16K
‘band mdlcatmg that this band 1s alsoa conformauonal isomer. However the combmauon K
- of SDS blndrng and hydrodynamrc ‘volumeé which produces such a hlgh mobrlrty is
difficult tq vrsualtze In contrast 1Q. th1s stud;%chenk et al. (1977) reported that the
migration of S-protern in SDS gels was. not affeCted by* temperature of solublhzatlon
However, only temperatures between,37°C and 100°C were tested and samples heated i 1n
‘excess o;/&0°C can produce only traces of the 45K, 30K and 16K bands when small
‘ amounts of. -progein are employed e S-protem of C crescentus also . behaves
anomalously when electrophoresed in SDS-gels iWhen ‘this’ protern is 1solated usmg
' chaotroprc agents. it wrll onl?:nter SDS gels 1f treated in SDS-sample buffer at less than .
40°C (Smit and Agabran, 84). It has been suggested that. mult1ple low moIecular
. werght bands on SDS-PAGE result from proteolyuc degradauon of S-layer protems dunng
'rsolatron (Koval and Murray, 1984) The present study with the A. v:nelandu S-protem
R mdlcates another eréplanation for muluple bands on SDS PAGE that rs, conformauonal
’1somers Whether this is umque to. the A vmelandu surface array protem 1s unknown
‘f_ - S-protern produces a smgle band on nondenaturmg gels contrary to the ﬁndmgs of
| f_fsaxenk and Earhart (1981) who reported that S “protein | ‘wiould not enter siach gels. Asmgle
. major rsoelectnc form (RI 4 4) is seen by IBFPAGF. but several mmor bands are also
' evrdent. Muluple 1soelec ic | forms have been noted for other surface array protems and
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result from drfferences in deamidation whlch occurs in vivo or durtng purtﬁcanon (Phtpps
et al., 1983). Page and Doran (1981) reported a pl of 5 1 for S- protetn 1solated from‘
whole cells, but the pH gradient employed may have led to problems in accurately

| detemnnmg the pl value at the extreme acid end of the gradrent L <t

. The amino acnd analysrs of the A. vmelandu S-protein is smular to that pubhshed for

other surface array proteins (Sleytr and Messner 1983) but somewhat dtfferent from that ‘
‘reported by Schenk and Earhart (1981) Thetr analysrs 1ndicated stgmﬁcant quantmes of

" cysteine and glutamlc acrd the latter amino acid consntutmg 20% of .the protein. It is
extremely unusual for. surface array protetns to contaln cysteine although excepttons .
apparently exist (Baumeister et al., 1982) Further evrdence for the lack of cystelne is that
the mobtltty of* S-protein in SDS and native gels 1s unaffected by pretreatment thh
B—mercap,toethanol a ﬁndmg also reported by Schenk et al. (1977) The differences th the
ammo acid analysis of S-protem between this study and the study of Schenk and Earhart
(1981) could probably be'attnbuted to the source of S- protetn and its preparatton |
Although not reported in.Schenk’ and Earhart (1981) their’ preparatlon contmned 80 mg

- carbohydrate per mg protein (Schenk 1978) yet 1mmunolog1cal'(tests revealed no capsule

~or LPS in the sample. Such a large amount of carbohydrate may have com _j’ |
-amino atid analysis. The theoretlcal molecular wetght for s protem calculated from the .
ammo acid analysis is 60, 218 Schenk and Earhart (198 1) calculated.a. value of at, least
65 460 and the actual molecular wetght was thought tobe hlgher because of thie presence .
of some umdennﬁed amirio acid peaks. However, no unassrgnable armno acid peaks were -

’ _‘ found in the samples analyzed for this, study. These authors also fatled to subtract the )

* peptide bond. water: contnbutron to the molecular werght of S-protem Takmg tlns factor N

3 . mto account Would brmg thetr theorencal molecular werght to about 56 000 not 65, 000

_ | | The secondary structure . of S-protem as “estimated by ctrcular dlchrolsm shows

T neghgrble a-helix, about 35%) B—structure andahtgh level of apenodtc structure. Nearly
. 1dent1cal results were obtamed by Baumerster et al (1982) for the S-protem of D

radwdurans usmg mfrared Spectroscopy to esumate secondary structure These results are
also somewhat s1mrlar to. those of Phrpps et al. (y) for the S- protem of A. salmomcrda
whrch was esttmated 1o have 14% oc-hehx and: 19-28% &structure wrth ‘the majortty of
the backbone extstmg inan apparent random coﬂ conﬁguratwn Sleytr and Messner (1983)
calculated based on the method of Kngbaum and Knutton 8\1973) whlch attempts to"
predtct secondary structure from ammo aCId eomposmon, that all S-protetns should
possess 40% a—hehx and 20% B—sheet structure Clearly thts predtctton is not bome out i

by the data that ha.ve accumulated so far | A further exammatron of the method of
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P ;Kngbaum and Knutton ( 1973) usmg the data of Rosenbusch ( 1974) showed that it also o

. did not predwt the predommantly B-sheet type of secondary structure found in the E. coli
matrix protein (Rosenbusch 1974) It rs ‘not surpnsmg that predlcnon of secondary

- structure from amino acid’ composmon alone is a dubious proposmon Recently, the -

| secondary structure of the S- protem from the archaebactenum Halobactenum halobium
. was published (Hecht etal., 1986) The CD spectrum of this protein(in the presence of 3
) N&NaCl) also indicates a high ] level of B-structure suggesting this charactensue may be a
~ general one. For an unknown reason Hecht et al. (1986) reported that the CD spectrum of
the'S-protein of H. halobmnr was typxcal of a "helical" _protein. However exammauon of
the CD Spectrum clearly mdréates B-strucnn'e '

.

Tt‘eatment of §- protem ovemight with EDTA had rio effect on the near or far-UV Ch

) spectra mdtcanng that divalent. cations may not mfluence the secondary and ternary

. structure of the protein,. but it is also possrble that any dtvalent catlpns u’nportant in

' ‘thrsregard were 1ost dunng punﬁcatron SDS srgmﬁcantly enhanced the proportion of

a-helix in S-protem apparently at the expense of aperiodic structure. An enhancement of -

a-hehcal sp'uctul'e by SDS was noted for the S-protem of A. salmomctda (Phlpps etal,
: 1983) As pbmted out by these workers and others (Tokunaga et al.. 1979) such. a

' characterrstlc is not unCOmmon for proteins which are rich in B—structure in thetr native

- states Schenk (1978) reported that Sarkosyl dlssoctated S-protem from the cell wall‘ Thrs. ' ‘

. was - also observed.. by Page and Huyer (1984) who speculated thts detergent bound;

. ldtvalent cauons 1mportant to the attachment of S-protem to the cell wall but this explananon

T probably unhkely consrdermg the neghgrble effect of EDTA on the conformatlot.\f -
2%

S-protem, the acuon of Sarkosyl is more hkely srmllar to SDS The nonionic dete

g Tnton X-IOO produced no~effect on the moblhty of S-protem Wthh suggests that this A
! i'detergent may be useful i in an aItemauve and less labonous method of preparing outer o

7’ .
embranes wrth attached S-proteln ‘than the use of sucrose gradrents Exploratory‘»

: . experunents showed that l% Tnton X-100. solubl_hZed the cytoplasmrc membrane of, A .
e vmelandu, allowmg the recovery of. outermembranes wrth attached S-protem However, a;f
3 would have' o
the need: to: o
At"".,‘v-,‘vremove resrdual Tnton X—lOO, argued in favour of retarmng the use of sucrose densrtyf -

Y;,vrsrble pellet of PHB was also present in outer membrane preparauons whi
‘10 be- removed v1a a densrty gradrent approach 'ThlS drawback as we

gradxents for the recovery of outer membranes

o thle the reassembly of S-protem onto the smface of dtsulled water washed cells is a; ;7'_";‘?
“:,jdtvalent catxonl dependent event, punfied S-protem monomer appears mdxfferent' to. the - -
'{jf. _'._presence of th e Specxesr Cu'cular dxchrorsm is a well estabhshed method for detecnng L

)
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‘ conformatxonal changes in protems xnduced by cation bmdmg (Klevn 1983)
Nevertheless, no &)\nformanonal changes are seen in S-protem by this method. A dxvalent
"canon concentrauon of 1 mM was chosen because this level supports both: in vivp.
assembly and i in vitro reassembly of the S-layer. ’ﬁns does not rule out the possrbxlny ﬁiat

: hlgher concentrauons of cation’s may mduce conformanonal changes in S-protem but the

biological sxgmﬁcance of such changes would be dlfﬁcult to mtérpret vaalent cauons do

. not aggregate S- protem monomer into multImers in the presence, or absence of acell -
wall template. Assunnng the morphologxcal subunit of the array to bea teteramer (no real

~ evidence for this exists) a change in ‘the quatemary structure: of S-prorem is necessary for
the formauon of the morphologlcal subunif. These data, - ‘in conjuncnon with the ﬁndmg
~that S- protem active in reassembly is already preassembled into a multimeric specxes .
suggests that S-protem possesses a limited capacnty for in’ vztro self-assemb]y Although
quite gentle methods were used during punﬁcanon, S-protem multimer dissociated into -
‘ monomers Thus, an investigation is needed of the propemes of the mulnmenc form of

S: protem and its: Stablhty oncc dxssocwted from the cell wall ' ‘
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4. Structute of the' Azotobacter vinelandii

surface layer

' "4°l. Introduction |

Surface layers of rcgularly arrangcd protein subumts are distributed in most and
probably all of the ten major eubacterial lines of descent defined by 16S rRNA cataloguing
.(Sleytr and Messner, 1983 Woese et aly, 1985). Because the"'majority of eubacterial
S-layers are of hcxagonal rathcr than tctmgonal organization, studies dctmlmg the fine
structure of hexagonal S- laycrs have dommatcd the literature, These studies, cmploymg
computer 1magc enhancemeit of electron mxcrographs of negatively stained S- laycr
preparations, have led to the recognition of common structural features of hexagonal

" S;layers at a gross level (Béumcis£cr etal., 1986)' Umil 1986 only the tetragonal S-layers
of the sporc ~forming gram- posch bactcna@ad bccn ncsolvcd to a sufficient level for
, structural compansons and a gcncral model of their organization was proposcd (Burley
and Mnrray 1983), 'However, recently, i Jimage processing techniques were applied to the
tctragonal S- laycr of the gram-negative bactcnum Aeromonas salmomcxda (Stewarter al,, |
.1986). This study presents the structure of the second tctragonal S-layer from a
gram- negative bacterium, Azotobacrer vmelandu

A unique charactcnsnc of the A v:nelandu surface arraynis that it can be removed
from wholc cells or- isolated outer mcmbranc fragments by simpleé-distilled water extraction’
(Schcnk et al, 1977). Disnlled water extraction of the A - vinelandii S-layer releases
primarily'a multimeric form of S- protcm possessing a molecular weight in the

) nexghbourhood of 200, 000 (Bmglc et al., 1986); this figure is tantalizingly close to that
' cXpected for the morphologlcal subunit of the array, assummg it is a tetramer. The ability
to isolate intact morphologlcal subunits could allow complcmcmauon of projection views
\ of the S- laycr using image processing techniques, with biochemical data on the building
“block of the array, mformanon which i is rarely, but sometimes (Baumeister er al., 1982)
mcludcd in such ultmstructural studxcs However, ‘multimeric S-protein exh:bxts low
intrinsic stability oncc released from the outer membranc, dlssoclatmg into monomers
' dunng incubation in a number of buffers, Thus in order to conduct cxpcnmcnts with
mulnmcnc S-pnotem, itis necessmyto dctcnmnc the rcason(s)for ltS"lablhty .once fmc of |

A vegsion of lhls chapter has been pubiished. Blngle WH.P. W Whnppey. JL. Doran, R. G E Murray
and W.L Page 1987. Structure of theAzotobacter vwelandu surface laycr -J. Bacteriol: 169: 802-810, -
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the outer membrane, and to develop a way to stabilizeri.t.{h solution. This chapter presents
(1) atwo dimensional average of the A, vinelandii S-layér, based on conventional Fourier
based computcr-assi‘stéd image processing techniques, (2) an investigation of the
stabilization of multimeric S'-protcin with divalent cations and (3) and evaluation of its

molecular weight and secondary $tructure,
A 4.2 Materials and Methods
B

Bacterial strains and growth conditions

wi

A. vinelandii UW1 was growh in Burk minimal medium as previously described
(Bingle er al,, 1984; Chapter 2). 3-?S~labelling of whole cells was udcdmplishcd by
including *SO 2 (as H,S0,) in the grthh medium at a specific concentration of 0.5
mCi/ 100 ml (Bingle er al., 1986, Chapter 3)‘. BBPO, ahd‘QFcBB‘havc been defined
’. previously (Bingle et al., 1986; Chpater 3). . | o | \

Electron microscopy and image -processing - ' )

" Cells were washed once in Burk buffer, and resuspended for sqnication for 1 min in
an ice bath. Unbroken cells and larger fragments were. separated by centrifuging.at 3,000
g and small wall and envelope fragments were separated ,from.\‘the supernatant at 12,000 g
' for 15 min; the latter pellet was resuspended in Burk buffcr Carbon-Formvar coated grids
were ﬂoated on droplets of the suspcnsxon and then transferred o droplets of saturated
ammonium molybdatc (ca. 4%) in Burk buffer (pH not adjustcd ca. pH 5.5- 6) After |
min, the grids were removed and excess fluid was aspirated against the edge of bibulous
paper. Grids were then examined in a Philips electron microscope (EM-300) at 60 KV and
rmcrographs taken on a fine grain posmve gm - .

A negative-at 14,000X and an area on that film were selected for minimum
astigmatism, appropriate focus.and maxlmum-mformauon u§1ng an optical diffractometer
(Burley et al., ‘1983). An area of 26 mm? on the ncgaﬁVe was digitized on a flat bed
microdensitometer originally built by Dr. D.J. De Rosier, Brandeis Umvcrsny, usinga
step size of 20 pm to generatc an array oOf 256 x 256 pxXcls A Fourier transform was
' developed from the digitized area usmg 4 program written at the University of Western
Ontano for a PDP 11 44 rmm-computcr (Burley et al., 1983) - A least squares fitting



routine was used to determine the rcciproéal Jattiée vectors and then the amplitudes and
phases of the rec:procal lattice pomts were abstracted from the Fourier transform, A phase
refinement program was used to determine. the posmons of the symmetry axes. The
symmetry of this image requires that the phases be either 0 or 180 degrees, and’ the phase
residual from these values, wcightcd with the amplitudes was 30 degrees usiné the third
order re@gactions. The image reconstructed from the’ filtered Fourier transform was

dlsplaycd ona monitor and this display was photographed to record the result.
Isolation of S-protein and reassembly assays

cin was C)gtractcd from outer membrane fragments as outlined by Bmglc et al

S-p
(1986; Chapter 3). Briefly, outer membrane fragments were resuspended in distilled water
and agitated by vigorods vortex mixing for one minute followed by removal of the outer
membrane fragments by céntrifugation. Concentration and desalting of S-protein solutions
was done by ulwrafiltration and gel ﬁltrationl, respectively, as prcviously described (Bingle
et al., 1986; Chapter 3). Fresh S-protein was-prepared for every experiment and was used
within 2 h of being released from the outer membrane. Reassembly assays were conducted

as described by Bingle ez al. (1986; Chapter 3).
Separation of monomeric and multimeric S-protein

" Multimeric S-protein was separated from the monomeric species on a preparative scale
by Sephadex G-100 Superfine gel chromatography. A Pharmacia K 26/45 column was
packed and the gel was cqﬁilibrated with 10 mM Tris/HCl, pH 7.5, or BBPO, buffer, pH
7.2, at 4°C and eluted with the same buffer at a flow rate of 10 ml/hr collccting 2.8 ml

fractions.
Mulumenc and monome

ein were separated on an analytical scale by rate

zonal ccnmfuganon in linear glycerol gradients (6-30% v/v glycerol in 50 mM Tns/HCl ‘

pH 7.5) as prcvmusly outlined (Bingle®r al ., 1986). The gradlents were ccnmfugcd at
200, 000 g (40,000 rpm; Beckman SW 40Ti rotor) for 21.5hat 4°C prior to fracuonanon

Molecular weight of S-prptei

The molecular .“}eight of Syprotein muitimer was estimated by gel filtration. Sepharose _
6B was packed in-a Phanhacxa K 26/100 column (bed volume 522 ml) under 30 cm

N
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pressure using 50 mM Tris/HCI, pH 7.5, containing 1.5 mM CaCl, and 1.5 mM MgCl as

the elution buffer. The bcd was washed with two column volumes of the same buffer at
4°C and freshly isolated 358 labclled S-protein was applied to the column and cluted ata
flow rate of 11.2 mi/hr. Thc column was precalibrated with the following protein
molccular wcxght standards (Sigma Chcmlcal Co., St. Louis, Mo.): thyroglobulin
(669 000), apofcmm (443 000), amylase (200 000), alcoh?{ deydrogenase (150,000) and
"bovine 'serum albumin (66,000). The bcst fit linear relationship between elution: posmon
and log molecular wcnght was dctcrmmcd by least squares anzllysxs

Circular dichroism (CD) of S-prbtein multimer

LY

The CD spectrum of S-protein multimer in the-presence and absence of 3 mM CaCl,
was determined using a Cary 60 spectropolarimeter as described by Oikawa et al. (1968).
The percent a-helix., B-sheet and random coil configurations were calculated based onthe
equhtions of Chen et al. (1972 ) as described by Bingle ef al. (1986; Chapter 3). -

Stability of S-protein multimer
The effcct of buffer type, divalent cations and temperature on the smblhty of S- protcm '

" multimer was examined by rate zonal centrifugation. S-protein releascd from the outer
membrane: by distilled water. extraction was concentrated by ultrafiltration, filter sterilized
(O 22 pm pore size) and ahquots were placcd in sterile 1.5 ml Eppcndorf tubes followed
by the appropnate addition of buffer andfor divalent cation species from concentrated
stock solutions'to give the desired final concenuauons Aftcr 3 days of incubation, 200 pl
ahquots were rcmoved and analyzed by rate zonal ccnmfugauon on glycerol gradients.
After centrifugation, the gradients were fra\cnonatcd into approximately 0.5 ml
fractions using an automatic fraction collector. Fractions containing 35S labelled S-protein
~were collected in 1.5 ml Eppendorf tubes. These tubes were placed i m “scintillation vials, -
covered with ACS scintillation ﬂuld (Amcrsham Corp. Oakvﬂlc, Ontario) and mixed well.
Fractions contalmng unlabelled - -protein were analyzed by determuung their absorbance at

220 nm (Azzo)



3.3 Results
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Electron micros\copic, structure of the S-layer .

¢ .

Preparanons of wall fragments generated from somcated cells showed a number of

‘ sheets of tetragonal array with a lattice constant of 12-13 nm when neganvely stained with

"ammonium molybdate dissolved to saturation in Burk buffer. These shcets mcluded some

" that appeared not to be backed by a sheet of outer membranc and these were chosen for -

hlgh resoluuon microscopy. Unfortunately even these chmce sheets (F1g 4-1A) showed
an 1rregular distribution of patches which were probably remnants of the outer membrane.
The Founer transform derived from the di gmzed image of a selccted area (Fig. 4-1B)

showed observable reflections to the third order. A detailed analysis of the amplitudes and

phases showed that the symmetry of the 1mage was p4. The phases were set to O cr 180
degrees as appropnate and mtemally averagcd for p4 symmeuy These were then used to

" ‘refine the final filtered image (Fig. 4- 1C). The drrcct lattice vectors for the unit cell

a-—b-18 4 nm, with a repeat frequency for the centres of mass in each unit cell of close to
13 nm. The resoluhon determined on this image was 4 nm which is lower than optimal for '
image pmcessmg This was probably due in part to the addmonal electron’ scattenng }
provided by the outer membrane patches :
The filtered image (Fig. 4-1C) gave the overall i 1mpnessron of an array consisting of p4
“umts alternating in apparent density, and the lesser of these rotated clockWtse about 27 .
degrees. However, closer inspection shows delicate linkers from each of the four elemients

- in the center of mass prOJectmg 'left handedly to meet with similar linkers from the three
R other centers of mass in that quarter. Thus the unit cell (outlmed in Fig. 4-1C) appeared to

consist , probably, of four macromolecules, each with a delicate extensron forming the'

‘ lmkers of the array The ‘centers of mass s \howed a partlal filling with negative stain, ie.,

not a hole but rather a depressron The boundaries of the spaces. (or holes) between the

" units were taken to be uncertain consxdermg the relauvely low resolunon of the i 1mage

, lsolation ‘of multimeric S-"protein' on a prepa'rative scale

~ Previous studles mdncated that S: protem freshly extracted from outer membrane;n'
fragments Was present pnmanly as a multimeric specres 2:1 rakio of multimer fo -
monomer) of moleeular werght in the neighbourhood of 200,000. An attempt was made to

;' : 1solatea homogeneous prepamt:on of thts specres ona preparanve sca]e for further study
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Fig. 4-1. A) Electron micrograph of the S-layer of A.vinelaridii - negatively stainéd with
ammoniym molybdate. The tetragonal array shows a repeat frequency of ca. 12.5 nm. The
irregular patches are probably remains of the underlying outer membrane; A ‘central' area .-
. was digitized for image analysis. Bar, 100 nm. (B) Fouricr transform derived from 3,
digitized image of (A). (C) Reconstructed image from a filtered Fourier transform showing™
the linkage pattem for the units forming 'the,u:tregonal array. One.unit cell is outlined in_

- "t .
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~white.
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A preparatlon of S protem freshly extracted from outer membrane fragmients was .
concentratéd by. ultrafiltration and chromatbgraphed on Sephadex G- 100 Superfine as
descnbed in Materrals and Methods. All mampulanons were performed at 4°C, as quickly
" as' possrble and S-protem solutions were not subjected to any freeze thaw cycles at any

 stage. The molecular weight dtstnbutton of freshly 1solated S- protem determined by gel
filtration was ‘the'same as prevrous expertments (Bmgle et al., 1986; Chapter 3) mvolvrng
'+ rate zonal centnfugatron (Chapter‘B) ie., about two-thmds of the protem cluted at the vord
~ volume and was expected to be S—protern multtmer while one-third eluted at the same
| posmon as bovine serum albumin (BSA) and was expected to be 'S- protem monomer (Fig.
. 4- 2) S- -protein in both the void volume and BSA fractions was tested for the ability to .

reassemble mto a tetragonal array on the surface of distilled water washed cells after .

exchange of the Tris buffer for BBPO, buffer. However nerther S-protem from the void

volume fractlons or those in which BSA eluted parncrpalted in drvalent cation- mediated i in '_
- vitro reassembly This was not due to the chromatography per se because a subsample of -

protein held at 4°C over the same time penod also lost all reassembly oompetence .
-~ As surmised. from previous work, storage of - S-pfotem produced a shfft in 1ts ‘
. molecular werght d.tstnbunon with a loss of the multimer peak and an intensification of the
- monomer peak (Fig. 4-3) While the fresh preparauon (approxrmately 85% multimer) was'

capable of in vitro- reassembly the stored preparanon (80% monomer) was not. For the
| experlment deprcted in Frgure 4-3, BBPO4 buffer was substrtuted for Tris buffer durmg '

- storage and chromatography whrch obvrated the need for further mampulatron of S- protem
pnor to perfonmng reassembly assays | R ; :

. 4 ! »\ | - -

Stabiliz'ationr of S-prOteint multimer T .

Although the concentrauon of both the Tns ahd BBPO buffers used in the storage .

‘ expenments was low, both buffers could be: expected to compete with, or sequester

respectrvely, divalent. cagons which may" have been rmportant to the stabrlrty of the

‘ multrmer However .dissociation of the multimer into Monomers was not prevented by .
- storage at 4°C in 10 or 50 mM K*-HEPES pH 75,2 buffer whrch does not bind’ cations )
: ' (Gueffroy, 1981) Smce low temperature may be expected to weaken hydrophobrc .

- Fmteracttons (Cantor and Schrmmel 1980) which may have been 1mportant to the stabrhty |

- of! S-protem multtmer tlus factor was also mvestrgated S-protem multrmer was mcubatea
f:‘lkm SOmM K"‘-I-lEPES pH75 buffer at4 10 15 20, 25. and 30°C for3days after
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“‘an 4-2. Sephadcx G-100 Superfme gel chromatography of S-protein. freshly isolated |
from the outer membrane by distilled water extraction. The column was equilibrated. with
- 10 mM Tris/HC], ga 7.5 and S-protein was cluted with the same buffer at 4°C at 10 ml/h
collecting 2.8 ml fractions. Blue dextran and BSA (molecular wclght = 66 000) cluted in
fracnons 24 and 29 mspecuvely ‘
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‘llFlg 4-3 Bffect of storage in potassnum phosphatc buffer (BBPO,,) on thc quatcmary
. Structure of S-protein determined by gel filtration on Sephadex G=100 Superfine. Fresh
samplc( J),: S-protein stored for 3 days at 4°C( O ) Blue dextmn and BSA cluted-
‘,mfracnons26and30mpecuvely S e R
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which the amount of multitner and monomer in the S- pmtem solutton was estlmated by
rate zonal centrifugation. However the multimer experienced the' same mstabtltty,

‘ dtssocratmg into monomers regardless of the temperature of mcubatmn Only when stored )

at 4°C was iposstble to detect a trace amount Qf S- pmtem in the multtmer fraction.

The eff t of the dtvalent catlons Ca** and Mgz*« was. exammed m a stmtlar manner ‘

" and to improve the quantttatlve nature of the cxpenment 'S- protetn was labelled w1th 353,

S- protem multimer. was incubated at a concentration of 4 mg/ml in 50 mM 'I‘ns/HCl pH

7.5, with 1-10 mM Ca2* or Mg2+ After 3 days of storage at 4°C the amount of -

thultimeric and. monomeric >>S- labelled S- -protein was determmed Both' Ca2+ and Mg?*
| 'prevented dtssociatton of the multimer mto monomers at concentrattons of between 2-5
mM (Fxg 4- 4A and &r However both species also caused extensrve aggregauon of

S-protein. Prellmmary expenment&(Frg 4- 5) ‘which tnvolved subjecttng S- protem to rate

zonal centrtfugatton 1mmed1ately after addition of divalent canons mdtCated that the
aggregates were formed from S- protem multimer only and not the monomenc form. ‘This

‘confirmed. w1th fresh preparattons of the monomer' what had been*found earlter w1th'l

B punﬂed S- ,protem monomer (Btngle eral., 1986; Chaptof3)

‘Because the monomeric form was not aggregated by dtvalent canons and the multimer
appeared to be stabilized by the same species, the amount of S- protetn monomer produced
upon 'initial extracuon of the oater’ membrane could be determtned by sub_]ectmg a fresh
sample of S- protetn to rate zonal centnfugatlon m the presence of dtvalent cations: This
was done’ prlor 0. conductmg the storage experiment deptcted in thure 44 and it Was

found that approxtmately 25%.0f the. S-protetn tmttally exuacted from the outer membrahe

_ was present ] in'the monomenc form Thus, the monomer curves in thure 4 4A and B
'approached an asymptote at a monomer level of 25%, i.e., thet monomer level was never

[ 9

reduced to zero because a certatn amount was produced upon tmttal extractton of the outer

membrane and thts matenal did not reassocxate mto multtmers nor did it aggr ate.
' Because the appearance of free monomer paralleled aggregatton the possrbtlt'

: mvesngated that physxcal entrapment of the monomer was occumng rather th

was.
a true
'enhanéement of multtmer stabthty by dtvalent catlons The prevrous expenment was;

repeated at a,dtvalent cation conc,gntratton of 5 mM usmg S-protetn soluttons of
progresswely lower concentratlon As expected dtlutton of S-protetn produced a large ‘
"decrease in aggregate formatton concqrmtant wrth an mcrease m the proportton of both )
, mulnmenc and monomenc S-protem (th 4—4 Cand D) The mcrease in the pmpomon :
of monomer mdlcated that the Stablllty of S-protem multtmer was. somewhat dependent 'f

.,v'on protem concentratton However, the mcreaSe m monomer levels over the protetn
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v concentrauon range tested was less than two—fold In contrast, multtmer revels mcreased

- 6-7 fold with reducuon in S-protein concentratmn mdxcaung that the decrease in monomer

. levels with i mcreasmg cauon concentratton (Fig. 4-4A and B) was not due to ..onspecific
" physical entrapment but was: a result of a true enhancement of mhlumer stabthty Both

‘ ‘,'Ca2+ and. Mg2+ produced the same result but dlffered quantltatwely in the resultmg
; propomons of aggregates, mulumer and monomer (th 4 4C and . D).

‘Molecular ,'Weigh't ,of ‘S-pr'.ote‘in, "mu[“timerﬂ‘.‘ s

358 labelled S protem freshly extracted from the ,outer membrane was
'chromatographed on Sepharose 6B in the presence of 1. 5 mM CaCLZ and 1.5 mM MgCl

. as described in Matenals and Methods The protem was labelled because it was expected} ,
that the dtvalent cations: used m the eluuon buffer would cause extensrve aggregat10n of .
S-protem multlmer leavmg only small quantities of resrdual free multimer which would o

have beeu dxfficult to detect spectrophotometncally However, the. majonty of the protem oo

" eluted as the free mulnmer w1th only minor amounts of aggregated matenal elutmg at the
-void volume (F1g 4-6) It was not possrbl to mclude the standard 100 mM NaCl in the .
| | eluuon buffer smce the high salt concentrauon produced unacceptable aggregauon of the
: "mulumer althOUgh it had no effect on the monomenc specles 'I'he low ionic strength

: oondmons dunng gel ﬁltrauon may have produced [more scatter in the molecular weight ~
cahbrauon curve (Flg 4-6 : mset) than normally encountered but thts dld not appear ";

: senous When the K values for the molecular Welght markers were calculated and

compared to the. lrterature (Pharmacra FinepChermcals, 1984) all except apofemnn eluted -

. thlun 56% of their expected position. Apofemttn behaved anomalously and was retarded -
by the column much more than expected mdlcaung a probable mteracuon between this’

r protem and the gel matrtx under the low i 1omc strength condmons employed Therefore, -

| ‘,thts standard was dtscarded when calcﬁl" ating the best fit linedr relauonshtp between Jog |
_moleculat welght and elution posmon for, the caltbrauon standards Gel filtration:
, 'chromatography mdrcated that S-protem multtmer possessed a molecular welght of °
255, 000 suggestmg that 1t was a tetramer of four 1dent1cal subumts of 60 000 molecular, .
_‘_.welghteach - E T IR
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BEERA'AS

-Secondary structure of S- protem multlmer o
RIRERY I | . i
A rare prepara;ion of S-protein freshly ‘extracted from the outér membrane which was’
‘ composed of at least 95% multimer (Fig. 4-7: inset) allowed an esumatxon of the ‘secondary
'structqre of the multimeric form of S- proteln using circular dlchr01sm measurements
These measurements indicated that S- protem multimer possessed appnoxxmately 4% l
auhcllx and 35% B-sheet structure with ‘the’ remalnder in an apparent random coil

y 3

| ,‘Configurauon (Flg 4- 7) Addmon of CaCl, (3 mM) had no apprecxablc effect on the CD

L $pectrum above 2 13 nm. Since the values of mean resxdne ellipticity used to estimate the

.,.percem a-helix, B-sheet and apparent random coil conﬁguranons in conjunction-with the '

\4 equatlons of Chen et al. (1972) were those corresponding to wavelengths of 213 nm or

*;; grea’ter, this analysis did not indicate any quanutatlve change in the secondary structure,

" Below 21 3 nm, dxfferences in the CD spectra were ev1dent and the lack of correspondence
between the two spectra mtcnsxﬁed with decreasmg wavelength.. These apparent

. dxfferences in mean residue. elhpncny at shorter wavelengths were attributed to the
rmcreased noise levels encountered in this region of-the spectrum, rather than any gross
change in the secondary structure produced in response to Ca?*

;&4.4’-‘4'D‘iscnss_i0n A ‘ | C

The details of the construcuon of the S-layer of A. vinelandii show a ‘startling
. smnlanty in prmclple to the "Type II" array on A. salmonicida demonstrated by Stewart et
:‘ al. (1986) In tlns case, the molecular weight of the protein is sllghtly larger (60K versus
: ;ﬁOK) the altematmg lower densxty elements are rotated somewhat more (27 degrees

T Sus* 23 degrees) the céntres of mass are more cruciform, the centre linkage is relauVely

less dense, and the apparent lattice constant is 50% larger As in A. salmonicida the true
- unit cell (see Fxg 4~1C) is defined by the centres of the linkage (" units of the other sort",

Stewartet al., 1986) surmundmg the centre of mass.

~ This array xepresents an interesting class of array for gram-negative bacterla but in
‘ pnnc1ple, not unl1ke thelmkage form in the generalized plan envisioned by Burley and
' Murray (1983) for the tetragonal agrays of some Bacillus - species. However, unlike the
a spore-fortmng gram-posmve bacteria whose arrays of morphological subumts possess

connecnvny at both the two—fold and one of the two four-fold rotational axes, the array of
A wnelandti does not possess any connectwlty at the two-fold rotational axis. 4W1th

respect to thc gcneral plan descnbmg S-18yer organization (Baumexster etal., 1986),

~f
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Fig. 4-8. Smoothed far-UV CD spectra of S-protein multimer in distilled water ( X)
. and 3 mM CaCl, (O ). Inset: Analysis by ratc zonal centrifugation of the S-protein
multimer sample used for circular dichroism measurements. '



the A. Vinelar;‘dii S-layer would be classified as an M,C, type.

Distilled water extraction of i lated outer membrane fragments releases prirﬂarily a
tetrameric form of the 60K protein which constitutes the A. vinelandii surface array, The
image processing data suggests that the morphological subunit of the array is tetrameric -
which supports the idea that the multimeric form of S-protein is derived from this
* structure. Distilled water extraction do¢s not randomly disintegrate the array because only
two quaternary forms of S-protein are seen, Thus, tetrameric S-protein must represent
either the intact tetrads or intact linkage units. Primarily due to the extreme lability of
tetrameric S-protein, the distilled water extracts have not been examined by electron
mrcroséopy for eévidence of the morphological subunits‘ Howevér, itis likely that distilled
water extraction pnmanly disrupts the linkage reglon of the array, producing free tetrads
since there appears to be more extensive protein: protein contacts within the tetrad than
within the linking structure. In support of this notion, the linking region appears to be the
weakest part of the Synechocystis S-layer (Karlsson et al., 1983; Vaara, 1982) and the
extent of connecti‘vity in the linking region of S-layers is thought to affect their stability
| (Chalcroft ez al., 1986;l Rasch er al., 1984). The 'S-layers' of Pseudomonas acidovorans
(Chalcroft etulal 1986) and Deinococcus radiodurans (Baumeister et al., 1982) may be
extreme examples of this principle. The former 'S-layer' possesses little or no detectable
connectivity between the morphological subunits and not surprisingly this layer cannot be
freed intact from the outer membrane. On the other hand, the regions of connectivity in the
B TaGiodurans S-layer appear éxtremely extensive and correspondingly, this layer is
. extremely resistant to denaturing agents even whcn not attached to the underlying cell wall.
The array of A. vinelandii also appears very labile when detached from the outer
membrane requiring the divalent cations in Burk buffer to maintain its integrity during
negative staining. | | ' :

Although image processing methods; applred to a number of bactenal S-layers have
indicated that morphologrcal subunits of the tetragong,l and hexagonal type appear to be
composed of four and six smaller subumts respccuvely (Baumeister et al., 1986; Sleytr
and Messner, 1983) in no case has this supposition been. conﬁrmed biochemically,
although Baumelster etal. (1982) dxd determine the mass of the morphologlcal subunit of
the hexagonal S-layer of D radiodurans in situ_ using scanmng transrmsvron electron '
mxcroscopy and found it to be consistent with a hexamer. .

The ability to 1solane intact morphologrcal subumts under relatrvely mild conditions has -
‘allowed an evaluatron of factors 1mportant to the stability of this structure ‘The

‘morphological subunit is quite unstable once released from the outer membrane
Al : .
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,dlssocnatmg into monomers when cxposed to buffers such as HEPES and pomssnum'
" phosphate in which it is stable: whllc attachcd to the cell surfacc (see Pagc ‘and voh
Tigerstrom, 1982). The tetramer could be stabthzed with low concenmmons of both. Mg2+
or CaZ* mdtcatmg that divalent cations are probably rcqutred in the asscmbly of the
morphological subunit. This ﬁndmg in.conjunction with previous results (Bingle et al.,
1986' Chapter 3) that divalent cations could mcdiate in vitro’ rcasscmbly‘of S-protc’in onto |
 the surface of ‘cells stripped of their native S-layer shows that divalent cations are also
1mportant for attachment of the subunit to the Cell surface. The aggregatton of the
“morphological subumt wrth divalent cations mdxcates that thcrc must be other catlon
bmdmg sites in addition to thos. which are mvolvcd thh lmkmg the subunit to the outer
membrane, _ - _ ‘
~ The secondary structure of the morphological subunit is not radiéally' different from
that reported for monomcnc S -protein (Bingle er al., 1986; Chapter 3). Since the
association with the outer mcmbrane clearly stabilizes the array it might be expected that
release of the subunits from the outer membrane could cause a perturbatlon of the protein |
molecules, leading to the high degrec of random coil conﬁguratton observed. However,
- Baumeister er al. (1982) reportcd a similar high degree of random coil structure for intact
S-layer fragments from D. radiodurans, indicating such aperiodic structure is probably
‘present in the organized S-layer. The term random coil js not meant to imply a true random k
. coil.configuration but is used in the context of circular dichroic measurements as that
structure not attributable to o-helix or B-sheet configurations.

" Despite the ncgligible differences in scéond'éry structure between monomeric and
tetrameric S-protein the response of the two spccxes to divalent cations is radically
drfferent/;lonomenc S-protein is not aggregated by Ca?*-or Mg?* while tetrameric
S-protein is both stabiljzed and aggregated by these cations. This indicates thére may be
some conformanonal differences between the two species which affects the disposition of
the cation bmdmg sites although ctrcular dichroism has not rg:vealed it. In support of this
* idea, ‘while tetrameric S-protein can be stabilized by divalént'ca'tipns', once dissociatcd into"

MONOMETS addman of dxvalent cattons does.not induce restoration of the tetramcr cvcn 1f a
suitable outer membranc tcmplate is present to orient the moleculcs if ncccssary "
Assemny of the morphological subunit of the A. vm&landu surface array seems to be
.aone way street, but if preformed morphologtcal subunits are available the array canbe
induced to recrystallize in vitro. Since the quatcrnary structures of S-protcms cxtractcd ‘
from the cell walls of other bacteria is rarcly detenmncd itis-not clear in many cases

? whcther m vxtro reassembly of ¢ ther S- laycrs occurs from monomers as the starting.
: ' ' 4



‘ matcnal or rcquxrcs prcformcd morpholqglcal subumts The formcr situation is usually
consxdcred 1o bc the case duc to the conccntranous of urea and guanidine hydrochlonde ‘
used for the extraction of S-layer subunits (ngal and Murray, 1984). In those mstances
where information is avaxlablc, there is no umvcrsal mechanism. The S- laycrs of
Aquaspzrxllum serpens VHA (Buckmire and Murray, 1973) and. Bacillus

stearothermophilus (Jaenicke et al., 1985) reassemble from monomeric S- -protein through
to intact S- -layer sheets. On the other hand, the rcassemny of the S- layer of Acmetobacter ‘
199A apparently begins with an aggregated form of this S- -layer protcm (Thomley etal, |
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| 5. Role of calcmm in (e assembly of the .
- L Azolabacler vinelandu S- layer ‘o "

e

'5.1 Introduction < |
" ot
' Surface layers composed of regularfy arranged protem subumts extemal to. the outer
- membrane are present on many gram- negauve eubactena Of the gram neganve genera
: studred in any detail members of only one, Aquaspxrxllum, have been deﬁnitely shown to
vreqmre dlvalcnt cations, specrﬁcally Ca2'r for the assembly of thelr surface layers mto
w regular geometric arrays (Bevendge ‘and- Murray, 1976a; Buckmxre and Mutray. 1976 .
Kist and Murray, 1984). However prehmmary expenments suggest- that the stability of
the S- layer of Caulobacter crescemus and Acmetobacter I99A may be dependgnt on
' dnvalent cauons such as calcxum and magnesxum (Srmt et al 1981; Thome etal, l975)
The i unponance of dlvalent cauons to S- layer assembly may be related to the generally -
!’acxdnc nature of the protems consutunng the arrays (Sleytr and Messner 1983) and may be -
“an extensxon of the i 1mponance of Lhese specxes m outer membrane structure. The divalent R
" cdtion requlrements of surface arrays are usually gauged by mcubaung isolated S- -layer
. protein with canons in the presence of a. cell wall template, followed by electron |
- mxcroscopnc exarmnanon for evxdence of the assembly of the protem into a regular array
Through thlS type of expenment it: has been shown that the Acinetobacter 199A surface |
array is relatwely non-spec1ﬁc ‘with respect to its dlvalent cation requuements (Thorne et
al 1975) In contrast, A. serpens MW 5 (szt and Murray. 1984) specifically reqmres g
: Ca2+ for S-layer assembly However, the S- layer of A. serpens VHA will. self- semble ;
in the presénce of bot Mg2+ or Ca?* (Buckrmre and Murray, 19'76) Slgmﬁcantly, it wasf
. shown that the Mg2 n:assembled array was susccpnble to dxsrupuggby dxsnllcd watcr :
while the' Ca2+ neassembled array. was not, a property. shared by the native array. Thus, in ‘.
- vitro- reassembly expenments can give rmsleadmg results thh mpect to m vivo' assembly‘, E
: requuements, unless the stabnhty of the reassembled array can be compared to the natlve‘
G 'I'lus chapter further explores the xmportanoc of dxvalent cauons speclﬁcally Caz" and b
: l'.‘Mgz" m the assembly of the A vmelandu surface layer Thls study was promptcd by thc ‘

A versxon of tlus chapter has been pubhshed Doran J.L W H. Bmgle and WJ Page. 1987 Role ol‘
mlclum in the asscmbly of theAzorobacter vmelaadu smfacc array J Gen anobnol l33 399-413

'f;l‘fri;z'f- oo



o observauons that A vmelandit grown in Ca?*- limited medlum did not possess an S- layer

vxsnble by freeze- etch electron mlcroscopy (W H. Bmgle, J. L. Doran and W J. Page, -
' Abstr Annu. Meet. Am. Soc Mtcrobtol 1983, K155, P, 202) although adequate Mg?*
‘ was present in the medium for assembly of the protein mto a regular array (Btngle etal., -

. 1986%haptcr3) BRI
\‘i 52 :Mat"er'ials,and .'I'Viethod‘s L s PR Y
'~ Bacterial strains and"growth‘condit.ions

A. vmelandu UWl was grown in a potassium phosphate based rmmmal medxum
. '(Burk medlum) contamlng 0. 6 mM CaCl, and 0. 8 mM MgSO (Bmgle et al., 1984;
: ‘Chapter 2). Ca2+ limited (OCa) medxum contamed all components of Ca“—sufﬁcrent (+Ca) -
medium except CaCl2 Water was etthen glass double dtstllled or treated w1th the Mﬂh Q\,
" ‘water purxﬁcauon system (Mllhpore Corporauon El Paso TX) For 1nooulanon of,
Ca2+ htmted hquxd medlum, OCa cells ‘were pregrown for 24 hon OCa medlum sohdtﬁed
w1th 1.8% agar. L1qu1d cultures were moculated to an mmal opucal densuy of 0. 05 and
‘were grown at 30°Cin a gyratory water bath shaker operatmg at 175 Ipm. The cultures
. were harvested when the culture opncal density (620 nm) reached between: 1.2 and 1.5(
. Bausch and Lomb Spectronic 20 was used for optical dens1ty measurements) Analysxs of
- OCa medlum by. atomxc absorpnon spectroscopy (Greenburg et al 1985) mdlcated no .
\ ) detectable Ca2+ in excess of levels present m double distilled or Milli-Q treated dtsulled |

" water OFeBB and BBPO4 have been deﬁned prekusly (Bmgle et al., 1986 Chapter 2)
- li?re'kéae-etch jelectron mic{r‘os.copy L ;

- In order to expose regular arxays on the cell surface assembled in vzvo, it was “ ‘
, necessary to wash the cells at an elevated temperature pnor to freeze-etchmg Cells were

) resuspended at an ODszo of 1in BBPO4 at 42°C and mcubated at 42°C for 5 nun The

,cells wete collected by centnfugauon and the wash treatment was repeated an addmon - _
o ‘four nmes When appropnate chlonde salts of the drvalent cauons-Mgz* Ca2+ ez* »

- ‘.‘Sr'z"' were mcluded 1n BBP’(;)4 at a concentrauon of 0. 5 mM After washmg, the cells werel .



mrcroscopy as prevrously descnbed (Bmgle et al 1984 Chapter 2) The above washmg :
protocol was not used when vrsuahzmg arrays reasserﬁbled m vtrro from 1solated

S- protem
RecOVery of protem ‘and hpopolysacchande from dtsttlled water wash'
flutds, culture supernatant and EDTA or EGTA extracts ‘

Cells were washed w1th drsnlled water to remove the surface array by a modxﬁcauon
of the filtration method of Schenk and Earhart (1981) as outlined by Btngle etal. (1984).
Distilled water wash fluids and culture supernatants. ‘were mmally ﬁltered through a0.45
~ um pore size Mrlhpore ﬁlter Protein released into- these’ flurds was recovered by.

' ultrafiltration usmg an Amicon PM- 10 membrane (molecular werght cut- off 10,000). - ‘
Lrpopolysacchande (LPS) was recovered from wash fluids and culture supewtant by“
lyophrhzauon followed by d1alys1s against drstllled water (molecular wetght cut-off 3500)

Before lyophihzanon ethylenedrarmne tetraaceuc acid (EDTA) was added toa concentration

© of2 mM to-culture supematants Protem LPS complexes were released from whole cells

resuspended in 10 mM Nat- HEPES with 2 mM EDTA or ethyleneglycol bis- i

(B ammoethylether) N,N- tetraacenc acid (EGTA).. The cells were washed in one volume 3

: of 10 mM K*- HEPES pH 7.5 and resuspendeclm one volume. of Na -HEPES/EDTA or
- EGTA, pH 8, followed by 1ncubat10n for1h at 30°C with slow. shakmg The cells were
: removed by centrtfuganon (15, 000 g 10" min, 4°C) and the supernatant was ﬁltered

through a0.8 pm pore slze Mllhpore filter prior to concentration by lyophthzanon The 1@

concentrated extracts were dralyzed (molecular wetght cut-off, 3500) agalnst distilled water
gal4°C ' _.~ oo N ! . . : .

Protem was estlmated either by the method of Bradford (1976) usmg bovine gamma | |

“ globulm as, a?tandard or by a modification of the Lowry method (Markwell et al 1978)
usmg bovme serum albumm (BSA) as ' a “standard.. The concentranon of
: 2-keto-3 deoxyoctanoate (KDO) ‘was deterrmned by the method of Keleu and Lederer

| (1974) When determmmg KDO m whole cell extracts the cells were resuspended in

' drsttlled water and broken in the French pressure ¢ cell Granules of poly-B-t\ydroxybutyrate .
(PHBr) were removed by low speed centrtfugatlon 000 ‘g 20 min) and the extract wasj v
dlalyzed (molecular wetght cut-off 3500) ovemlght agamst lOQ(‘ volumes of dlstlllcd'

) water at 4°C



I‘solat’ion‘of-out'er membranes and‘extraction of S‘-prOtein o

: e , )

. : Cells were drsrupted usmg the French pressure cell and outer membrane fragments ;
i ‘were recovered on sucrose gradrents essentrally accordmg to the method of Page and von

: Trgerstom (1982) w1th one modiﬁcatron Tris buffer was replaced with 10 mM

' _K+ HEPES, pH 1.5. The refractrve index of the sucrose gradient fractions, was determmed |
* with an Erma refractometer (Erma Optrcal Works Ltd,, Tokyo Japan). S- protem was
extracted from outer membrane fragments with dlstllled water as descnbed by Bmgle et al.

(1986; Chapter 3) ' : " Lo

‘ The proportion of S- pmtemm tetrameric and monomeric form was deterrmned by rate . E
~ zonal centnfuganon in linear glycerol gradients (6 30% (v/v) glycerol in 10 mM N
 K*-HEPES, pH7 5)as outlmed by Bmgle et al (1986; Chapter 3) St g

R &

' Cross-lmkmg of S-protem

Cell walls were purtﬁed on sucrose gradrents after dtsruptron of the cells usmg the
| French pressure cell by the 'method of Page and von Tlgerstrom (1982) Two “
: modrﬁcatrons were made to the protocol OFeBB buffer was subsututed for Tns/HCl. B
" buffer’ and the lysozyme treatment was omrtted. Purtﬁed outer membranes werc recovered
‘ona cushion of 72% sucrose by centnfugauon at 200 000 g for1 h and used drrectly for ’
‘“‘cross lmkmg after adjustment of the protem concentranon of tie suspensron to 5 mg/ml .: |

“ ’(Markwell er. al 1978) Free S-protem mulurner a mg/ml) was 1solated by extracting -

: ‘outer membrane pellets G mg outer membrane protetn each) wrth 1 ml of dtsulled water -
‘ (Btngle et al., 1986 Chapter 3). ‘Outer membranes were- cross-hnked at a concentratron of j |
;'500 p.g/mi protem while free S protern mulnmer was treated” at a concentrauon of 100'['

‘ Dimethyl subeumate or, - DMS (Davres and Stark 1970) ,
3 3'-d1thtob1sproplomm1date or DTP (Wang and thhards 1975) were freshly prcpared 1n -
50 mM Na2PIPO4, pH 10 followed by qurck readJustment of thc pH to 8 8 Cross-lmkmg =

: ‘f of cell wall protems was done in at least 50 mM Na2PIPO4 whrle at least 10 mM NazHPO4 B

-' -';‘was used for S-protem samples The mmal pH of the reactron mlxtures wis 8. 8 and:, .
: cross-hnkrng proceeded for 15 mm at 33°C at whrch nme the reacttons were stopped by;.
jf-'addtng a two-fold molar excess of Tns/HCl pH 8 8 Cross lmked protems were .



recovered on ultrafiltrauon membranes usmg the Armcon mlcropartmon ultraﬁltranon ‘
. system (Amicon Corp., Oakvrlle ‘Ontario) and resuspended in 62, 5 'mM Tns/HCl pH :
6 8. Sodium dodecyl sulfate (SDS) was added to 2% (w/v) and the cross—lmked products N
were analyzed by SDS-PAGE. . ‘

,
o

Probes_ of ,S-protein conformation T S
. : ‘ lt‘ e Coor st
The conformauon of S- protem on the surface of cells grown in the presence and |
absence of Ca2+ was mvestlgated by detemumng its suscepubtltty to radroxodmauon andto -
proteases of drffermg specrﬁcmes The accessrbrhty of tyrosme resrdues of surface
localized S- -protein to radnorodmauon (50 ug lodo—Gen and 0. 5 p.Cl/ttl 125I) was examined
as descrtbed by Bmgle etal. (1984) w1th one modrﬁcauon after radmtodmatron the cells N
were washed with buffer contalmng 1 mM NaI not 25 mM Nal. - ‘ |
The sensmvrty of surface localxzed S- protem of +Ca and OCa cells to the proteases
: (Srgma Chemical Co St. Lours MO) trypsin, Staphylococcus aureus V8 protease, and -
L thermolysm was examined. EGTA was added in equrmolar amounts to the Ca?* present in
the thermolysm preparauon prior. to use. A 15 ml aquuot of cells was collected by |
centnfugatlon usmg a Frsher model 235 microfuge and the pellet was resuspended in1ml
of OCa -buffer and freshly prepared protease was added The suspension was mcubated ’,
‘ for 1 hat 30°C at whtch time. ‘the cells were pelleted agaii and resuspended in the'
i appropnate buffer contammg the fﬁwmg protease mhlbttors trypsm mhrbrtor from
. soybean (trypsm) 0.1 mM dusopropylﬂurophosphate (S aureus V8. protease) and 0.1 f
mM 1, 10 phenanthrohne (thermolysm) and incubated for 1. h The cells were pelleted
- ‘agam resu%ended in 1 ml of 0.1% sodium lauroyl sarcosme (Sarkosyl) and vortexcd |
vrgorously orl mln at room temperature to extract S protem from the cell surface The ,
*detergent: extract was 1mmed1ately frozen i m als ml Eppendorf tube lyophthzed and the' ‘
resxdue was resuspended in 100 pJ dlsnlled water for analysrs by SDS PAGE '
] : [ IR
" ‘An‘alysis of ‘cell ’wall_ frac'tioria for \Ca'z\f\. aﬁd Mgz*‘
N Cells were culuvated in OCa or +Ca medlum as descnbed above except the geratiori of . *
| ‘the culture was enhanced by mcreasmg rhe shake Speed to 300 rpm. S-protem exn'acted“
B mth drsttlled water from punﬁed cell walls was concentrated by ultrafiltrauon and then ‘
collected by centnfugauon ona YMT uluaﬁltrauon membrane (molecular wetght cut-off G
| 10 000) The protem was resuspended from the membrane m double dlstxlled detomzed -



water Samples (10-12 mg dry WCIght cell walls and 5-8 mg-dry- wetght S-protem) were '
first dlgested w1th 2 ml concentrated l-INO3 and healed to dryness at 110°C The resxdue

| i_‘ ' was redlssolved in 0.5 ml concentrated HCl and dlluted t0'10 ml with' distilled, water The
- res1dual celP wall matenal lackrng S-protem was lyophrhzed and treated in a smular
manner Lanthlum was added to a final concentrauon of 2 g/l pnor to analysrs The Ca?t
‘ and Mg2+ content of the samples was detennmed by atomic absorpuon spectroscopy using
an Instrument Laboratory aa/ae spectrophotometer 751 according to Greenburg etal. . |
' (1985) A control sample contammg all reagents was assayed for background Ca% and
', Mg2+ levels : ‘ |

“ "Ele‘ctrophoresis',‘ |

i Sodrum dodecyl sulfate polyacrylamtde gel electrophorests (SDS PAGE) was
" conducted accordmg to Laemmlr (1970) i in 10% polyacrylamtde gels usmg apparatus and
: condmons outlmed by Btngle etal. (1984 Chapter 2) The molecular weight of
i croSs-lmked products in excess of 100K were determmed usmg 7% polyacrylamxde gels o
- and the followmg molecular welght standards (Slgma) myosm (205K) B-galactosndase
(1 16K) phosphorylase B (97 4K) bovme serum albumm (66K) Gels were . stamed for -
protem and carbohydrate by the method of Fatrbanks et al. (1971) For densxtometry, the' .
\‘quantltattve staining method of Blakesley and Boezi (1977) w1th Coomassxe bnlhant blue - .
"G-250 was used in conjunction with. a A Hoeffer GS- 300 scanmng dens1tometer (Hoefer e
VSc1enttﬁc Instruments "San Francrsco, CA). The peak area of the S- protem band relative to K
- vthe amount of protem loaded per SDS PAGE saﬁtple well was lmear between 1 and 8 pg . ,‘
of protexn 3 ‘ ‘ ‘ : : ;

53 Resulis o
: Freeze-etc_h -‘ electron: frnicros_cOpy _ofv.'fc‘ells 'grown” in '(‘)Ca‘ medilrm -
When A vmelandu grown m Ca2+ hmrted medmm was examtned for the' presence of .

7. the regular S-layer by freeze-etch elecrron mlcroscopy, it was not; ewdent (th 5 1), cells . ’
e gmwn m the presence of Caz*‘ exhrbxted the typlcal tetragonal array 'I‘he outer surface of . .

“0Ca célls exhibited & sttppled appearance (ot reported by Doran, 1983) which was limited
'-f ' to the extemal surface'and was notevrdent on the outer membrane fractm’e face or the mner -
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membmne fncture face When an ahquot of culture was made 0.5 mM with CdCl and

incubated at: 30°C for 1-2 h the regular array could be fotind covenng the entire cell surface
"(Fig. 5-2).. 8(23 could substitute for Ca2* however when additional Mg?* was added to
the cultuie, ‘the regular array did not reappear. This indicated that the lack of the array was
not due to' a general deficiency of divalent cations but was specifically due to a lack of

Ca?? Slmtlarly addition of Bé2* did not mediate the reappearance of the S-layer. In each
F{:'l§e descnbed above, after incubation with the divalent cation the cells were washed with

BBPO contammg the appropnate cation as described in Materials and Methods, To

pneclude unforeseen amfacts from the washing procedure, the order of the cation addmon

and washing steps was reversed; identical-results were obtained. In this case, the cglls
1g Steps »

- were washed with OCa buffer and then exposed to each divalent cation, -

"

" Quter ‘membrane protein profiles of 0Ca cells

The effect of Ca?*on S-layer asstmbly, when added to cells grown in OCa medium,

" could have involved a requirement for de novo synthesis and/or translocauon of the

nascent or completed polypeptide to the cell surface. These possibilities were eliminated by
examining the polypepude composmon f outer membranes isolated from 0Ca cells (Fig.
5-3; lane 1). Such cells possessed S-pritein which copurified with the outer membrane
fraction. The amOunt of S:protein did not appear reduced from that normally seen for
Ca?*-sufficient cells (Bmgle et al,, 1984; Chapter 2). Secondly, S-pfotein was extractable
from the outer membrane of intact cells by the relatively mild filtration washing method of -
.Schenk and Earhart (1981) indicating it was surface localized (Fig. 5-3; lane 2 and 3).
Examination of distilled water washed cells by freezeetch electron ‘microscopy showed
that the stippled appearance of the outcr surface had been ehmmated producing a relatively

" smooth surface (Fig. 5-4). . ¥

Although S-protein could be removed from both Ca2*. sufﬂc1ent and Ca2+ limited cells

- by distilled water washing, the level of Ca?*in the growth medium determined the
. effectiveness of the distilled water washing protocol with respect to S-protein release.
- Below 0.5 mM almost complete removal of S-protein could be reproducxbly achieved (Fig.

5-Sa; lanes 1-4)'but above 0.5 mM only approximately 50% of S- -protein was released
from the outer membrane (Eig. 5-5a; lane 6). A concentration of 0.5 mM CaZ* in the
growth medium was a critical level and the amount of ‘S-protein released varied

_ substannally between expenments (Fig 5-5a; lane 5). Thts dependence of growth ‘medium -



Fig. 5-2. Alteration in the surface features of Cé*z-liﬁﬁtcd‘A vinelandii UWI i '
] : : ur | .V resulting from
lsr;(r:r:l::[sl%r;gt‘lljt-'ll‘.().s"mhé Ca** for l h at 3(/)°C. Freeze-ctch rcphca;- Bar, 0.5 pm. Ab?rcviations



Al

~ Fig. 5-3. Release of S-protein from intact Ca2*-limited A. vinelandii UWT1 cells by distilled
water extraction. Lanes: I, outer membrane from unwashed cells; 2, outer membrane from distilled
wadter washed cells; 3, proteins released into distilled water wash fluids; 4, concentrated culture
supernatant protein from Ca2*-limited ¢ells; S, concentrated culture supernatant protein from
Ca?*-sufficientcells. . o : | ' - :
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Fig. 5.4. chhcz\l of the convcx surfacc of Ca2+ hmltcd A vmelandu Uuwl prcvnously washcd
with dnsnllcd water. Abbrevnauons same as an 5-1. Bar, 0.5 pm K
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Fig. 5-S. Effect of growth medium Ca2* concentration on the protein and LPS composition of
outer membranes isolated from distilled water washed cells. (A) Coomassic blue stained outer

membrane proteins. (B) Periodic acid-Schiff staintfor LPS. Cells were grown in Ca?*-1ffhited
“medium (lane 1) or in‘medium containing 0.1 mM Ca?* (lane 2), 0.2 mM-Ca?* (lane 3), 0.3 mM_
Ca?* (lanc 4), 0.5 mM Ca?* (lane 5), or 0.7 mM Ca®* (lane 6). L o
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Ca2+ concentratton on S- protetn release was noted when a new lot of CaCl was used for

. the expertments described in thts chapter. Prevtously it was reported that S~protetn could -
" be extracted by dxstllled water washmg of whole cells grown in Burk medtum contatmng:

0.6 mM CaCl (Bmgle et al., 1984 Chapter 2) However for reproducnble results a

, concentratton of CaCl2 of shghtly less than O 5 mM should be used in the growth medtum ‘

‘ SDS PAGE analysrs of the distilled water wash fluids from OCa cells reVealed that in
contrast to Ca2*—sufﬁcrent cells (Bmgle et al 1984 Chapter 2), trace amounts of several
- additional polypeptrdes were released. (th '5-3; lan¢ 3). To. evaluate whether serious ,
dlsruptton of the outer membrane of OCa cells had occurred dunng distilled water washing |
* the'level of KDO an LPS marker was assayed in the concentrated dtsttlled water wash

fluids. OCa cells released ten umes mone KDO/mg protem than +Ca cells, and the amount o

of KDO released declmed with Caz* content of the medtum (th 5-6). Quanntatlvely,
,‘ ‘thts level amounted to 10% of the total cellular LPS

| Ori@iY of reassembled”‘.S-protein

The above results suggested that the stippled appearance of the outer membrane was .
due to S- protem in an alternate orgamzatmn and that Ca2* - specrﬁcally caused its
reorgamzauon into'a regular tetragonal an'ay In order to: confirm this hypothesrs altemate
origins for the newly appeanng S-protein- were sought The absence of Ca2+ dld not cause
5 the. S-protem to be more suscepttble to loss into the culture supematant which subsequently
reassembled onto the surface, of the cells durmg the mcubanon with Caz* Culture
‘ 'supematant a 140 ml) from +Ca and OCa cells was concentrated by uluaﬁlu'atton analyzed

by SDS PAGE and the -amount of protem in the S- protem%and was. quanttﬁed using:
» densrtometry Thts analysrs revealed that 1dent1cal levels of S-protein were released into the -,
' culture ﬂlIldS regardless of Ca2+ lumtatlon These data tndtcated that the appearance of the ,‘
'S- layer ‘upon mcu’batton with Ca?* in culture supematant was not cormng from S- pmtem
: "released into the culture. ﬂutds This. was conﬁrmed by perforrmng the 1ncubattons thh
| Ca2+ in fresh buffer where no supernatant components were present Cells s0 tncubated
also recovered thetr S- layer A . e ' .
" Afinal possrbthty (and an 1mprobable one) was that the pool of S-protem ll\the outer
| membrane was purged and the S- layer was . syntheswed from new protetn ‘This was 1
' unhkely because the formatton of the S-layer ut thrs non-mtqgen fixtng straln of A.
vmelandu occurredm non-nutnent buffer in the absence of a mtrogen and an external
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,.-ngng. 5-6 Effect of growth medxum Caz* concentratxon on. the’ rclcasc of LPS (as KDO) by:
; jj.dnsnlled water washing of intact A. vinelandii -UW1 whole cells. Distilled water wash fluids were
‘.'--"conécnu'ated by lyopluhzanon and assayed for pmtcm and KDO by1hc mcthods of Markwcll et al ,

(l978)andl(eleu and uderer(l974) gespecuvcly o T
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~ carbon source although the cell probably possessed reserves of carbon as PHB. 'I‘hts was ) \

mvestlgated by mcubatmg cells in buffer with ¥50,2 (1 mCt/ 100 ml culture) dunng

h Ca2*-med1ated recovery of the S- -layer. Subsequently, surface locahzed S- protem was

extracted from the cells with' distilled water and the iricorporation of 358 into the protein '

was determined. Usmg the total protem recovered and the known quantmes of sulfur

' contarnmg amino ac1ds the proporuon of newly synthesrzed S- protem was esumated It
, was found that after the mcubauon wrth Ca2* lO% of the distilled. water ex’tractable

S-protein could be accounted for as new synthesrs In an attempt to complement this.
‘ brocherrucal evidence, OCa cells were mcubated in buffer with added Ca2+ for 2 hin the' * .
“ presence 'of 100 ug/ml chloramphemcol However when cells sotreated were exammed ‘

by freeze- etch electron rmcroscopy, anomalous fractunng of the cells was observed -

- leavrng no visible areas of cell ‘surface, Sleytr and Thomley (1973). noted,. ‘using -

| thm sectroned matenal that mcubauon of Actnetobacter 199A wrth chloramphemco'l

k-3

o produced alterauons in the cell wall structure and accumulauon of extracellular material, -

majorrty if not all of the S-protein assemblmg into’ the regular array upon mcubanon wrth .‘

'Caz“was already synthesrzed and surface localrzed

Involvement 'of Ca2+ in outer membrane structure -

”A

cell wall which could have been affected by Ca2+ addmon C could have been aeung
drrectly on the mtermolecular mteracuons of the S-protem or. mdlrectly, through an effect

- on the underlymg template layer the outer membrane The mvolvement of Ca? *in outer'.. .
3 membrane stabrlxty was assessed by 1ncubat1ng cells with EGTA and EDTA 'I'he amount o

3 of protem and KDO released from’ cells. ueated w1th these chelatlng agents was determmed‘ :
. (Table 5- 1) Cells. grown in the presence of 0.6 mM. Ca2+ were nearly as sensmve tof o
EGTA as EDTA releasmg about 90% as' much LPS w1th EGTA as that released by L

. which obscured the tetragonal surface layer o£-thrs orgamsn'g Whether similar alterations in -
the cell wall of A. vmelandu could affect the fracture plane is unknown. Desprte this lack *
- of electron mrcroscoplc support the 358 labellmg expenment conﬁnned that the vast o

Smce S-protein was already surface locahzed there were two obvious locations in the 5

" “EDTA. Stmrlarly, the amount of protem released by EGTA amounted to 75% of that
. released by EDTA. SDS-PAGE of EGTA and EDTA extricts showed numerous ‘protein”
L '*s;lfecles were released (Flg 57A; lanes 1 and?) The presence of LPS and polypepudes of -
' :hlgher molecular werght than S-prdtetp mdlcated that the protetn bands of molecular

: }welght lower than S-protem were unllkely to be only degradauon products of S-prottem



“
¢

. Table 5-1 EDTA and EGTA mediated rclcasc of protcm and LPS fmm Ca2*-sufﬁc1cnt o
~.and Ca2+ hmncd A. vinelandii UWl ' | ‘

Pmtcinmleased -~ "LPSreleased
(% total cell protein) - - . (‘%total'ocllKDO) ‘

' Treatment ACa . 0Ga | ~+Ca . -OCa

2mMEDTA  ©  43(07%) 98(03%) - . 60(17%)  S3(43%)

a

2mMEGTA  "33(07%). | 18(0.1%) ~  54(47%) 23(15%)

- Numb(:rs in brackets indicatc‘smndard'dcvi‘ation of two rcpi_iéate determinations.
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“EGTA and EDTA. EDTA and EGTA treatment of osmoucally stabthzed cells (15% w/v.
sucrose) showed that an 1dentlcal subset of protems was released by the two chelatmgl‘

“agents (th 5- 7B) EE : NG C
.} The sensmvrty of the cell yvall to EGTA suggested a role for Ca2+ in outer membrane
| striy ture. If so, the sensmvrty of OCa cells to EGTA shouldc‘be lower than +Ca cells due.

‘an absence of Ca?t, or a substitution of Mg . in some srtes of the outer membrane

T (Boggls et al 1979) Thts was found to be the case (Table 5- 1) as. mdlcated by a 50%
reduction in LPS and protem released from Ca?* limited cells with EGTA as compared to

‘A‘Caz*-sufficrent cells The effect ‘of EDTA on Ca?*-limited cells as. comparcd to
Ca2+ sufﬂcxent cells was dtfﬁcult to gauge. Although both types of cells released the nearly

the same amount of LPS, Caz*-ltmlted cells released two-times as much protem (Table

5-1).- If one postulates that the stte of attack of EDTA and EGTA is pnmanly LPS
(Hancock 1984) then extraction of tlus species. from Ca2+ llmlted cells apparently caused’

mo: destabtlrzatton of the cell envelope and conseq‘ﬁently a larger release of protem as

_compared to C sufﬁcxent cells. 'I'he protems released from these cells also appeared1

more dtverse (th 5-7A; lanes 3 and 4).

These expertments pomted toa role for Caz* in the structure of the outet membrane If

: Ca2+ was 1mpoxtant for envelope integrity mcreased levels of both protem and LPS should

be evident in‘culture supernatant from OCa cells. Caz“-sufﬁcrent cells released 0 8 p.g/ml ‘
protem into the culture fluids whereas Ca?*- hmlted cells released 15 ug/ml Analysts by ‘
_SDS-PAGB revealed that S-protcm was the only protem present in Ca2+ -sufﬁcrent culture 3
flutds whtle several addmonal minor protems were found in Caz“ lumted culture fluids "

»(Fxg 5-3; lanes 3 and 4). Although two, ttmes as much protein was released 1nto
Caz* -ltmlted culture flulds it was clear from SDS PAGE and dens1tometry tlus mcnease

was not due to mcreased release of S-protem but to the accumulated effect of many nunor 3

'Vspecles No' thlobarbtturtc acld posrttve mateqal ie. KDO could be detected in

Cal* suﬂiclent culture supematants wmle alevel o 0.25 ug/ml was found in Ca2+ limited.

“culture supernatants Tlus amounted to. 13% o that assoclated wrth the cells The L
absorpnon Spectrum of the chromogen mdrcated it was denved from KDO and analysm by ‘
SDS-PAGE, followed by penodlc actd-Schxff (PAS) stmmng ShOWed PASoposruve bands o
‘exhtbmng size hetemgenexty in the saqe regton of the gel as LPS from SDS SOlublhzed o

._‘-9‘ i

outer membrane samples

- Despito theincreased release of LPS due to Ca2+ limitaion, PAS staining revealed litdle ,f!f |
alteratton m the LPS proﬁle of the outer membrane (th 5 Sb) The LPS of A vinelandu S

L
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hcterogenerty 31m11ar 0 that recently reported for Aeromonas salmoruczda (Evenberg et al
' 1985) Secondly, the yleld of outer membrane (eXpressed as protem recovered) from
| equtvalent volume of culture was unaffected by the presence or absence: of Ca2* in the |
‘growth medrum and outer membranes 1solated from both +Ca and OCa cells banded at the -
© same posmon on sucrose gradrents mdtcattng both had a densrty of 1:27 g/cm and that -
~ the protein:LPS ratto of the two types of outer’ membranes were not srgmﬁcantly
different. Ftnally, the ormsston of Ca?* from the cultire medtum dld not appear to have any )
- gross effect on ‘the’ growth of A vmelandu UWl both cultures synthesrzed the same level :
of total protein (~200 pg/ml) over the 18- 20 h growth penod Cultures grown in ‘the -
. presence of Ca2* became sltghtly 1ron—lmuted as ewdenced by low. productton of the
srderophore azotobactm (Page and Huyer 1984) whereas Ca2+ lmuted célls did not. ’l‘hts :
‘was probably due to the formauon of. Ca/Fe phosphate co-precnpttates whrch rendered iron ‘; )
' more msoluble in culture media contatnmg Ca2+ Although the’ expenments descnbed‘ |
~ above showed that Caz*-hmttatlon produced somewhat 'leaky cells, the gross behaviour - ’
~of calcxum-lmuted cultures suggested that growth and outer membrane mtegrtty were not -
, senously comprormsed ‘ O o
, In order to° conﬂrm that Ca2+ ltmttauon had not produced ‘an outer membrane_‘
- mcompauble with orgamzauon of the 8- layer subumts into a tetragonal array, S- protem
. subunits isolated from outer membranes of +Ca cells were mcubated in the presende of
‘.‘ Mg2+ alone, usmg dtsulled water washed OCa cells as a template for reassembly h
~ Subsequent exammatton by freeze etch electron nucroscopy showed that S- protem'
‘subunits could orgamze mto a tetragonal array.on thts surface w1thout the requtrement for
] addmonal Ca2* 'I'hts conﬁrmed that the surface was competent to support orgamzatlon of -
\the S -layer and that) the mhtbttory effect of Ca +-ltmrtatton on S layer assembly was. :
’, unhkely to re51de in the outer membrane EEI o .
. f
| 'S-’layers reaSSemblefd jih": 'vitm 'and, .théi‘r' stability.\ o
| The abthty of Ca2+ (or Srz") and not Mg2+ ‘to support reassembly of the S layer |
"when S-protem was locahzed on the cell Surface in wvo, seemed to conﬂtct w:th prevrous“' '
: ;,results lwhtch showed that Mg2+ could promote reassembly of extemally added S-protem"‘i' 3
"Onto the surface of drstllled water washed cells In order ;tp determtne whetheri j
. =Mg2-’.’-med1ated in v:tro reassembly of the S- layer had returned itto 1ts nattve state; the=
?:“" fstablhty of S layers reassembled w1th Mg2+ was tested by mcubanng whole cells at 42°C.‘.‘ '

P
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‘ 1986 Chapter 3) showed that monovalent cat10ns dld not support s- layer reassembly at

concentratlons near. 5 mM whrle the natxve array assembled in vxvo was stable to

: Imcubatton in BBPO at 42°C (Bmgle et al,, 1984; C’hapter 2) When cells carrymg

‘ Mgz*-reassembled S- layers were ‘treated as described above and exammed by freeze etch
‘ electron mlcroscopy for evidence of the tetragpnal array, it was absent Concentxauon of

supernatant fluids from the heat treated cells and analysis by SDS- PAGE 1nd1cated that this -
 treatment caused release of S- protem from the cell surface. Protem assay conﬁrmed that
after heat treatment in potassrum phosphate buffer all S protem that- had ongmallyL :

reassembled onto the surface of the distilled water washed cells could be recovered in the

supematant fluids. Thus Mgz"-medrated reassembly had not retumed the S layer.to its’ "

- native state. Surprtsmgly, when parallel experiments were carned out with’ Ca?*

| -reassembled S*layers, the same result ‘was observed Regardless of the cation species

used the array was not retumed to its natrve state when S- protem was reassembled ‘onto

" the surface of dlsulled water washed cells In. contrast to the results wrth reassembled ‘
. S-layers, control expenments conﬁrmed that the nauve array assembled in vivo was stable -
to tlus treatment. Two possrbrliues were suggested by these expenments (1) dxvalent‘

i cauon mediated . in vitro reassembly of the A: vmelandu S layer was ‘a completely

' artifactual p)tocess or (2) some other stabthzrng mteractrons in. addmon to salt bndgmg, .
were present in the native array assembled in vlva whrch could not be duplxcated when the I‘ {

array was assembled ina vectonally opposrte manner to that naturally employed by the
cell .The fif'st poss1brhty was, unhkely because. the ormssron of Ca?* from the medrumv »

' clearly caused dxsorgamzauon of the S- -layer. Thus, it appeared that unlike S-protem added

externally to naked cells S-protem exported to the cell surface tn v:vo became assocrated ‘ ;
.wrth the outer membrane ina manner such that only Cazk‘pould promote orgamzatton of

..0 A

~

the’ ProtemmtoatetragOnalarray e

Lo
V

. In order to determme 1f 8 close assoclatron exrsted between S-protem and an outer’
"fmembrane pv' ‘ tem, brfuncnonal cross—lmkmg reagents were used All the expected\

* cross-linked

l ' . ' L4 ta K . N ‘,.»".,. . “.‘
' e v ' ' . ! '

A

i

ST uld be exammed on’ 7—10% polyacrylamrde gels Cross-hnkmg of '
cell wall proteins was first attempted with dithiobis(succinimidyl) propionate (DSP) by the * -
method-of Retthmetcr and Bragg (1977) with cell walls suspended in OFeBB However, )
‘only a muumal reductron (1f any) m the S-pmtexn band runmng m the 55 60K regron of-'f' .f',‘_"'-“



~ outer membrane protems were cross- ltnked into. htgh molecular wetght complexe\s which
dxd not even enter the. stacking gel; this agreed with the lxterature (Angus et al 1983;
Retthmeter and Bragg, 1977) The use of extended (and unreahsttc) reactton umes (8 h)
and 1 mg/ml DSP incubated thh 500 ug of cell wall protetn dld not 1mpnove the reacuvtty
of S-protein, ‘ o SO : o
In order to mamtam thc solubtltty of DSP in excess of l mg/ml in aqueous buffers '
mcreasmg amounts of polar organic solvents are requued (Lotmant and Falrbanks l976)
whrch may perturb the membrane thus the useful concentrauon range of the reagent is
limited. Although imidoesters are tnfenor €ross- lmktng reagents because of thetr '
k notoriously short half-lives and side. reacuons they are readily soluble (Browne and Kent |
- 1975). Expenments w1th DSP seemed to 1ndtcate that reagent concentration was limiting,
not reaction ‘time. Treatment of 1solated cell walls (outer membrane and assocrated
pepudoglycan) with i mcreastng concentrauons of DMS produced an obvrous modtﬁcanon
of S-protein (th 5- 8) -Even at the lowest concentrauons of DMS used a smiearing of the
S- protem band in the 55- 6OK reglon ‘of the gel was produced. It was clear that although
DMS eoncentrations of 1- 2 mg/ml produced little effect on S-protetn beyond an increase in
the apparent molecular WCIght most integral outer membrane protelns were cross -linked
into high molecular werght complexes which dld not enter the stackmg gel.. The major
35K and 44—45K outer membrane proteins of A. vmelandu (Page and von Ttgerstrom
1982) were almost ehmmated fro thegels at these DMS concemrattons " AR
These data mdtcated that mC/gnﬂ outer membrane protems were cross—ltnked out from
" under the S- layer At concen ations of cross- lmker in excess of 5 mg/ml 2 major ‘
cross-lmked specres was" produced with an’. apparent molecular wetght of 160K -
conconutant w1th a loss of S- protetn from the 55 60K reglon of the gel. In an effort to.
- confirm hat thls cross hnked species was formed from S- proteln only. ‘a cleavable ‘
analogue/of DMS DTP was subsntuted in the reacuon mixtures. However the: hlgh !
molecular wetght cross-lmked specres could not be generated usmg this reagent Evrdence
\of extensrve srde-reacuons w1th tlns reagent, mcludmg the formation of polymertc sulfur -
‘ompounds was noted, prevenung an unambrguous 1dent1ﬁcanon of the. components of the .
160K band However, cross-hnkmg of cell~wallsg@rewously extracted w1th dtsulled water
to remove S-protetn showed nerther the smeared S-protem monomer nor t hlgh
molecular werght spemes (Flg 5 8 lane 8) mdtcatmg the latter spectes contamed Sr&ntem
as the only component If the: 160K product was. a result of cross-hnkmg S-protem to an
mtegral outer membrane protem, the complex would not be expectedto emer the gel
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/Fig. 5-8. Cross-linking of cell wall proteins with dimethyl.suberimate (DMS) analyzed by
SDS-PAGE. Concentrations of DMS in milligrams per millilitre : O ( lane 1);1 (lane 2); 2, (lane, 3);
S, (lanie 4); 10, (lane S); 25 (lanc 6) 50, (lane 7) Lanc 8, cmss-lmkcd d:snllcd water washed cell
walls. with 50 mg/ml DMS.
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Fig. 5-9. Cross- lmklng of isolated S -protein mulumcr with. dxmcthyl subcnmatcv (DMS)
Concentration of DMS in rmlhgmms per nulhlnrc 0 (lane 1); 0.1, (lanc 2) 0 2, (lane 3) ; 0.5,
(lane 4) 1, (lane 5); 2, (lane 6); 5, (lane 7).



A molecular weight of 160K seemed to indicate that the major product formed was a‘frimer
of S-protein; the cross-linked product expected in the highcét abundance was a dimer of
S-protein. However, because of the, extensive modification of S: tprotein at the
concentrations of DMS necessary to observe cross-linking, rw:lnmenc species were not
expected to migrate at precisely integral mulnplcs of the monomcnc molecular weight.

" Therefore, it was unlikely that the 160K band was a trimer. 'I‘hc Cross- lmkmg pattern
generated using cell walls could be approximated using S- protcm multimer alone (Fig.
5-9). Cross-linking of free S- -protein multimer: wnh between 100-500 pg/ml DMS also
pmduccd a modification of S- pmtcm seen in the smcarmg effect in the 55-60K region of
the gel as well as a single major cross-linked product (Fig. 5-9; lanes 3-5). ngmﬁcantly, '
the molccular wcnght of the cross-linked product species was csumatcd at 125K, closer to
that cxpected for a dlmcr of S- protem This was probably due to a smaller degree of f
monofunctional modification as compared to S- protcm treated at excessive DMS
concentrations (Fig. 5-8). Thc smearing andproduct formation could be produced at lower
DMS concentrations wnh free multimer than with S- -protein associated with cell walls
which suggested a différence in acCcssxblhty of lysme‘resxdues to the cross-linking rea gcnt.
Because the S-layer was exposed to excessive éonccntratjons of Na%t at high levels of
DMS, which may have perturbed its structure, a CaZ2*/triethanolamine buffer system was
substituted g the reaction mixtures, but this did nor signiﬁcantly alter the results
described. i ' : . ‘

The association of thc S- layer with underlymg componcnts was also probed by cell
surface radioiodination usmg Iodo-Gen (50 pg) and an 125’1 conccntranon of 0.5 p.Cl/p.l
At these reagent concentrations S- protem is essentially mv1s1ble (Bmgle et al., 1984;
Chapter 2) while th&underlymg outer\mcmbrane proteins are labelled. When dlsnl\lT
water washed cells were also treated under the same conditions there was no alteration in
the labelled polypeptide pattern 1ndlcat1ng no new protems had become exposcd upon
rcmoval of thc S-layer. S , § o
. ) “ . a ‘ l : o
. State of Sépr(ji'ein on the surface of OCa cells - o

An obvious explanauon for the 1nab1hty of S-protein to organize into a tetragonal amray .
in the absence of Ca2+ was that Ca? was required. for formation of the morphologlcal
subunit of the array However, when S-protein was extracted from OCa outer mcmbrancs '
_.an analyzed by raté. zonal centrifugation, the sedlmentauon proﬁle was 1dennca1 to
a S-pmtcm 1solated from +Ca outcr mcmbranw Thls 1nd1cated that S-pmtexn was present on



the surface of OCa cells in a\tetrameric form. To determine whether there were any gross

confonnauonal differences etween surface localized S- protem from +Ca and OCa cells

the surface of both cell typ was radtonodlnated usmg 125 and Todo-Gen."S- protcm

_ possesses a class of tyrosine residues which are very difficult fo label with 1] (Bingle et

\

—

al., 1984; Chapter 2). It was reasoned that if lack of Ca2+ caused any defect in the normal

folding of the protem these residues rmght become: more accessible to labellmg However,
the cell surface radxoxodlnauon patterns of +Ca and OCa cells were identical (th 5- lO)

l

The state of S-protem on the surface of OCa cells was also probed with the proteases ,

uypsm thermolysm and.S. aureus 8 protease. These proteases were chosen because of

their differing specxﬁcmes Generall uypsm cleaves after basic amino acids, thennolysm '
* after hydrophobic residues and S.‘aureus V8 protease (in phosphate buger) after aspartic
- and glutamic acid (Walker and Hayes, \983) 1t was thought that such classes. of' resulues

»mtght be clustered in different regions of the molecule and the use of three dtfferent
relatively specific probes might reveal a qtfference in the exposune of some smetches of the
amino acid chain. However, no dlfferences in the accessibility of S- protein‘on the surface

' of Ca2*—sufﬁc1ent or Ca?*-limited cells could be demonstrated using the proteases trypsm

(Fig. 5- 11a), S. aureus V8 protease (Fig. 5-11b) and thennolysm (an 5-11¢). Only
trypsin, anw) a lesser extent S. aureus V8 protease (at a concentration of 1 mg/ml)
cleaved S-protein while surface locahzed no protease at a concentrauon of less than 1

mg/ml produced any effect on S- -protein. Although cleaved by trypsin, the fragments of °

- S-protein apparently remained associated with the cell surface unnl extracted by Sarkosyl

This phenomenon has been observed for the S-protcin of Demococcus radiodurans

(Rachel et al., 1983) as well. In contrast to surface bound S- protem all three enzymes '

caused extensive degradation of soluble S-protein, a dichotomy noted for other surface
array protems (Sleytr and Messner, 1983). ‘ o

Metal content of cell vyall‘ fractions

p

Isolated mulumenc S protetn and the distilled water exuacted cell wall were analyzed
for their Ca?* and Mg?* contents by atormc absorpuon spectroscopy (T able 5-2). Although
it was expected that S-proteln would have been enrtched for Caz* this was not found.

- The ratio of Mgz* to Ca?* was the sarpe as the ratio of these ions in the growth medium.

The. distilled water extracted cell wall also possessed these jons in a similar ratio. A similar
analysis of 0Ca cell wall fracuons ‘showed a depleuon of Ca?*and an ennchment of Mgz*

' OCa cell wall fractions contained 25-30% ‘of the Ca2+ present m +Ca cell wall fractlons |
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Fi%. 5-10. SDS-PAGE of radioiodinated, whole cells of A. vinelandii UW1 grown under
- €a**-sufficient (lane 1) or Ca?*-limited (Ighe 2) conditions. L C
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u Tabl'e“S-Z. Calcium éﬁd magh‘csiuih coﬁtcn; of fcc‘-,l‘l Wall fractions from
- [A.vinelandii UW1. . SR

o . .o Calcium ~ Ma ium”
- Cell wall fraction. - = .. " (%odry.wt) (%o drywt)

‘Sproiein .~ +Ca . 0276.. . 0224
TEITL oG 0086 . 0433 v

CCellwalll ¥ 4Ca " 0398 ..o 0320
s oo 0Ca s 0095 - 0635,

e o

. chsxdualccll wall followmgrcmoval of S'-layér'b‘y distilled water extraction

i



" the ceIl wall and 4% of the total.Mg2+ Whether this represents the true, dlsmbuthn of these )
1ons between the surface layer subumts and the outeramembt‘ane is unknown Iti is obvrons
that in: order to reassemble the subumts on 1o the cell wall'in vitro addmonal dtvalent
cauons are reqmred (Bingle et al 1986 Chapter 3) which presumably replace those -
extracted by the dlsttlled water, Unhke the S- layer subumts and the outer membrane, the
dtsttlled water extract from whtch the subunits were poncentrated was not analyzed by '
atomtc absorptlon spectroscopy for Ca?* and Mg2+ When La3+ was added to the
concentrated extract a, precrpttate resulted whtch made analysrs 1mposs1ble Whtle the ..
dlStlllCd water extract undoubtedly contatned additional Ca2+ and Mgz* and its analysts
‘would have been preferable for completeness it is unltkely this analysxs would have béen
really useﬁ?l It would have been 1mpossrble to specnﬁcally assxgn any Ca or Mg

4

present to erther of the two cell wall fracuons

e RS . . 2
- RO g e e e

_C‘a”tionic‘ substitultion ERRE
In a final effort to conﬁrm a spectﬁc role for Ca2+ in the A. vmelandu S- layer whole,
cells were washed ﬁve umes w1th 200 mM MgC12/10 'mM Tns/HCl pH 8.4. Thts .

treatment has been shown_to dtsplace 'LPS. from the otiter membrane of Pseudomonas -
: aerugmosa (Cheng et\m>1970) due to saturatlon of amomc sites w1th Mg Fe thereby “
causmg dtsruptlon of the cross—lmkmg between LPS molecules Slrmlarly, S layers
dependent on. specrﬂc dtvalent cations can also be dlsrupted thh compettng cattonsxt
(Beverldge and Murray, 1976b) However this treatment did not cause dxsrupuon of the"- :

‘ array nor did washmg thh 200 mM CaCl2 Interestmgly these treatments were found to

be most effectlve in removmg overlytng maskmg matenal from the cells thereby provrdmg )
excellent views' of the S- layer by freeze- etch electron. mrcroscopy (Frg 5 12) Doran :
(1983) reported that washmg 1ron-11rmted A. vmelandu with 200 mM Mgz“ caused a

"hneanzatton" of the tetragonal an'ay thls result could not be repeated A g N '

i S L o ‘. Wt e
ke o o rk.'\‘ “‘ B . e S
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possess a Caz“ requlrement for opttmal growth In 1957 Nomshnd Ie Senreported-a
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‘of magnitude to 50 uM (Bames etal., -1977, citing unpublished data) Howcver the
 media employed in thts study certamly did not contam 50 HM Ca2+ and, the cultures _grew

L well. At present: there is no explanauon for the apparent dtiferences in Ca2+ requuements |

, between these strams In conjuncuon Wlth this fact S- protetn and the cell ‘wall proper still

contamed a srgmficant level of Ca2+ even after many generatxons of growth m OCa

‘ medlum Consxdermg the neg'hgtble levels: of Ca in the growth’ medxum a much more
| severe depletton of’ Caz* was expected This suggested that perhaps more Ca Was .
‘ present m the growth medlum than was mdtcated by atomxc absorpuon spectroscopy
: However the above unexpected observauons may be explained if the S- -layer Serves as an
cation smk (Bevendge 1979) moderatmg the depletton of Ca2+ durmg growth m

- Ca?*-limited medtum and maslnng any functional Ca2* ennchment over Mg when grown ‘
in. the presence of both cauons Thls hypothes1s seems hkely in hght of the ﬂndmgs that " ‘

| the S- layer has been shown to bmd substanual amounts of femc 1ron (Page and l-luyer

. 1984) and may serve. as an reseerr of tron for A: vmelandu Koval and Murray (1985) !
) noted that when grown ina Ca2+ deﬂcnent medtum, A. serpens VHA could scavenge the .
_ trace amounts of Ca?* present in the medtum and assemble: some patches of i xts s- layer into.. j
a regular array. A. vmelandu OCa medlum probably contatns on the order of- at least 1-2
ttm Ca2+ Assummg the moculum to be Ca?t free (which it would not be); if the cell wall
was able to scavenge this trace C it cou,d account for 15- 30% of the Caz* detected in
“ ‘the cell wall of Caz* lmuted cells Thus, even levels of Ca2+ whxch would be generously N
‘ ‘descrtbed as trace’ amounts in companson to that normally found tn +Ca medlum, could .
sxgmﬁcantly mflate the expertmentally detenmned values in the case of the OCa cell wall:‘ -
. fracuons The reS1dual sensmvxty of OCa cells to EGTA also argues for- the presence of .
Ca2* in the cell wall although EGTA does possess an afﬁmty for Mg2+ Wthh is 3-4 -
: .orders of magmtude lower than its afﬂmty for Ca2+ (Boggls et al l979) Thts leaves open -
| the questlon as to whether the formatton of. the tetramenc umt and the subsequentg“ ‘
. '.crystalllzatlon of these umts into the surface layer both requtre Ca2+ Although it was "
shown prev:ously (Bmgle et al 1987 Chapter 4) that Ca2+ or Mg2+ could apparently i
" ) Stabthze the tetxamer, the btologtcal stgmﬁcance of thxs stabthzatlon can, and wtll be
;questloned latertntlusthesm R LT .'
e Although the S- Iayer of A vmeIandtt requtres Ca2+ for assembly, the rauo of Caz* "
e andMg2Jr bound to the pmteln 1s the same as the ratlo of these 1ons nt the growth medlum. -
o "I'hxs isa qmte different result than that obtatned by Bevendge (1979) for the S-laycr of e
Sporosarcina ureae The array of tlus orgamsm, in eontrast to A wnelandu, apparently

Nl
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_ 'array preparatrons werc washed i in 1 mM MgCl2 before analysrs
: Incubatron of 1solated S-proteln wrth a cell. wall template and erther Ca2+ or Mg2+ s
supports its reasse__bbunto a regular array However, 1t appears that such an approach is
at least parually arufactual because reassembly promoted by either cation does not.return
~ the S layer to its nattve state Buckmrre and Murray ( 1976) reported srmrlar findings for :
‘the Mg2+ reassembled S-layer of A. serpens VHA ‘but Ca?*-mediated" reassembly
N retumed thrs surface layer to its ortgrnal state and appears to COrr‘espond to an.absolute
. requlrement for Ca2* for S- layer assembly in thrs orgamsm (Koval ‘and Murray, 1985)
.‘ere A. vmelandu,' ‘ serpens VHA .exports S- protetn to the cell surface in,
‘ Caz*-deﬁcrent medrum 'ch subsequently reassembles when the culture is presented with
' Ca2+ However for.A. ser, ens,’ the exported surface protem seems much more loosely -
' betng suscepttble to loss into the culture flurds and by buffer '

bound 10 the cell surfa
\washmg.“-‘- ‘l Lo
-~ While the mabrhty of Mg§+ medrated in vttro reassembly to return the A vmelandu
S layer to its natwe state. may not be surpnsmg, the 1nabrlrty of Ca*2 torlo SO 1s 'I'hls is
"beca@se when the reassembly is performed wrth S- protern surface localrzed m vzvo Ca2+
- will orgamze the protern into a regular array. This suggests that S- protem exported in vzvo a
»achrcves an assocrauon with the outer membrane which cannot be duphcated through the in’
' vttro reassembly process The nature of the outer membrane assocratron remams obscure .
at this pornt although assocratron wrth an outer membrane protern appears unhkely because
: lcross-hnkmg and radrorodmatron expenments d1d not reveal any major close assoctatron
__,between S-protem and another outer membrane protern In fact, the outer. membrane
‘.‘ appears to be cross-hnked out from under the S-layer The major cross-hnlong appears to
take place between mdrvrdual S-protem molecules The lack of cross—lmkrng does not
appear to be due to. a lack of accessrble lysme resrdues since severe monofunctronal R

B modtﬁcauon of S-pmtern was evrdent, although 1t is possrble reacuve resrdues were not . .

suitablydtsposed for croSs—hnk formauon The S-protem of A serpens VHA also exhrbrtsff
httle tendency to cross-hnk to other protems usmg the reagents employed in thrs study o
-"(I(ovalandMurray, 1981) e e T
L S-protem exported 10 the cell surface m vtvo clearly selects Caz* oyer Mgz”/fn the__
in vtvo assembly process Thrs apparently occtus at the level of orgamzmg preformed : ‘_
_morphologtcal subumts rnto the regular array because drstrlled water extracuon of cell walls



cmpndblzcu uak rcuaaculuty vull tll VivU  udlg ULa \.cua QLU $76 VIV - USLILE 1UVIaicU
S-protein and dxstllled water washed cells, has only been demonstrated with preformed h
. tetramers of S- protem 'in A, vmelandu ‘The actual mechamsm of regular array formation | ,
. from unorgamzed .S-protein is a- ‘matter of speculatron Koval and Murray (1984) ‘
) speculated that for A. serpens VHA Ca2+ was requtred to mduce a conformattonall :
change. in the S- -protein to allow assembly (crystalhzatron) of the array ‘However the
| probes of the gross conformatlon of surface 1ocaltzed S protetn of A. vmelandu in thts‘ :
study ‘did not reveal any dtfferences between Ca?t- llrmted and Ca2+-sufﬁctent cells A
“ reversrble transition between orgamzed and unorgamzed surface bound S- protem has been‘ !
: found for the S layer protems of A. serpens VHA (Koval and Murray, 1983) Bacillus
K sphaertcus 9602 (Hastxe and’ Brmton '1979), and Clostridium thermosaccharolyncum
) (Sleytr and Glauert 1976) In- these cases the regular pattem ‘was destroyed by‘
\ acrdlﬂcatron and could be restored by rarsmg the pH. However it 1sakkely that in contrast ' |
to Ca?*- lmuted growth of A. vinelandii, the reductton in pH causes consxderable alteratton
o the foldtng of the protem (Baumeister ef al,, 1982) , E ‘
Thls study has confirmed that the S- layer of A. vmelandu ‘now Joms those of the \
- aquaspmlla in absolutely requmng Ca?* for S- layer crystalhzanon It also pomts to the. .
" necessity of testmg whether canon medrated in'vitro. reassembly expenments usmg
isolated S- protems are really giving any blologtcally meanmgful mformatton on thelr own.
The S-layer of Acmetobacter 199A. has been reported to possess cunous ionic requtrements -
B “ for reassembly (Thome et aI 1975) whtch has lead to some confuston m the literature.
K Bevendge (1981) stated that Mgz" was requrred for reassembly whlle Koval and‘Murray“
- (1984) reported Cl- was requlred The lattei authors more cornectly state the case. Either |
",N +, Mg2+ or Ca”' w1ll support in vitro reassembly of this.S- layer as.long as the
) ‘compamon amon lS Cr. Interestmgly, the Cr. requlrement 1s negated lf a cell wall template
is prov1ded and monovalent catlons are no longer competent o support reassembly 'l‘hese
facts seem rather surpnsmg, and suggest as wtth A vmelandu, that the. m vuro 3
: reassembly process is not provrdmg correct mformanon on the.in vtvo assembly process
" 'The stabthty of rea'ssembled surface arrays of Acmetobacter 199A need to be exarmned to
| A-pm down the real 1oﬁ1c reqmrement If the results w1th A vznelandu and A serpens
VHA are any 1nd1cat10n the Acmetobacter S layer may also possess a specrﬁc Ca
requuement ‘ ' SR . '
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- - ¥ 6. General Discussion

"I]lc tetragonal surface layer of Azotobacter vinelandii possesses certain similarities to
both of the other well characterized tetragonal S{laycrs from the gram-negative bacteria
Acinelobactef 199A and Aeromonas sa{monicida. Tnis 'fnay indica;e some common
principles of construction like those nbscrved for the tetragonal S-layers of the

gram-positive spor'c-fonning bacteria (Burley and'Murfay, 1983). The molecular weight of

the single proteins constituting each ln)"cr are similar, 62,000 for Acinetobacter 199A,
50,000 for A. salmonicida and 60,000 for A. vinelandii, The fine structuye of the A.

‘ sa‘lmonicida S-layer determined by Stewart et al. (1986) is rernarkably similar to that

determined for A. vinelandii, and the divalent cation-mediated interactions of the protein

constitutiné inc Acinetobacter 199A layer are comparable"to those of the A. vinelandii -

- S-protein. ‘ . "

Although thc fine structure of the A. salmomc:da S- laycr is similar to that of A.
vinelandii, Stewart et al. (1986) reported that the S- laycr of A. salmonicida could exist in.
two configurations (T ype I and Typc II) A. vmelandu posscsses a counterpart of the

- Typell laycr If the Type I layer existed for A. vmelandu it (sec Fxg 4-1C) would show
" the dominant tetrad units alternating with the linking units, except the latter structure

would not be rotated and the delicate linkers cxtendmg from the tetrads to the linking unit
proper ‘would be absent In other words, the laycr would appcar to be composed of two
different altcmanng subunits’ smcc there would, apparently be no conncctmty between
them. Stewart et al. (1986) postulatcd that the two configurations of the laycr were
mterconvcrtablc, in this way the cell could control its permeability because there would bc

| largcr holes betwecn the subumts of the Typc I layer (the one lackmg the connections

betwecn the two types of subumts) How this tonformational change could be achieved

- was not dxscussed. but an analogy was drawn between these findings and the regularly
) an'anged protcins of the cukaryonc gap junction which exist in a hexagonal lamcc like
vccrtam bacterial S-layexs me and Ennis (1984) showed that the hexameric units of the
- 83p Juncuon protein array could undcrgo a vcry slight conformational change, which
. caused the holes bctwecn the subunits to mcrease or decroasc in size, thus mediating a

; | .,pcrmeabihty change Intcresnngly. this conformzmonal change was mggcred by Caz*
* Whether the i mwtptetanon of the two types of S- -layer pattern secn on A. salmomcxda cclls
: by Stewart et al. (1986) tums out to be oomct, is due toa preparanon amfact, or any .
' .number of other reasons, will have to awalt furthcr expcnmcntauon Howcver. if thcxr -

‘ ‘analogy 0 the gap Juncuon pmtem array is a valid one, 1t may hclp to cxplam the Caz*

~ ¢

o
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induced crystallrzauon of the A. vinelandii S- -layer. Although cells grown in the absence ‘

“of Ca?* possessed no visible S- layer the surface localized S- -protein tetramers present on
Ca2+ limited cells did not possess any gross conformational differences compared to those

- found on Ca“-sufﬁcrent cells. Nevertheless, Ca2+ caused crystallization of the subunits
into a tetragonal array similar to-the CaZ?* tnduced crystalltzauori of the gap junctron protein
array into its alternative configuration. : ‘ «,

“Ca?* would be a good candidate as a tngger for S- layer crystalltzauon Ici is usually

" stated that bacteria actively maintain the mtraoellular concentration of Ca?* below that of the
environment for reasons such as prevcnuon of intracellular phosphatc precrpttauon A,
vinelandii possesses a calcrum/proton antrponer which presumably serves thts functton
(Zimniak and Barnes, 1980). Interestmgly.A vinelandii also possesses a Ca2* uniporter
to catalyze Ca2+ entry mto the cell, presumably for some as of yet unidentified Ca?*

regula;ed mtracellular process One would expect that S- laycr crystallrzauon should be

‘ preventcd until the- subumts have made their way to the outside of the cell. This does not

~ happen with S- layers from gram- posmve organisms which can be found on the msrde as

well as the outside of the pepudoglycan layer (see Sleytr and Glauert, 1976) "One would
therefore expect that the cell has little control.of the construction of the S- layer outside the ’ '
cytoplasmrc membrane and even less control outside the outer membrane and would _

' require an environmental trigger for array assembly, This trigger could be an elevated Caz* ‘

' conCentration There are two other explanations which come to mihd Which would require
more effort on the cell's part: (1) - cleavage of the N-terminal signal sequence from the .
precursor S- protem during(?) export renders the tnature form capable of crystallization or

“(2) the pmtern is enzymatically modified outside the cell so it can crystallrze There may be

‘a precedent for this latter suggesuon in A. vmelandu This orgamsm se,cretes a capsule of
‘ mannuromc acid’ which 1s eprmenzed into guluronic acid extracellularly, by a Ca2’ '
N requrrmg extracellular enzyme ‘(Haug and LarSen 1971) ‘While the above explanauons are
- possible, they are not likely because there is obvrously an addmonal requrrement fqr

h crystalhzatrpn in Ca2+ limited cells. ' N a |

' TheA. vinelandii S-protetn as well as other S- protems possess a deﬁned secondary

- ‘structure in solution whrch mcludes a s1gmﬁcant level of B~sheet structure The ,funcaonal =

significance of this structure is obscure at this point, but it is mteresung that other bacteﬁal -
- outer membrane protems (porins) also _possess’ B-rich’ secondary structures and no..

'detectable a—hehx by circular drchrolsm Porins were. once classed as surface layers .

| ,(Sleytr, 1978) due to therr ability to form regular hexagonal latuces in vm'o first descnbed
. by Rosenbusch (1974) A controversy ensued as to whether such regular arrays were also

¥
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. formed in vivo (see Lugtenberg and van Alphen 1983) but it appears that this idea has
lost favour The smulanty between porins and regular surface ‘afray protems in these
respects 1s mterestmg S- layer proteins are thought to serve some permeablhty function -~ -
and are thought in evoluuonary terms to be the most px;nmuve membranes Perhaps these
. protems formed the basis for the porms of gram- negauve bacteria. The spmochete cell wall
| may bea good example of how the dtstmcuon between porms and S- layers 1s blurred As
. menttoned prevrously, sptrochetes are thought to possess an ’S- layer but it appears to be
‘ located within the outer sheath. Unhke the srtu@on with porins, there is no question that ,

 the regular structure is- present in vivo (Masuda and Kawata, 1982) and the regular array ..

can even be dxssoclated and reassembled in v:tro with Mg2+ Another extensrvely studted .
protein which is strmlar to the A: vinelandii S ~-protein in its ammo acid composmon and '
B-rich secondary structure is that which’ forms a nonregularly structured layer on the -
surface of the spore of Myxococcus xanthus The following companson between the -
behaviour of the M. xanthus spore coat protem, bacterial porin protems and the A.
vinelandii S-protem is useful. ‘ ' L
- Monomeric S-protein from A. vmelandu does not reassemble onto gxe_surface of
- dtsulled water washed cells yet the tetramerrc form i is competent to do so. However no
major alteration in the secondary structure between the two quatemary forms of S- protem
is.detected by crrcular dichrmsm The-lack of a detectable conformational dlfference
between monomenc and oligomeric ponn from Salmonella ryphtmurzum was also’
~demonstrated by Tokunaga eral. (1979) s0 ohgomenzauon does not necessarily involvea
‘conformanonal change. Ltke the A. vmelandu 'S-protem whrch is only active in
o reassembly in the ohgomenc state, the porin | from S. typhtmunum is only active in the
| , tnmertc, not the monomertc state. Srmxla‘rly the surface protem of M. xanthus does not .
a undergo any conformanonal change i in response to Caz*’ although this catlon 1s reqmred for
- its bmdmg and reassembly onto to the,spore surface (Inouye etal, 1979 l981? Wrstow ‘
etal.( 1985) do not consider it unreasonable that this’ protem may be cross-ltnked via Ca?t

- to receptors on the spore surface, or to other protem mqlecules of: the surface layer,

o Ythrough surface Ca2+ sites wluch do not affect the conformanon of the molecule A similar
| s s1tuanon could exist with the A. vmelandu S-pmte*m " SO . :

,' The tetramenc gorm of S-protem wluch apparently consututes the morphologlcal' o
subunit of the array can be stabxhzed w1th drvalent cations yet the monomer cannot be
mduced to reform the tetramer under the same condmons The results obtamed with cells' D
- grown under Ca2+ limitation seers to suggest ‘that thie association of the tetramer withan
g ‘.Iouter membrane component, achleved in vtvo, provrdes strongmtachment of the subumts‘ B
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' exists for an assogiation ‘
* (Belland st, 1985 and synthesis"
Acmetobacter 199A (Thome etal., . 1976). Labtschmslo etal. (l985) m a recent study of

- us2,
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to the outer membrane and creates a selectmty for Ca?* ¢ over Mg“2 dunng the assembly of

the regular array. The component is'a {rently n(o~t an outer membrane protetn and it is
¢ that this componeqt might be hﬁ)polysacchande (LPS). Evrdence
' A.'s ruada S- layer and the O-srde chams of LPS

LPS is apparently linked to S- layer assembly in

the conformation of LPS indicated that the O-srde chams were not present in an extended -
conformanon but were' coiled. If' reassembly is performed in vxtro wrth preformed

-subunits, the LPS molecules may prevent correct access of the subumts to thetr normal-

provides an interesting ptece of data that may support thts idea. smg the encapsulated A.
vinelandii strain 12837 he found that much carbohydrate was released frOm whole cells

\ when the surface protem was removed by dtsnlled water washmg ‘Analysis of the
- carbohydrate component showed the sugars were not denved from capsule but from the"'"“;
‘ O-srde chains of the LPS, yet surprtstngly no lipid A was fi und in the preparauon In the

‘ present study, no srgmﬁcant level of LPS could be foun in S- protem preparattons from

g tetramer formation and stabthty,
Although the: motion is quite unsé tlmg, it must be consrdered that dlvalent cattons may.
‘ d this stabthzatton has no btologtcal srgmﬁcance A
‘ 'crmcal expenm t testmg whether the dlvalent-canon stabtltzed tetramers were still

- brologlcally activ m in vitro e sembly could not be performed ‘This was due to the fact =
that whlle the cations stabtllzed the tetramer they also caused aggregatton of S'protem .

‘ makmg i 1mpo s1ble to use m reassembly studres In order to prevent aggregatton, the“‘ .
' S-pro ern-canon m1xtures had to be dﬂuted tQ less than 40 ug/ml protem, which was too'.‘ -
\,dtlut '‘a solutlon to use in reaSSembly assays Secondly,‘when an. attempt was made to‘i ‘

' H«amtﬁally stabilize the ‘tetramer

the nonencapsulated stram A vmeldndu UWl but th observattons ‘of Schenk (1978)
deserve further mvesngatlon as does the. ass 1atton of the S- layer wrth LPS The
assocranon of the S-protein subumts

If assocratton with an outer
w do dxvalent canons act by stabtltztng the tetramer?

_ vith a diffpsable o{xter membrane component such as ‘
LPS could ard m the crystalhzatton of the S-1 yer (Uzgms and Kornberg, 1983)
L embrane component perhaps LPS is necessary for

- position whrch would not be‘a problem if assembly of the S- layer was performed fromthe ‘
" inside-out, i.c., as it occurs in vivo. If the assembly of the tétramer, /in con_lunctton wtth .

© the O-side chains of LPS i i8 vectonal perhaps once the tetrame f has dtssoctated

~assembly. pathway can not be repeated in vitro from the opposrte uon Schenk (1978)

concentrate the dtlute S-protem-cauon mtxtures by ulu'aﬁltranon, the protem aggregated\.' Eh

: and formed a membrane-ltke film on: the ultraﬁltrauon membrane, almost prevennng:
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3-‘ fur‘ther passage of the ultraﬁltrate through the membrane Although the possrblltty that
dxvalent cauons may aruficnally stablltze the tetramer rmght seem qulte a radrcal B
o mterpretauon of the data, this questlon is also raised by the apparent aruﬁcrahty of the in .-
vitro reassembly studles of the S layer 'lhese consxderauorls also lead toa quesuonmg of -
the utility of studyrng 1on requxrements of S -proteins from in vitro studres Thrs problem o
Cis addnessed below. . . , - . " ".‘,:\‘ T P o«
‘ I was menuoned earher that a major dtfference between S layers from gram positive
" and gram negauve orgamsms was their stabtlrty to EDTA or EGTA. 'I'hxs appear related to
the fact the S- layers from gram negauve orgamsms usually possess a dlvalent cauon o
‘ requlrement whtle S- layers from gram- posmve specres do not. However there appears to f
" be two exceptions to this generahzauon the surface arrays ‘of Sporosarcma ureae
(Beverxdge, 1979) and Bacrllus brev:s 47 (Y amada et al., 1981) Both of these S- layers :
- have been reported to possess a Mg2+ requtrement for assembly mto a regular array., An' .
" examination of these two protetns illustrates the problem of tryrng to elucrdate ion
K requuements of these proterns in vztro Beveridge (1979) found that if the surface'array of __ ‘
S. ureae was isolated free from the cell wall'in the presence of 1 mM Mg?2*, it could o
subsequently be dlsrupted by EDTA Mgz" also prevented the disruptive effects-of other
| dxvalent canons .(Ca?* and Sr*?) on S-layer organization in vu‘ro He concluded that the Ce
array requrred Mg2+ for its structure but this conclusron is not warranted The stability of
 the native array to EDTA wasnever tested, ie,an array not ﬁrst stabrhzed with Mgz* was
g not tested for sensruvrty to EDTA It is not surpnsmg that if Mg2+ is needed s stabilize °
: the array, that subsequent treatment with. EDTA wrll drsrupt it. The argument could be ‘
B made if Mg2+ was requrred to maintain the integrity of the' array in the first place; a d1valent o
-cation- of some sort and probably Mg2+ 1s requrred in vzvo However tlus is not -
:necessanly the case For example, a large orgamc cation hke Tris can be used to‘.‘
reassemble the Acmetobacter 199A array in v:trq although it apparently requtres a
N drvalent metal 1on m vtvo (Glauert and Thornley, 1973 Thomley et al; 1974) Stmrlarly,
prehmmary results w1th the A. vmelandu S-protem also suggest Tns can produce o
. reassembly Secondly, it has long been known for LPS whrch is cross lmked m vzvo by 7 f_, :
ﬁ,,mteract w1th the same sxtes as Mg2+ and Ca2+ (Hancock 1984) Smce there is’ no‘ B
mformatton on the effect of EDTA on/ the nauve array of s ureae and no mformauon on.
rts assox ci uou _thh underlymg cell walI layers the conclusxon that Mg“2 is requlred for tlus = R
arra premature espectally consrdenng the abthty of the cell wall\_to stabrhze assocrated A i

'."}.-_;surfaoe._arrays m gram—posmve orgamsms (Hasue and Brmton, 979 Sleyu', 1976) and




1 %% 4

b
‘ » i
. .

- theb documented problems in determmmg in vivo ion requtrements from in wtro
‘ ‘chamctensucs o R St o] A -
. "The second example of an S-protéin from a gram posmve orgamsm that apparently
qmres Mg2+ for S- layer assembly is the double S-layer of B. brevis 47 (Y amada eral, ‘
1981) A pecullanty of this, orgamsm whlch is rarely consuiened is* that it hypersecretes its. - |
‘ two cell wall protems into. the’ growth medxum to levels of 10-12 mg protem/ml This -
secret10n isnot a consequence of this type of cell wall since the closely related B. brews :
" Sl S:layeris assembled wrthout concomttant secreuon of vast quantmes of protem (Abe é
. al, 1983) In fact the seeretion of the cell wall by the sotl 1solate B. brevzs 47 .seems an\ ‘
" odd growth strategy fmm an energeuc pomt of v1ew consxdenng that sonl 1s an extremely .
ohgotrophlc envxronment The obvxous concluston regardmg thls orgamsm is that itisa -
‘ mutant whtch has a defect in assemblmg its surface layer Spec1fically, 1t has a problem .
- knowmg when 1ts surface is cwerv;l and continues 1o make cell wall protems even though
' ‘they are no longer needed All other S- layer protems exammed have thetr synthests tightly "
o controlled and produce only as much as is necessary or shghtly more (see Koval $nd .
Murray, 1985) 1In fact, the energetic drain as a consequence of S- layer productton 1s . ;

| - thought to be so srgmﬁcant it is frequently stated that spontaneous mutants lackmg

" S-layers outgrow the w11d—type leadmg to Iaboratory cultures which lose thelr S layers g |
: (Sleytr and Messner, 1983) This does not always happen just ds loss of capsule during:
serial culture i is not a. certamty An altemauve to this explananon,As that the: S-layer

' receptor sxte in the cell wall may have a defect so S- protetn is contmually shed into the‘ -

B medlum Tlus could be analogous to the suuauon w1th rough mutants of A. salmomcxda :
- whlch cannot produce the 0-51de chains of the LPS causmg the loss of the §- -layer into the -
me%um (Beﬁand and Trust, 1985) Whatever the explanatlon, itis hlghly hkely that the B.
"'brevzs 47is atyplcal S Cel ‘ < ,
The conclusmn that the S layer of B brews 47 requtres Mg comes from two-
"expenments The ﬁrst ts that 1f Mg2+ is added to the medtum at 5-10 mM mlubmon of cell
' wall shedding results In fact, Ca2+ wﬂl worlq as well. Agam the argument can be made
that surely if Mg2+ or Ca2+ prevent cell wall sheddmg, these i 1ons must serve this funcnon o

ine vivo, Unfortunately thlS conclusmn cannot be made The correcuon of a structural defect o

N ;m the cell wall by Mg2+ and Ca2+ has been documented many ttmes m gram-neganve o
orgamsms (Hancock 1984) for a number of drfferent mutattons Even m the case wherei}

e ?j'many outer membrane prof%ms (mcludmg ponns and hpoprotem) are_ mxssmg, leadmg to:“ =

;_:;. : cell lys1s,

g al \10 concentrauon of Ca2+ or Mg2+ can restore cell mtegnty (Sbnntag etal,
= -;1978) Axf hYPOth“ sxs ‘fqr how dlvalent cauons can subsutute for mtegral outer'mcmbm“-
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protem molecules ts dtfficult to come by Nevertheless these expenments clearly‘

. demonstrate that srmply because a drvalent cauon apparently corrects a stmctural defect in .
the cell wall thxs does not say anythmg about the physrologtcal srgmﬁcance ‘of the‘ ‘
treatment The same can be smd for the drvalent cation-mediated inhibition of S- -layer. loss o

‘ m B. brews 47. The second lme of evrdence that divalent canons are 1mponant to the
"S- layer of B. brev:s 47 is that if - the cell wall i is. treated with EDTA the S-layer is released. ’
But Yamada etal. ( 1981) isolated cell walls ﬁ"om B. brevts 47 in the same way Bevendge .

) (1979) did for S. ureae The cell wall S- layer mteracuon was ﬁrst stabilized with Mg2*. .
" then treated with EDTA. Agam it.is not surpnsmg, and perhaps expected, if'you first
stabtllze with Mg2+ and then treat w1th an agent whrch removes Mg2+ that destrucuon of ..
theSlayerresults - . 5 Lo | ’
‘The detailed exannnauon of the expertments descnbed above mdlcates there i 1s httle .

good evidence for dtvalent catton mvolvement in the S- layers of any of the gxam posmve- :
orgamsms studted SO far Secondly, these expenments and those reported in thrs thesrs
_within vm'o assembly of the A. vmelandu S -layer, pomt out the htghly suspect nature of
the information denved from such expenments with respect to estabhshmg ionic

‘ requtrements for in vwo assembly S- layer research has taken advantage of the ability of -
“these protems to self- semble in vitro wrthout due regard to the problem of the brologlcal'
stgmﬁcance of some of the nesults and the possrbthty of amfacts An analogy can be drawn B

" to reconstttuted btologrcal membranes It 1s usually stated or mferred that bxologtcal ‘
membranes, especxally the llptd components are a self-assembhng structure However,
natlve membranes exhtbtt asymmetry in the ph0sphohp1d dismbuuon between the two
leaﬂets of the btlayer and m protetn topology Yet when the phosphohptds are extracted

s and mtxed wrth the integral membrane protems a symmetrxcal membrane usually results_ .
- By erthmerer, 1985) Although the system has self-assembled and would appear physrcally .
R X abﬂ ,lthasnotretumedtothenanvestate R S
/ / ,

¥ S-l yers do not exrst in soluuon, they ex1st mnmately assocrated w1th underlymg cell
wall layers whlch influence their stablhty ‘One should A6 more consrder worlnng withan "
/ / S-layer protem m soluuon wrthout regard to 1ts assocrauon with’ the rest of the cell wall"* |

than one would WOrk wrth an mtegral membrane protem m the absence ofa detergent or“ o
;’lf / : ; j‘ phosphohpxd b:layer. Thrs does not mean that useful mformauon cannot be denved from m ;".‘f




condmons wluch perturb the in vivo assembl-y of S- layers (Doran etal., 1987 Chapter 5
Bevendgc and Murray,’l976 Koval and Murray, 1985) should greatly enhance the ,
deterrnmauon of meamngful properucs of bactenal surface arrays T

‘ . ‘r_‘ | v . l. “ . . 'll‘.‘.‘" " '
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