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;Dear us Watts, : /

,Thank you for your lettez of Sth January. I am sorry for my delay i replying. o
I was interested td see your JMB reprint. I would agree with you that there
are similarities in the underlying molecular transform in the" patterns from . .
pili and from flagella. 1In fetrospect it would have been interesting and. in-"
o structive to have compared the flagellar pattern with a calculated g~helix’ Lo
;_pattern. I did. find intensity at.a spacing of 1. 49A on thewheridian of somé v
©. . flagellar species. indiogting. certainly the presence of helix if not necessarily :
@ " % an axial orientation o 1ix, though a strong equatorial. diffractidn such as
' ) : 'flagella and pili patterns both have, would tend to favour the idea of an axial
Sl orientation. - . . SRR .
Apart from the above himiharity it is difficult to draw more detaileg conclusionss
R rB-structure could dlso give strong equatorial diffraction around 9.5A. The pilin
( c " and .flagellin subunits are different in size (18, 000 as opposed ‘to. 40,000 I
" believe). Sequence comparieons could be very interestinq; +I wonder if theére .is
a domain of the larger flagellin molecule which ‘has structural features similar:
oo to the pilin molecule? I am out of touch with flagellin work. 1s there any R
( . 'Seq“ence infomtion? X S o SR
| ‘lt
B Please teproduce, with appropriate acknowledgement, any photos frcm my JBM paper B
o if you want to. I enclose.a copy of Plate Ia in case it is of use. Let me: know,;‘ﬂﬁ
- if there are. any ‘other pictures which could be useful, though I don t- have too . ¢
;mnny spares now. - . S _ : i v , ey o

.{'Give me a call 1f ever you visit London.: You would be welcome to visit our EER

.Labdratories at ‘Beckenham for an informal discussion. ‘I ‘am currently interestedf. T

- in dihydrofolate reductase structure and - its possible exploitation in anti-”* :
A ‘hacterial drug design..nﬂ , e . S e
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i -'_”'{fnn. 5. N. caameness - | T
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j; P111 were 1solated from Pseudomonas aeruglnosa stra1n

:*ie'c'

g}fﬂ;{éGPAO/uaz and thexr ptopert1es compated wzth those of
x*ifaeruginosa stra:n PAK and Nblsser!a gonorrhoeae p11i. It was:

?of} 0und that PAK and PAO pllxn*have 31m11ar molecular welghtS..:effﬁh

7?fshare a common N term;nal amxno ac1d sequence and are ffbgi;¢?

~fﬁsim11ar w1th respect to emzno-ac1d composatxon The éhree fff“'“

'”“~;ffftypes of p111 were found to be mdzsnngmsmble bY electron

T;;:;mlcrascopy and to share a common antigenxc determlnant

“:ewf1s_most 11ke1y located in- the homologous N term1n1 of
ﬂithe<thtee protexns._f{ifff:;fjffg_ L 2  3j;ee‘,;g_“&fe}6__‘h
Lo ;g.*f-. SR - vl:~\\'u.u, s
' A var1ety of treatments were tested for the;} abxlxty

fto dzssocxate PAK end PAO p111 1nto Subun1ts w1thout




_‘; hydrodynam1c stud:es. The p11in dxmer appearl“to 1nteract ' ,)

) ”5}j;uxth one octylrglucosx@e mxcelle (conta1n1n? 26-27 detergent "

;fmonomers)s

"75.have s1mxlar dxffract1on pabterns out to a

‘h:ctaon and 4& in the



' . . : ’ \ i .

S VR \ o
*aagaanst purrf;ed p111. Bound ant1~p1ius a '1bod1es were

. tezn A from i"‘ﬁfi

N

“v1sual1zed by react1on w1t% "‘I-

“'r;Staphylococcus aureus. Th

v'.lrpool of p1l1n sul 'its in both the 1nner-¥nd outer m,mbrane

2 ; Slnce p111n appeared to- be & membrane proteln, 1t was
‘f,1nterest to attempt to reconstxtute p111n 1nto sy‘!het1

"|«‘;phosphol1p1d vesucles..Thzs was ach1eved by an

| Zoctyl glucosxde ﬂl&lYSlS pgpcedure..Some pre11m1nary charac-_gAd

‘ ‘a“ffterlzatzon of the resultlng p111n/ve51cles was carr1ed out.ﬂf‘

-

ff7C1rcular dxchrorsm stud1es suggested that plrrn 1n the
ke

"3“a1n the nat1ve plluS-r]ﬂi7r

'ﬁiof PAK p111 (nat_ve pzll, pxlln dimers 1n ectyl glucoszde

!'. :

iteehniques of elkaline pH t1tration mon;tored by absorpt1on

Vfﬂacrylnm'de quench1ng of 1ntr1nsxc tryptophan fluorescenc_{'

_a d:mer/d"ner1

T?'xt ‘wa ;found’"hatgtyrosrne'_t ”nd'27 are_

subjected to SDS polyaqrylam1de gel electrophores1s, trans-"

»:'ferred to n1troce;1uld§e and treated w1th ant1serum‘raxsed N

'\esults suggested that there is a

fctréonPY. solvent perturhatxon, circular dxchro1sm and :

T

TP e T
:ﬂtgpresence of phosphol1p1ds has the same conformat1cn as p111n';;;ﬁﬁf

The spectral propertxes of three quaternary arrangmenteifdf

“iand reassembled p1lin leements) uere compared uszng the?llﬂt?~1,3f




¢v o : TR | s ,
» and 1p partlal exposjfé‘B( ab least one of the twe ;5 "{,f
'f.tryptophan resgdues’ n/p111n.;_A  i R
. ' ,:’ : N . - 1

.y',,_ e

To de11neate thy*antxgenzc reglons of p111n the pro-:

— ‘-

'te1n was cleaved at/Agg ' Arg"’and Arg"‘ to produéé pep-fuu

naes TCI(1 39) ;-chm 53), 'rc111(54 120) and f} i

f[fragqents of T III and TCIV were tested for ant1genxc1ty.;m

B

i'~ﬂl;lThe putxfledvéept1des were coupled to BSA us1ng a

rfN hydroxgﬁsucc1n1m1de ester of 4~az1do benzozc acxd then_;,'

‘"“5f fsubjecte6 to 1mmunolcg1cal analys1s u51ng the ‘ELISA'fand fffﬂ”

 5{,f§v'Immun_blot' procedures thh polyclonal antxserum;3Four .'5f>

;:,;wfre f0und to be spec;fxc to PAK p111n.vMod1£1 atxon of 'ifﬁfj;fx
' /cystexne"’ and cysteane"}i wh1ch are locatedX1n the ﬁu,Fy‘ '
\/ o ',4’

Czterm1nal antlgenlc peptxde d1d not reSult in a ioss of

wT*antigen1c1ty oi thxs fragment or of 1ntact p111.~ ,f?»iinfﬁV*‘
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\;';f{, "fO 2- 10 um and 1n dlameter from 4- 10nm and can be: flexlble or
A

h-;r1gld (rev1ewed by Br1nton,'1965 and by Ottow, 1975) | _“7,j-;;

CHAPTER 1.

Intrddugtiqnf

”{ Houw1nk (1949) and Anderson (1949) flfé;r eported the hf_"

: _ Cwy
exlstence of th1n fllaments, distinct from fl gella, on the TETH

surfaces of bacterla. The terms f1mbr1ae (Lat;n for thread |

- or f1ber- Dugu1d et al ‘ 1955) and p111 (Lat1n for V; .

R hair- 11ke' Brlnton, 1965) have been applied to these .

'fhfllaments. In th1s treat1se,_the terms p111 (for several
..such fllaments) pllus (for one such ﬁ1lament) and pll&n “n

'-(for the proteln subunlt maklng up the palus) w1ll be used o

*

exclus:wel» Whlle bacter1a1 flagelfia are unxformly 20nm 1n -,

:dxameter and functlon exclu51vely.1n bacter1a1 chemotaxls

$ .
(rev1ewe by Sllverman & Slmon, 1?77) bacterlal p1l1 :

exh1b1t a wxde var1ety of morphologles and can also dxffer

in the1r functlons Bacter1al p111 vary 1n length from d_

[ [
SR

The congugat1ve ptll (Nbv1ck et al., 1976), typlfled by

f";ithe F pllus of Escherlchia coli are pr1mar11y 1nvolved 1n

L%{fthe formatlon of mat1ng palrs dur1ng bacter1a1 conjugatlon

ﬁ

ﬁt'i(re'xewed by Achtman & SkurraYr 1977) These p111 are always ‘



some cases, somatic pili aléo confer on the bacterium a
primitive form of motility, known as twitching moéility
(Henrichsen, 1975). Somatic pili are usually more numerous
on the cell surface than are conjugative pili.and cén emerge
either from the poles of the cell (polar pili) or they may |
be distributed at random over the cell surface (a
peritricious arrangement). Both conjugative and somatic pili
are able to act as receptors %or a var%ety of pilus-specific
bacteriophage. A third class of pili c;n also be
distinéuished. These pili are plasmidjencoded but function
primarily in bacterialvadherence. Pili, of this type have

’ . . . . . re .
been studied primarily in enterotoxigenic E. coli (discussed

« 3

in section C, below). .

The subject of ¥His work is the polar pili of
) s/
. ] SR
Pseudomonas aeruginosa strains PAK and PAO. These pili are
chromosomally encoded (Bradley, 1980b) and, as will be seen

below, are important in the adherence and hence in the

pathogenesis of Pseudomonas.
A. The Polar Pili of Pseudomonas aeruginosa

‘The polar pili of Pseudomor‘;?éi"uginosa strains PAK
and PAO (abbreviated PAK and PAO pili) are rigid filaments
of 6nm diameter and 2.5um avépage length (Bradley, 1972b;
Weiss, 1971). By obtaining éntiserum against piliéted bac-
teria andyadsorbing 0ut the non-specific antibodies using
.pfl‘ stra1ns of bacter1a, Bradley & Pitt (1975) determined

that PAK and PAO p111 were serologlcally unrelated. In



addltlon, the two strains were found to dlffer in their sus-
cept1b111ty to infection by various pilus-specific bacterio-

phage (Bradley, '1977; discussed in section B).

Bradley (1974) obtained a multipfliated mutant of PAK,
PAK/2Pfs, which produced up to 200 polar pili per cell. The
‘availability of,such a highly piliated strain allowed ﬁrost
& Paranchych (1977) to purify sufficient pili to allow ‘)
biochemical analysis of the PAK pilus. It was found that -
PAK/2Pfs oili consist of a sinole type of protein subunit,
pilin, of.molecular weight 17,800 according to amino acid
compositional analysis and SDS-polyaorylamide gel electro-,
phoresis: The purified pili were found to contain neither
phosphate nor carbohydrate, in contrast to the findings of
Brinton (1965) with Type’I‘pili of E. Coli“(see section c,
below). The'wild-type‘and multipiliated strains were shown
to be indistinguishable with respeot to buoyant density in
csCl (1.295 g/ml), isoelectric point (pH 3.9) and amino acid
composition. In addition, PAK and PAK/2Pfs pili were found
~to be 1mmunologlcally indistinguishable by immunodiffusion
analy51s The above studies (Frost & Paranchych 1977;
Frost, 1978) suggested that the mutation giving rlse to the

multipiliated phenotype was located outside the structural

gene for, pilin.

| The sequence of ‘the N- terminal 22 re51dues%of PAK pilin
was determlned using automated Edman- degradatlon (Paranchych

et‘al., 1978) The N-terminal sequence of PAK pilin is



extrgmely hydrophobic, with only two hydrophilic residues
(thr? and glu®). The N-:erminal residue of PAK pilin is the
gnusual amino acid N-methylphenylalanine. The N-terminal
éequence was found to be highly homologous Qith the
N-termini of pilin isol;ted from Neisseria gbnornhoeae
(Hermodsgn et al., 1978) and from Moraxella,nonliduefaciens‘
(Frgholm & Sletten, 1977), including N-methylphenylalani;35\\\\
at the N-terminus. Recently, the complete amino aéid o
sequence has been elucidated for PAK/2Pfs p111n (Sastry

et al., 1983). It was found that PAK pilin consists of only
144 amino acids with a combined molecular:weight of 15,006.
Thus the PAK‘pilin subunit is about 15% smaller than

originally anticipated. This discrepancy will be discussed

further in Chaptef 11T,
B. Functions of Pseudomonas pili

Pseudomonas pili are not involved in bacterial conju-
gation. Their major function appears to be.in the adherence
of the bacterlum to var1ous surfaces and in surface

Vtranslocatlon (tw1tch1ng motlllty) In addition, Pseudomonas

{
|

pili are utlllzed as receptors by a number of’ bacterlophage
It is the study of the interaction of bag:erlophage with
pili that has led to the concept of pllus retraction. Each

of these aftributes will be con51dered 1n more detail below.



1. The role of p111 in adherence of Pseudomonas.
Pseudomonas aerugtnosa is known as an opportun15t1c
pathogen." That is, it rarely causes problems in healthy
individuals bUt& can be highly invasive u: ‘compromised
individuals (Young, 1977- Wood, 1976). Exahbles of
| compromised individuals are patients undergosng\1mmuno~
‘suppress1ve therapy, patlents with extensive. bu?ns and
patients w1th severe underlyzng d1sease, 'such as cystic
f1br051s In the case of c;stlc f1bros1s, bronchopulmonary

d1sease, to which Pseudomonas 1nfect10n contr1butes, is ohe

of the leading causes of death (Lenette et al 1974)

It=has.beenlestablished'(Woods_et al., 1980b) that suc-
cessful colonization by Pseudbmonas is dependent ohfthe
adherence Of‘%he:organismﬂto host tissues. Woods et al.
found that rough (p1l1ated) strains of Pseudomonas
‘aerugxnosa were able to adhere to buccal cells 1solated from
cystlc flthSIS patxents, whlle smooth strains could not.
Furthermore, the piliated strains were unable to adhere to
the buccal epithe11a1 cells of healthy 1nd1V1duals.\It was
suggested that this was due to the fact -that cystzc fibrotic
»1nd1v1duals secrete abnormally hlgh amounts of proteases '
Wh1ch might damage the cell surface, thereby exp051ng
attachment°51tes for Pseudomonas. This hypothes1s vas testedr
by treatlng healthy cells w1th/tryps1n wh%reupon 1t was '

found that proteoly51s of f1bronect1n, a cell surface :

_glycoprote1n, resulted 1n enhanced blndlng of Pseudomonas to

‘the. buccal cells. In another report (Woods et al., 1980a) IR

@



it was shown that the presence of purified Pseudomonas pili
in the attachment assay was able to 1nh1b1t binding of
p111ated Pseudomonas cells to the buccal ep1thellal cells.

Furthermore, it was found that treatment of the bacter1a

e

with anti-pilus ant1sera'blocked attachment of a,homologous 4
strain of Pseudomonas, bnt-failed to block attachment of('
heterologous stra1ns The role of pili in'adherence has also
been established for a number of- other gram negat1ve bac--

,

teria ( Beachey, 1980; section C, below).

2. Pilus—Specitic bacteriophage: evidence for pilus
o L
~retractxon. :

Three dlStlnCt classes of bacterlophage depend on the
(presence of Pseudomonas p111 for xnfectlon. PP7, a spher1cal
" RNA virus, adsorbs to the lateral surfaces of straxn PAO1 of
vPseudomonas aePuginosa, but is unable to 1nfect straln PAK
(Bradley, 1§7Za) ‘This phage is analogous to the

vell- stud1ed RNA phage, R17, Whlch adsorbs to the 51des of

the F pilus.(Crawford &-Gesteland, 1964).

. The f1lamentous phage Pf1 (Takeya & Amako, 1966) b1nds
to the t1p of the p111 of straln PAK (Bradley, 973a) but
E does not 1nfect straln PAO (Bradley, 1972b). As: v1ewed 1n‘,'
t'the electron m1croscope,' the phage and the p1l1 are 1nd1s-

' “t1nguishable w1th respect to, dlameter but can be .

| i d1st1nguxshed by antxbody labe111ng (Lawn 1967) wh1ch showsh :lflf

h{'that the p111 and phage 1nteract end to end (Bradley, o

: 7;?1973a). Pf1 con51sts of a sxngle stranded c1rcu1ar DNA



surrounded by a helzcal arrangement of coataprotegn \]
molecules of molecular we1ght 6000. (Marvzn & Hohn, 1969). In
th15 regard 1t is analogous to the F~spec1£1c phage, M13 (or.,

A thir'av'ciéss of virion, represented .by--‘pha'ge*pod*
_iappear to be less d1scr1mgnate wzth respect to host
rspec1f1c1ty PO4 adsorbs to the p111 of gtra1n PAK and PA01
of Pseudomonas, although 1t 1nfects PAO1 about 4 fold less :
eff1c1ent1y than 1t does stra1n PAK (Bradley,, 974) PO4 is’
& double standed DNA phage w1th a spher1cal head and a long'i_,
';}non-contractlle ta11 The phage appears to b1nd to the p111 |
"by wrapp1ng 1ts taal fxbers around the pxlus (Bradley, - dgf
'1974) o e

Orzg1na11y, 1t was thought that~the pilus receptors
Vacted as tubes down wh;oh RNA (or DNA) - from the 1nfect1ng

fphage could pass (BrlntOn, 1965) However, 1t was d1£f1cult

u.to conce1ve of a- mechanxsm vhereby the p1lus could act:vely j«ff“

";'1trans£er three d1fferent kxnds of nuclexc ac1d.1Thxs led ;;7 e

“‘fipuarvrn & Hohn (1969) to propose e mechanxsm 1nvolv1ng

v"g.ffretractxon of p11i 1nto the hacterxal cell They suggested

""3fthat adsorpt}on of the fllamentous phage to the t1p of the

t'*,pxlus nght trrgger a conformataonal change wh1ch COUId be

"ffftransm1tted from one subunxt to the next untzl 1t reeched

"miﬂthe base of the p;lus causing a depolymerxzatzon ofi

1¥f;hpllzn subunxts 1nto the membrane. Thxs would havevthe‘ffsultf;“?” )

'“jﬂiof brzngxng attaohed hacterxophage 1n contact vxth the cellygefféff




‘,surface. Similarly, it was proposed ‘that durlng bacterlal
‘conjugatlon, the 1nteract10n of the F p1lus with 1ts .
receptor on the rec1p1ent cell would stlmulate retract1on of"

| the F p1lus, thereby brlnglng the two cells 1nto close

'rproxlmlty. Bradley (1972d) envzs1ons a s1m1lar retractlon
mechanism for the 1nteract1on of spherlcal and ta1led
Pseudomonas bacterlophage with p1l1 There have been “LWO -
schools of thought as to the st1mulus for retractlon. Marvin_f

o A Hohn (1969), as well as ¢ Bradley (1978) ma1nta1n that )

7retract1on must be stxmulated Prevzously, however Bradley

| "‘(1972a) had suggested that. outgrowth and retract1on occur.’ﬁ

cont1nuously and spontaneously

o | One pred1ct10n made by the retractlon model of Marv1n'&
“ffyyHohn (1969) is the exzstence of a pool of p111n subunlts in . d
; i:the bacter1al membrane Recently, thxs has been demonstfated‘h
'leconclu51vely for K88 p1l1 (Dougan et aI 1983 dlscussed ‘in

Tn;sectxon C)

o .Some exper1menta1 ev1dence for etractaon of e
;""_':f»{;_iPseudomonas p111 has been obtazned by Bradley (19726., 197‘” i
._’""L-",‘i:',';j\.:f'jBrAdley (1972d) showed that there isa sox reducthn in the‘

"7i7:11ength of P111 upon 1ncubatzon of Pseudomonas aepuglnosa o
" pAo1 with phage PP7. Theory. PredlCts that if one ph°g°
»ﬁ}'i;partxcle 1s adsorbed pe:?pllus and that the p11us can

VKQ?fretract only as far as the phage. then p11us length should

’:fii,,be reduced by an average of 50% upon adsorptroh of phage.=e§fflﬁfff

]'Another lxne of evzdence that Bradley has used to support

e



the retractlon theory is the isolation of non- retractlle
fmult1p111ated mutants,_such as PAK/ZPfs. Phage 904 and Pf1
'ﬁfcan adsorb to PAK/ZPfs p111 but are unable to 1nfect thlS
: »dstramn. Bradley 1nterprets thzs result as due to the
’-‘J_1nab111ty of the pili to retract, resultlng in the
'\re51sfance of mu1t1p111ated mutants to phage 1n£ectlon and
'in an 1ncrease 1n p111at1on, due to the occurrence of

foutgrowth wlthout retract1on (Bradley, 1974)
) . .

“3 watchxng motxlxty.. T e :
Tw1tch1ng motllﬂty has been defxned as flagella- B
‘ilndependent surface translocat1on %Lautrop, 1961) It 1s
-‘.;generally stud1ed under a mlcroscope on thln agar surfaces
"-anﬁ leads to the formatlon of a: spreadmg zone wh1ch is
'_flack1ng in bacterla unable to move on a 501ld surface.
e"Henr1ch5en (1975) found th1s form of motllxty to be l1nked
AL;W1th‘the presence of p111 on a number of gram negatrve bac-lg
*teria,rxncludang Pseudomonas. Bradley (1980a) showed that P.J
. aeruglnosa stra1ns PAK and PAO posse551ng retract11e p111 SRR
: ;were able to exh1b1t th1s form of mot111ty, whlle |
'"gnon-retractzle mutants were not. In add1t1on, treatment w1th
v'”aéi;pxlus speczfmc ;nt1serum or w1th~phage PP? (1n the presence
= hﬁf::of RNase to prevent 1nfectzon) 1nhyb1ted twatchxng mot111ty
dhl";f%;of PAK and PAO cells. Bradley suggested that the 1nh1b1tlon
‘:"%fidfvas due to the»bound ant1b0d1es or the phage preventlng full

}uwki*ff:fetrattzon.,Although 2 detalled meChanlsm for tvztchxng

: ”sffmotzlxty has not been propoaed, Bradleyjsuggests that p11us ‘:nf;




-

v . 10

Thus it would appear that the retraction of pili plays

a role in most of its funct1ons. twltchlng mot111ty, conju-
~gatlon and bacterlophage adsorptlon It is tempting to
speculate ‘that retraction of pili 1§ also utilized(in:the
‘adherence mechanism of piliated bacterla. Perhaps the pili
initially atfaoh{to a‘receptor via their tips and then 'i?
- retraction takge\blacebin order to.bring'the haoteria closer

'to-the host cell surface, thereby allowing other attachment

mechanisms to come into play.
C. Studies On Other Types of Pili

| Although this.wdrkyis prlmarily'coneerned with the”the
.ﬁpolar p111 of Pseudomonas aeruglnosa, it is useful for com-
.{parative purposes, to con51der some of the experlmental data
-'that has been acqu1red in the study of other types of pili.
e;Although p111 have been 1dent1f1ed on the surfaces of most

.1, ﬁramvnggatlye_bacterla, only a fewatypes of pili. have been
hdisolated'and well-studiedt Here ve ﬁilldconaider only six

'gg,spec1f1c examples, all of whlch are referred to 1n later

"'d1scuss1ons in the thesxs.‘

o fcc'fm-:fnga,t-i;ve piliz ¥ ’and EDP208.

As mentloned above, con3ugat1ve p111 are encoded by

“dflself transm1551b1e plasm1ds and are necessary for the

"'ﬁ3ytrensfer of genetac materxal between donor cells end :

)

'/"hf;suxtable rec1p1ent Cells (Achtman et al.,,1971- Achtman &’“‘
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a. F p111.r | S ] SA
" The F pilus is the: most well -studied of the conjugat1ve
, p111. Accordlng to electron mzcroscopy, the F. pilus has a
diameter of 85 & and can be up to 20um 1n ‘length. The F
.p111n subunit has a molecular we1ght of 11,200, is hrghly
hydrophoblc and possesses 69% a- hellx, accordzng to circular
drchrorsm studies (Date et al. 19%7). Brinton (1971) and
Date et al. (1977) have reported that F p111 are both phos-
phorylated and glycosylated although the nature of -the
phosphate and sugar groups was not elucidated. However,
Armstrong et al. - (1981) was able to remove 65% of the carbo-
jhydrate and most of the phosphate by :Lrther pur1f1cat10n of
ColB2 p111 (an-F- llke pllus) It was found that the pili

fpreparatlons vere contamrnated w1th phospholrprds which

could only be removed by drssoc1at1on of the pilin 1nto sub—v

'_‘unlts in SDS, followed by column chromatography After thls

 treatment it was found that one mole of glucose remained per

\
A

mole of prlrn.

X-ray flber d1ffract1on studles of orlented flbers of F\t
‘.p1l1 (Folkhard et al., 1979a) ‘have suggested that F p111 are-ﬁ\

"‘hollow cylrnders of BOA outer d1ameter and 20A inner

~,1dxameter. The F p111n subunrts are. arranged 1n four coax:al

.,hel1ces of pxtch 128& Each of the four helxces 1s L -
'n;translated axzally wrth respect to 1ts ne:ghbour to glve a ‘li

7bas1c he11x of 3 6 unrts per turn of 12 8A prtch.r :

' B
N s
o



The genet1c organ1zatlon of the transfer operon (tra
operon) which encodes the functlons necessary for the
transfer of genetic material between cells has been studie?
by a number of groups (reyiewed by Willets & Skurray, 1980).
The operon eonsists of 19 cistrons, tra y - z, 12 of which
have been implicated in the expression of'pili on the cell
'surface (tra A,L,E,K,B,V,W,C,U,F,H,G). ThehtraA;gene encodes

the F pilin structural gene (Minkley et él.,'1976).

b. EDP208 pili.

' Another well-studied conjugatlve pllus is the EDP208
pilus, encoded by the F,lac plasmld EDP208 whlch was
~originally isolated from Salmonella typhi (Falkow & Baron,
1962).11n contrast tovwildftype conjugative pili, which only
: ~pr0duce 1-2 pili per cell, derepreSSed'mutanta‘can‘be |

‘obtained of EDP208 which proouce up to 20 pili per-cell.
. EDP208 dlffers from F* strains in bezng 1nsen51t1ve to the',
F- specific RNA phage R17, whlle both types of pili can serve
| as receptors for M13 phage (Armstrong et al., 1980) The two
itypes of conjugat1ve p111 are also 51m11ar accordlng to
: electron m1croscopy and x ray fiber dlffractlon stud1es N
| (Folkhard et al., 1979b) The EDP208 pil1n subunlt has a
»4molecular wezght of 11 500 (Armstrong et al., 1980) and is ff
: ;1solated together wlth tlghtly assoc1ated carbohydrate and
}":phosphate, as was the case w1th F p111n. However, Armstrongf~
‘“Jj;et al. (1981) were able to remove all the carbohydrate and

}fphosphate from EDPQOS p111n by further pur1f1cat1on, as

»*ffdlscussed above.\Both the amlno aC1d comp°51t1°n of- EDPZOB 'r\:




pilin and the circular dlchr01sm spectra of the pili in.
deoxycholate are 51m;1ar to those obtained with F p111t
' ‘ /

(Armstrong et a;,; 1980).

e
,/ )

N / . A ‘ o .
The seQuence oY\the N- term1nal 12 res1dues of EDP208
p111 has been determlned (Frost et al., 1983) The

N- termlnal amino aczd 1s,N acetylthreonlne. The N- term1nal

' ,,/

12 res1due»fragment obta1ned by tryptic. cleavage of 1ntact
EDPZOBVpili,,céntains the‘major antigenic determinant of the

protein (Worobec et al., 1983).

2. Type 1 pili of E. coli. .

' Type I (or .common) p111 are}7OA d1ameter f1laments
found on most/stralns of E. coli (both pathogenlc and »
non- pathogen1c stralns) They con51st of a p111n subunit of
H"”[ecular we1ght 16, 600 (Br1nton, 1965) to 19 000 (Mchchael
| 1979) These ;:oups both reported the presence of a-
;Quc1ng sugar on ‘the: p1l1n subunlt,\although 1t has not~
Afen well characterlzed Isoelectrlc preC1p1tatlon of Type I
fp111 at pH 3, 92 results in the formatlon of crystallzne ag-
'ygregates wh1ch ‘have- been studled by x-ray fzber dlifractlon
Jﬁ(Br1nton, 1965 M1tsu1 et al., 1973) MltSUl et aT deter- |

'fmlned from the d1ffract10n pattern of an orlented wet gel off

o Type T p1l1, that the subunlts were arranged 1n a. s1mple

iO'VB 09A Type 1 p111 can be dlsso: ated lnto smaller aggreﬁ
965) . Eshdat et a)._,_. o

fgates by bozl1ng at pH 2 (Brxnton,i

4”°“(1981) have reported the rever51b1e dmssocxatlon of Type I

ix w1th 3 15 un1ts per turn and ‘n ax1al rlse per subun1t"f}:'
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pili by the addition and removal of saturated guanidine-HCl.
However,?no'evidence as to the degree of secondary structure

remaining in pilin or the final aggregatidh state was

provided in this study.

The'pr1mary funct1on of Type I pili appears to be.in
bacter1a1 adherence. The pili b1nd to erythrocytes of
several anlmal speczes (Sallt & Gotschllch 1977) epi-
~thelial cells (Ofek & Beachey, 1978) and to/leukoc tes
.(Blumenstock & Jann, 1982). The blndlng in all cases can be

inhibited by the aadiqion of D-mannose, hence the
terminology mahnose-sensiti§e‘§ili.

3. Pilj eneeded by plasmidS'carried,byenteretoxigenic

E. coli. | o

Enterotoxlgenlc E col i cause dlarrheal 1llnesses.vThe
bacter1a1 strarns 1nvolved are characterlzed by the1r
ab111ty to prollferate 1n the small 1ntest1ne and by the
productlon of one or ‘more types of enterotoxln. All the f
stra1ns studled thus far carry plasmlds Wthh encode a pllusr
operon, respon51ble for the adherence of the organlsm to the
1ntes;1nal ep1thel1um as well as carryrng the gehes for the -

product1on of the enterotoxlns (rev1ewed by Gaastra & de

Graaf 1982% vhji "er’ o ;;



15

 a. K88 p111
K88 p111 are encoded by plasmlds carrled by
_enterotox1gen1c E. coli respon51ble for neonatal diarrhoea
in - plgs._The pllr have been shown to mediate the. adherence )
of.the E. coll to the porc1ne small 1ntest1na1 epxthellum
(Jones,&»Rutter,-lS?Z), Subsequently, Nagy et al (1978)
found that injection of pregnant swine with pur1f1ed K88
pll? resulted in the protection of the plgletskfrom neonatal '
-dlarrhoea caused by enterotoxlgenlc E. coli. The receptor
‘or K88 pili on the porcine 1ntest1nal eplthellum is

believed to contain a termlnalfB—D—galactosyl moiety

(Gibbons et al., 1975).

_ n N
K88 p111 are 7nm 1n dlameter and 0 2- 1um ‘in, length

(Stirm et al 1967) . The K88 p111nusubun1t exists in _,y:”fv' o

Vseveral ant1gen1c varlants (K88ab,~K88ac, K88ad and

"4.

| K88ad(e)) of molecular welghts varylng from 23,500- 26 000
accord1ng to SDS polyacrylamlde gel electrophore51s (M001 &

de Graaf 1979) The amlno ac1d comp051t10ns of all four

’*‘varlants were found to be . 51m11ar and all lacked cystelne.-

A

vd.ﬂfThe prlmary sequence of. the K88ab p111n subunlt has. been

qldetermlned by amlno ac1d sequenc1ng (Klemm, 1981) and by the
.;determlnat1on of the base sequence of the cloned gene a_p.

-~fif(Gaastra et af., 1981) It was found that the K88ab p111n»f3

“l}isubunlt was synthe51zed wlth a 2ﬂ re51due cleavable 51gnal

»

”»fESequence at 1ts N-term1nus._The mature K88ab pllln subumzt

Vi?coﬁS1sts of 264 am1no ac1ds.;The C term1nus is more ;gf;fngleg:
ki

”'.*hydrophq§1c than the N term1nus,fw1th the 1ongest stretch of __3
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non-hydfophilic residues being 8 residues long. Partial
sequencing studies of other K88 variants (Gaastra et al.,
1979), has shown that the N-terminal 22 residues and the
C-terminal 24 résidues are fairly conserved, suggesting that
the antigenic variability occurs at the centertgf the pilin

primary seguence. \
AN

The genetic organization of the K88ac pilin operon has
peen elucidated by Dougan and ‘collaborators (Dougan et al.,
1983; Kehoe et al., 1981} Shipley et al., 1981). By
isolating and mapping the K8Bac determinant and various
K8Bac-defective mutants, it xéé.found that five cistrons,
arranéed in two or more opéroﬁs, were required for normal
expressioghof KB8ac pili on.the bacterial cell surface.
These were called the adhA through E (for adhesion cistron).
The adhD cistron encodes the K88ac pilin -subunit (M=23,500),
and is in a separate operon from the adhA, B and C cistrons,
although all 4 cistrons are clustered on a 6.5 kilobase
HindIII-EcoOR1 fragment The adha encodes a 70,000 dalton
polypeptide which is found in the outer membrane of E£. coli
minicells harbour1ng the cloned pilus operog The adhB and C
c1strons encode two proteins of 29,000 and 1% 000 daltons,
respectlvely, which are found prlmarlly in the perlplasm of
the minicells. The‘product of the adhE cistron ‘has yet to be
identified. The K88ac pilin‘subunit was found in both the
inner- and outer membrane fractions of the-E. coli
mini-cells. A similar series of studies have been initiated

on'tbé K88ab determinant (Mooi et al., 1979,1982). This
& { . . : .
| ‘ . -
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group suggested that an 89,000-dalton polypeptide (analogQus
to the 70,000-dalton polypeptide of the K88ac operon),
serves to anchor. the pilus to the outer membrane, while the

periplasmic proteins, the products of the adhB and Cs-are .

thought to be involved in post-translational modification.

b. CFA/I pili.
CFA/1 (for colonization factor antigen 1) pili were

first identified as a new antigen on the surface of E. coli

—

H-10407, isolated from a patient in Bangladesh with a severe’

cholera-like diarrhoea (Evans et al., 1975): These pilil are
encoded by a plasmid harboured by this strain Qf E. coli and
conf?r on the bacteria the ability to adhere to the upper
intestinal tract of hﬁmans. In addition, the plasmid encodes
two bacterial toxins, LT and ST (for heat-labile and
heat-stable toxins) which are responsible for the clinical
manifestations of the disease (Sack, 1975). The adherence of
CFA/I pili to various model tissue sysﬁems is mannose
resistant. However, hemagglutination of erythrocytes by
CFA/I‘bositivé'f. coli stféins can be inhibited by the

addition of mono- and digangliosides (Féris et al., 1980).

g

L . N

CFA/I pili are 7nm in diaméter, about 1um in lengtﬂ and
are peritriciously arranged on the bacterial cell surface.
(Evans et al., 1978). %he-molecular weight of the CFA/1
pilin subunit was'determihed to be 14,500 Py SDS-polyacryl-
amide gel electrophoregis ahd by amino acid analysis (Klemm,
1979). The amino acid sequenceiof CFA/I pilin (Klemm, 1982)

kS
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indicates no homology with K88 pilin, PAK pilin or with the
N-terminal sequences of Type I pilin (Hermodsen, 1978) or

EDP208 pilin (Frost et al., 1983).

4. Gonococcal pili. \

Neisseria gonérrhoeae (or gonococcal) pili are
chromosomally encoded (Meyer et al., 1982) and have been
implicated in the adherence of gonococci to host mucosal
surfaces (Swanson, 1973). Gonococcal pili are apprdklmately
6nm in diameter and 1-4um in length (swanson et al., 1971)..
The pili from various clinical isolates of gonococcal pili
vary in subunit mdiecular weight, amino acid composition and
in immunological cross-reactivity (Buchanan, 1975; Robertson
et al., 1977). The molecular weight of gonococcal pilin from
various strains has been reported to be between 17,500 and

1,000, according to SDS-polyacrylamide gel electrophoresis.
In addition, isogenic variants from a single strain of
Neisseria gonorrhoeae can produce at least two°'distinct piliv
types (Lambden et al., 1980). As mentioned above (section
A), the N—terminal‘é2 amino acid residues of gonococcal
pilin are highly homologous with the N-termini of PAK and
Moraxella nonl iquefaciens pilins (Hermodsen et al., 1978;

paranchych et al., 1978; Frgholm & Sletten, 1977). Recent

protein se&zenciné results (K.C.S. Chen, unpublished; cited

in Meyer et al., 1962) indicate that the N-terminal 49

o

residues of pili from three different gonococcal isolates
are conserved, while the C-terminal sequence is variable.

Schoolnik et al. (1982b) have isolated the two largest’
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- U
- cyanogen bromide fragments of gonococcal pilin from four

strains of Neisseria gononrhoeae (CNBrZ residue 7-ca. 96;

CNBr 3, residye ca. 97-160) and shown that a type-specific,
immunodominant \antigenic determlnant of gonococcal pilin
re51des in the”C- termlnal fragment CNBr3, while an
1mmuno% e‘51ve, common antlgenlc determinant was locatep 1n.
CNBr2. Schoolnik et al. (1982a) were able to block
hemagglutination’ of erythrncytes by Neisserié gonorrhoeae
cells upon addition of CNBrZ, suggesting that this fragment
of gonococcel pilin herbours the receptor binding‘domain of
the proteln.‘Similarlfl_Gubish et al. (1982) have demon-
strated that CNBr2 blocks the blnding of gonococci to
Chinese Hamster Ovary‘(CHO) cells. By separating the cell
SUfface proteins of. the tHO sells by pquacrylamjde gel
electrophotesis and transferring them to'nitrocellulOSe;
Gubish et al. were able to show thet CNBr2 was binding to a
protein(s) of molecular weidht;14~16,000 on the CHO cells.
Fyrthermore, treatment of the.CHO cells with trypsin or |
exoglyc051dases abolished thlS binding, suggestlng that the
receptor for gonococcal p1l1n 1s a glycoprote1n. Earlier
studies by this group (Buchanan et aI 1978) -1nvolv1ng the
‘1nh1b1t10n of binding of gonococc1 to host cells, have sug-
gested that the host receptor for gonococcal pili n;y
resemble the terminal ollgosaccharlde of gangl;oszdes. In
add1t1on, galact051dase treatment of p111 or CNBr2 was found

to cause a reductlcn of b1ndzng of p111 or ‘the proteolytlc

fragment to CHO cells. It should be ment1oned that



20

previously, Robertson et al. (1977) had reported the
presence of 1-2 hexose residues per mole of purified gono-

coccal pilin,

Recently, Meyer et af. (1982) have suggested that the
antigen1c var1ab111ty at the C- term1nus of gonococcal p111n,
arlses by a gene switching mechan1sm 051ng the cloned p1l1n
gene as a probe to test other gonococcal strains, they
determined that the turn-on and turn-off ofngilus éxpression :
involved a chromosomal rearrangement. This led fhem to éug-
gest that a similar type of réérrahgemént couldube used to
produce antigenic variants of gonococcal pilﬁn with a
conser&ed N-termihus and a variable C;terminus, analogous to
the mechanism of antigenic variabiiity in trypanosomeé
(Williams et al., 1979; Bernards et al., 1981). Meyer et al.
“also found that, although the gonococcal pﬁlin_gené was -
expressed in E. coli, no pili appeared on thé cell su;faée,

implying that other factors are necessary for gonOéoccal

pilin assembly.

To summarlze, ths pili studied to date all consist of a
single type of protein subunit, pilin, of molecular we1ght
varying from 11, 000 to 26, 000. X-ray fiber dlffractxon

‘studies of F.and Type 1 p1l1 suggest that, in general the

' opilin subun1ts are hellcally arranged in the p1lus. Some

p111 (Type I F gonococcal) are thought to be glycosylated

| However,_the existence of a covalent llnkage between the

pilin polypeptide chain and a sugar has yet to be
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demonstrated. Therefore, the carbohydrate associated};ith
‘these pili may turn out‘to be a tightly:bound contaminant?
‘as waS'the.case,with EDP208 pili (Armstrong et ai.,-1981).
,Several types of p111 do, however, appear to 1nteract w1th
| carbohydrate (1n the form of glycollpld or glycoprote1n) on

host‘cell surfaces. The f1nd1ngs of.Br1nton (1965), Frost

(4978) and'ArmStrong (1981),fam0ng others, suggest that'piljpp"

are hydrophob1c assemblles wh1ch are fa1rly re51stant to
: enzymat1c dlgest1on and the actlon of denaturants. F1nally,
genetic analysis of the F,-§88.and (1nnpart) the.gonococcal
prIUS operons suggeets_that:piiua assembly.is.a‘complexd

process involving several gene products.
D. Aims of the Project

ht the time this. work waé initiated the work of Frost
(1978) . represented as thorough an ana1y51s as any that had
been carrled out on pur1f1ed p111.AIn add1t1on, the .
eluc1dat1on of the complete amlno ac1d sequence of PAK ;;11n
was under way (Sastry et al.,.1983) Therefore, a series.of
b10phy51cal approaches were used in order to gain: as much
: structural 1n£ormat10n as. possxble about the PAK pllus,
' whlch. together with the sequence 1nformat1on would allow usA
'_to beg1n to address Such quest1ons as: .

“1), What are the nature of the 1nteract1ons whlch maxnta1n
| p1lus structure and spec1£y 1ts assembly? : .
2), To what extent does the structure of the pllus explazn

its functzonal propert1es"adhesiqn, tvxtch1ng motllxty and~-r
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\fcontrols in many of the exper1ments._ .
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" retraction? SR o : o I

Although theis studles vere prlmarlly focussed on PAK'

.vp111, whxch had’ already been pur1f1ed (Frost & Paranchych
'_1977) 1t was of interest to extend some of the structural -
‘janalyses to PAO p111 wh1ch had not: yet been pur1£1ed I

'-;addltxon,«the ava11ab111ty of p111 pur1f1ed from other bac—v

ter1a was taken advantage of to prov1de exper1mental

~




REEE CHAPTER 11

Materxals and Methods

o A?'Métehials

i, Bacter1a and bacterxophageA"

aerugrnosa straln PAK (ATCC 25102) is the host for

-phage Pf and PO4 P aeruginosa PAK/ZPfs is a mult1p111ated

”mutanékof w1Ld—type PAK that 1s re51stant to phage Pf and

04 Frost & Paranchych (1977) have shown that 2pfs p111 are.ﬂf -

d1nd15t1ngu1shable from wxld type PAK p111. The mult1p111ated3
‘mutant of P aeruginosa PAO, PAO/DBZ orzgxnated from a ‘

‘ fcross 1nvolv1ng PA01264 (FP39) X PAO—ZOO]/PP? in whxch

_7950 2001/??7 colon1es w1th non retractlle p111 WEre ‘

| selected. Both multxp;lxated Pseudomonas straxns wene kxndly'
-”prov1ded by D.E. Bradley, Memorxal Un;verszty, St. John s,,

e_Newaundland

The bactef:ophage PO4 wh1ch 1nfects PAK and to a
‘lesser extent PAO strains (Bradley, 1973) was also obtaxned 3
‘Hlffrom D E. Bradleyt The f1lamentous phage Pfl wh1ch is" |

”:_spec1f1c for straln PAR of Pseudbmonas was obtaxned from thehﬂ

‘“dﬁdemerzcan Type Culture Collectlon (ATCC 25102 82)

";;72. Cultnre Hodxa and Bufiers.ifif.f‘ff‘ ERa

L—Broth consxsts of 1% tryptone, 0 5% yeast extract

NP

ng:cgaham, 1962) 1s 0 IH potassxum morphol1noprdplne

};(DIFCQ) 13 NaCl pH 7 2. Low sulfate MOPS medxa (Paranchych-;l:g;ﬂ
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jsulfonate (MOPS) , 0.1MAN;Tris(hydroxymethyl)—methylglycine
(Tricine), 10“M FeSO., 0;19Meammonium chloride, 0.003M
potassium sulfate, 5x10"M;CaC1,, 0.0SM MgClz, 0.5M NaCl
“plus 1ml per litre of a mictonﬁtriént solution cbnteinibg
3x10° M (NH,) ,Mo,0, ,, 4x10°*M H,BO,, 3x10°*M CoCl,, 107*M
CuSO,, 8x10°°M Mnél2 and 10"M ZnSO,, For each litre of MOPS
media, 10ml of 50% glucose and 10ml of 0.132M K,HPO, were

added as sources of carbon and phosphate, respectively.

TSB agar consists of 3og/litre tryptic soy broth
’,(EIFCO) and 15g/litre DIFCO battoagar TSB agar was used for
-growth of cells on large trays for purlflcatlon of p111 and
for phage_assays. Nutrient agar is 0. 8% (w/v) DIFCO nutrlent
'f.broth and 1.5 or 2% DIFCO-agar. Water agar consists of
)elther 0. 3% or 0.7% (w/v) DIFCO bacto agar in water. All.

bacterlal medla vere autoclaved for 20 m1nutes at 20 lb/1n

atj126 C except MOPS me@1a which was filter ster1l1zed.

Standafd saiine citrate'(SSC)‘iS O;JSM NaCl,vo;OTSM
sodihm"cittate;<pﬂ 7.0. Phosphate buffered saline (PBS)
contalned 8 0g NaCl 0. 29“KH§PO;, . 15g of Na ,HPO - 12H 0,
CQ.Zg.KCI in lltre of double d1st111ed water, pH 7. 4

/

‘3} Chemlcals, enzymes -and rquents
Al solut1ons vere prepared from analyt1ca1 grade

fteﬁgent5ﬂ1n double d1st111ed yater unlessvotherw;se stated.

ctyl glucoszde {n- octyl p- D glucopyran051de) was

‘"obtaxned from ngma Chem1cal co.'and was found to be >99%
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.pure by thin layer chromatography on silica-G using
CHCY,-CH,OH (15:1) as a soivent.~SOme'octyl—glucoside was
kindly prov?ded by Dr. Ruthven.Lewfs, University of Alberta,ﬁ,v
n-oCtyl-["C(U)]-B-D—glucdpyranoside was obtained from New/ 
England Nuclear at a Spec1f1c act1v1ty of 314mC1/mmd; and a ’
concentration of 0.093 mg/ml in ethanol water (9: 1Y, octyl-

' gluc051de was stored~rn a dessicator at ‘20/0.’ |

-

. , ]
Acrylamlde (electrophores1s pure) was obtained from BDH

Chemicals Ltd., Poole, England D;éhloro1ndolphenyl1ndol-

phenol (DCPIP) and phenazlnem osulfate (PMS) were obtalned
from SIGMA All phosph011 ids and detergents were also
.purchased from SIGMA,,'rypSin(TPCK)'wasdpurchased from

Worthington Biochemical Corp. |

'Tolueneﬁscintillgtien’fiuid'consisted of 0.5g POPOP
(p—Blstzﬁ(S phenyloxazoyl)] -benzene) and 6. 0g of PPO (2 5
alphenyloxazole) in 1 liter of toluene. Both chemlcals were

,6c1nt111at19n grade and were obtaxned from Eastman chemi-

‘cals.
) B. Pili purificat ion

PAK/ZPfs and PAO/DB2 cells were grown on sol1d TSB
' med1um in large pans as descr1bed by Frost & Paranchych
(1977) and harvested by scraplng the surface of the agar.
| The cells from 24 trays (approx1mately 1009, vet we1gh;g

were resuspended 1n ll of standard salxne cxtrate (SSC) and}d

thenustlrred with: a magnet1c stxrrer for lhr at 4°c, after



which the cells were passed through a sieve to remove bits
of agar' Removal of pili from the surface of the cells was
accompllshed by blending 200ml portions for 2 minutes at
2000 rpm at 0° C in a Sorvall Omnimixer. The cells were
removed by.centrxfugatlon at 10,000xg fora15 mlnutes. To
recover pili whlch were trapped in the cell pellets, the
cells were tw1ce resuspended in a total of 600ml of SSC and

the supernatants were pooled. Finally, the supernatants from

all three centrifugations were recentrifuged to remove. any

remaining cells. To the cell supernatant, sodium chloride

was added to a concentration of 1M, §odium}azide to 0.1%
(w/v) and pelyethylene glycol 6000 (PEG 6K) to a cohcenf
tration'of 1% (w/v). The pfeparation was allowed to stahd at -

4 C for 16hr dur1ng whlch time ‘a phase separation occurs and

'the pf@ﬁ and flagella become insoluble. The pili/flagella

precipitate was collected by centr1fugat1on at 8000xg for 20
minutes..To remove flagella, the pH of the solutlon was

adjusted to 4 (using HC1l) and ammonxum sulfate was added to

a concentrat1on of 10% (w/v). The solution was allowed to
~stand at 4 c for 2hr. Pili prec1p1tated under these con-

'kdltlons, whlle the. flagella remazned in the supernatant. The

ammon ium. sulfate prec1p1tat10n step ‘es repeated 2~ 3x until

‘no flagella could be seen in-.the samples, as monztored by
- electron mxcﬂ‘%copy‘ After d1alys1s to remove. ammon1um
‘sulfate, the p111, dlssolved in water, was app11ed to a
'l.preformed CsCl step gradlent The gradient cons1sted of 5m1

'of-C501_of density 1.50 g/ml,ia emlistep contalnlng CsCl¢o£ ‘
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density 1.40 g/ml, followed by three 2.5ml steps of density

‘ﬁZQ and'1.10.-26m1 of pili (containing 20-30 mg of
'tas added to each 16‘ml'§radient and the sampies
Ifuged'at 20,060.rpm in a Beckhan'SW27 rotor using
:;2 658 ultracentrlfuge AS was reported“by Frost &
Fch (1977), the pili banded at’a-density'of 1.3 g/ml;
;éé removed by diaiysis against 0r1%’sodium azide.

;&y, the pili were pelleted at‘100,000xg,in a Beckman
fwrotor The pili were judged pure when SDS—polyacryl—
fde gel electrophore51s showed a slngle prote1n band from
:f11y loaded samples (100ug loaded - onto 2mm thick gels).
?usually obtains 100-200 mg of PAK/ZPfs and PAO/DB2 pili

¢IOOg of. cells,_uslng this pur1f1cat1on scheme

';;The pdrifiedvpili were assafed’for"possible contami-
;}by organic phosphate by hydrolyz1ng 1- 2mg of pili in
» assaylng the hydrolysate for total phosphate uslng‘
ll‘fmethod of Ames (1966; descr1bed in section I.2.a). No
detectable phosphate was released under condltlons in wh1ch.
1 mole of phosphate per mole of p1l1n would have been
Areadaly detected,’51m11arly, Img. samples of~p111, hydrolyzed"
in acid: and’ lyophylllzed were=assayednforﬁcohtaﬁinatihé' |
carbohydrate ThlS ana1y51s vas performed by Dr. L.S. Frost,
bfus1ng the methods descrlbed for carbohydrate analysxs of PAK
| pili (Frost & Paranchych 1977) No contam1nat1ng carbo—
Vhydrate was detected by these procedures. In addxtzon, no
amlno sugars were detected 1n acid hydrolysates of PAO p111n

usxng a Beckman 121 am1no ac1d analyser programmed to detect
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amino sugars.

For the preparation of [QQSJ-labelled oiri, 1 ml of a

standing overnight'culture of PAK/2Pfs was diluted into‘
500 ml-uaﬁ low sulfate MOPS media with 0.5% (w/v) glucose ’

added as a carbon source. The cells were grown for 6 hr (to
~a cell den51ty of 2x10°® cells/ml) at which time 5 mCi oﬁ/////—\f\\\
"‘é,JSSO (spec1f1c act1v1ty 933 mC1/mmole, New England |

Nuclear) was added The cells were grown for a further 13

hours to a cell density of 2x10° cells/ml. Pili were.remoyed

by blending for 2 minutes at 2,000 rpm jn an omni-miker andr_

the cells were then removed by centrlfugatlon at 8, OOOxg.

The remalnder of the purlflcatlon was as descrlbed above,u

for unlabelled p111. The specific’ act1v1ty of the resultlng

plll'was 1.4x10" cpm/mg. A total of 4 mg Of.pure,plll were

ohtained.

 Radiocactivity was measured by spotting aliguots on

2. %¢m filter disks (Whatman #3) drying at.110°C and adding.

l

5ml of toluene scintillation fluid, prlor to countlng in a-

- Beckman LS-230 liquid sc1nt1ll§t10n-counterj
: . _ ' Y o
."\‘:“' ‘ .
C. PhageﬂGrgth-

b
"

"The bacterlophage PO@'was grown gn double- layer aga

plates as descrlbed by Bradley (1973) Br1efly, 6 1nch
d1ameter 2% nutr1ent éﬁar plates were covered with a layer
conta1n1ng 3 Oml of 0.3% water agar, 0 2m1 of varlous

dxlutlons of bacterlophage stock solutlon 1n SSC and 1ml of

.\“
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a standing overnight culture of- PAK cells Followingvincu—
batlon at 37 C overn1ght PO4 phage was harvested from
plates which showed confluent lysis. The phage- were
harvested by adding 7ml of L-Broth to each plate and shaklng
gently for 3hr. The_plates were decanted and the cells

removed'by centrifugation The resulting phagevpreparations

were assayed u51ng 1.5% TSB agar plates overlayed with 2.5ml

“of 0.7% water agar. contalnlng Tml of phage (at vary1ng

'"Mdilutions) and 100ul of bacterla (from a standlng overnlght

culture). 1 in 100 and 1 in 10 serial d1lut1ons were made

.into 1ml of SSC and the 10", 10" and 10"° d11ut1ons were

plated The PO4 phage . obtalned by this method was found to

“'“contaln 8. 8+0 9 x 10‘°'pfu/ml (pfu plaque form1ng units) .

Pf1 phage was also grown and assayed u51ng the‘

double-layer- agar method PEf1, like other filamentous phage,~

is extruded 1nto the medium without ly51ng 1ts host How*
‘iever, small plagues are observed due to the. 1nh1b1tory

effect of phage; 1nfect1on on bacterlal growth The Pf1 stock

':,solut1on prepared u51ng the double layer agar method gave

1.8 x 10" pfu/ml when assayed ‘as descrlbed above.,Growth of

A

'the phage in l1qumd culture was Qﬂso attempted but thlS

»

'resulted in approx1mately 10- fold lggs pfu/ml

YJD;"E 7:ectr-ori Mic:rosco;&; -

Samples for electron mlcroscopy were applled to copper

| grlds Wthh had been coated thh parlodlon and carbon 'J;Qiu

'-SampleSmwere negatxvely.stalned with sod1um

!
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\\
phosphotungstenate (NaPT),' pH 7-7.2. The bacterial cells

were stained with 1% (w/v) NaPT, while the purified pili
were stalned with 1.5-2% NaPT. Samples were photographed in
a Philips EM:300 ﬁransmission electron microscope which had

: [
been calibrated with paracrystalline tropomyosin (obtained
from L.B. Smillie). Pili were photographed at a
magnification of 62,000, while bacterial cells were
photographed at a magnification of 27,300. The diameters of
pili and thé reassembled pilin filaments was measured on 3X ¥
enlarged prints using a calibratéd 10X magnifying glass. 30

measurements were carried out on each structural type.

E. Pili Dissociation and Reassembly

For the testing of various treafments for their ability
to dissociate pili intoy subunits, the pill were routinely
dissolved ét a concentration of Tmg/ml in a solution con-
taining 50mM sodium phosphate (pH 7) plus the reageﬁt in
question. Samples were dialyzed at 4°C, fbr 24 hours against

3

each buffer; prior to ultracentrifugation or circular

. . ')
dichroism measurements. i

For the preparation of ﬁ%iin dimers in octyl-glucoside
pili were suspended at a concéStration of 1 mg/ml in 30 mM
octyl-élucoside {n-octyl-B-D-glucopyranoside; Sigma) and
50 mM sodium phoSphate, pH 7.2. Solubilization was allowed
to take place at room temperature for 30 minfites, followed
v

Eg centrifugation for 5 minutes at 15,600 ﬁ%g in an

Eppendorf microcentrifuge, in order to remove any large
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insoluble material.

Reassembly of pilin into 9nm filaments was accomplished
by dialysis of the pilin dimers in octyl-glucoside against 3
changes of distilled water for 48 hours. Similar resuylts’
were obtained if the dialysis was carried out against 50 mM
sodium phosphate buffered at pH 7.2 6r against 5mM Tris
buffer, pH 8.0 éontaining eitherISmM MgCl, or 10mM EDTA. The
assembly process was mongfored by viscometny as described

below (section K.2).
F. Competition Plaque Assay‘ \

The competition plagque assay ﬁests the abiliiy of
various forms of pili to bind to bacteriophage, thereby
preventing the attachment of the phaée to tﬁe piliated bac-
terial cells with the result that a decrease in the number
of plague forming units is observed. The plaque assay uses
the double-layer agar method described above (section C).
Varying amounts of intact pili, pilin dimers or reassembled
pilin filaments were added to iml of fO" and 10°'°
dilutions of PO4 phage (8.8x10'° pfu/ml ) and incubated for
2hr at room temperature. After 2hr, 100 ul of a standing
overnight culture of P. aeruginosa PAK cells was added and
the entire contents of the tube was mixed with 2.5ml of 0.7%
water agar and poured onto TSB plates. The nuhber of plaques

was counted after incubation for 12-16hr at 37°C. The same

procedure was used in the competition assay with Pf1 phage.
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G. Polyacrylamide gel electrophoresis

SDS-polyacrylamide gel electrophoresis was carried out
by the method of Lugtenberg et al. (1975) as follows: For
most experiments a slab gel apparatus with d.Bmm teflon
spacers and a 20-well sample comb (purchased from Bethesda
Research Laboratoriés) was used. For %lectrophoresis of
Pseudomonas membranes, however, a home-made slab gel appar-
atus with 1.2mm thick spacers was used.AThe thinner gels
with teflon spacers gave superior resolution. The running
gels in both cases were 10-12cm long and the stacking gels
were 1—2§m long. For electrophoresis experiments involving
pure pili or Pseudomonas membranes, the running gel
contained 15% acrylamide-0.27% methylene bisacrylahide and
the stacking gel contained 7% acrylamide-0.18%
bisacrylamide. For experiments with the peptides TCI and
TCIII a 20% acrylamide-0.36% bisacrylamide gel‘was used
together with the 7% stacking gel. The peptide-BSA conju-
gates were electrophoresed on a gel containing 10% acryl-
amide-0. 18% bis in the running gel and 4% acrylamide-0.1%

bisacrylamide in the stacking gels.

The.gels were prepared using stock solution 1 which
contained 44%A(§/v) acrylamide, 0.8% (w/v) methylene
bisacrylamide in water and stock solution II, which -
contained 30% (w/v) and 0.8% (w/v) of the two components
réépectiveiy. A 0.8mm thick running gel consisted of 7.65ml

of solution I, 0.55ml of a freshly made solution of 10mg/ml
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ammonium persulf;te, 0.45ml1 of 10% SDS, 8.45ml of M
Tris-HCl, pH 8.8 and_5;35 ml of water. After filtering and
degassing, 10ul of N,N,N‘,h'—tetramethylethylenediamine
(TEMED) was added and the solution was §Oured into the gel
apparatué and covered with a thin layer of polymerizing
buffé{ (0.1% (w/v) SDS, 0.15% (w/v) ammonium persulfate and
0.05% (v/v) TEMED). After the running gel had polymerized
(about 30 minutes), the polymerizing buffer was poured of f
and a stacking gel contalning 2.25ml of solution II, 0.21ml
of ammonium persulfate (10mg/m1),l0.09 ml of 10% SDS, 1.25ml
of 0.25M Tris-HCl pH 6.8, 5.74 ml of- water and 10ul of
TEMED. For gels of higher or lower percent acrylamide, the
" amounts of solution I and 11 were altered and the total
volume was maintained by adjusting the amlunt of water

added.

For 0.8mm thick gels, 1-5ug of lyophyllized protein was
dissolved in 10-20 ul of sample buffer which contained
1.25ml1 of Tris—-HCl (0.25M, pH 6.8), 1ml of 10% SDS, 1ml ofl
50% glycerol, 0.2ml pf‘B~mercaptoethanol, 0.2ml of 0.04%
bromophenol blue and\Qf35ml of'ﬁjaf/;;mples were boiled for
10-20 seéonds ih saméie bufﬁeff/Prolonged heating is to be
avoided since it causes hg?t-dependent aggregation of pilin
resulting in accumulation of material at the top of the gel.
For smaller peptides (of M<7000) it was often necessary to
load as much as 20ug of peptide. FOr gel electrophoresis of
total membrane pro}eins, up to 100 ug of p;otein was added

to the 1.2mm thick gels.
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The electrophoresis running buffer ;ontained 0.25M
Tris-HCl1 (pH B8.3), 0.192M glycine, 0.1% SDS. The gels were
run at 18mA constant current until the samples had entered
the running gel and then were run to completion at 25 mA
constant current (approximately 6hr). After electrophoresis,
the gels were stained overnight in a sqlutioh containing
0.35% (w/v) Coomassie blue, 25% (v/v) isopropanol and 10%
(v/v) glacial acetic acid. Destai%ing was accomplished in
10% (v/v) acetic acid, 10% (v/v)-methanol in water.
Destaininé was complete in 2-3‘Br if the gel was shaken

gently at 37°C against 2 or 3 changes of destain solution.

H. Separation of Inner and Outer Membranes
1. Membrane Isolation
Inger aﬁd outer membranes were sebarated by the method

of Hancock and Nikaido (1978) with the modification that the
starting material was 4 litres of PAK (or PAK/2Pfs) growd in
L-Bro:h shaking for 12 hr.-Briefly, thevcells were harvesped
by centrifugation at B8,000xg and washed by resuspending i\
800 ml 30 mM Tris-HCl1 pH 8.0 followed by recen:rifuéation.
The wﬂ%hed cells were -then resuspended in 20 ml 20% (w/v) \
sucrose in Tris to whiéh 1 mg of pancreatic DNase and 1 mg |
of panéreatic RNase had been added. The cel; suspension was
| then passéd'é—B times through a pressure cell at 15,000 psi.
‘Subsequently, 2 mg of hen egg vhite lysozyme was édded,
followed 10 minutes later- by 3.5 mg of:.the prbtéase
inhibitor phenylmethane‘suifonyllfluoride‘(PMSF){ Unbroken

cells were removed by Centrifugétion at 10,000xg and the
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supernatants were applied to sucrose gradients consisting of
1 ml of 70% sucrose in Tris, 6 ml of 15% sucrose in Tris and‘
6 ml of sample. After centrifugation at 187,000xg for 1 hr

in a Beckman ultracentfifuge using ‘an §h41 rotor, the bottom
2 ml was collected and applied to a second sucrose gradient'
which consisted of 1iml df 70% sucrose ‘and 3ml each of 64%,
58% and 52% sucrose in Tris-HC1l (30mM, pﬂ 8.0). 2ml of crude
membranes were applied to each gradient and the samples were
cenerifuged at 183,000xq in a Beckﬁen Swdl'rotor for T4hours
at 4°C. Four bands were obtained, one at each step.\The}
bottom band, OM1, was tranSIUCent wvhite and consisted of
highly purified outer membrane. The topmosf band, ." was
ered and consisted of highly purlfled inner membrane. The.
intermediate bands, 0M2 and M, vere. orang;sh in colour a‘d
‘contained a mixture of the two types of membrane. The’ four
bands were separated by punctur1ng the bottom of the ,
nitrocellulose centrifuge tubes and collecting the four
membrane fractions dropwise. ?he‘membrane samples were
diluted.with distilled water and.centrifuged at 177,700xg
for 2hr in a Beckman 60Ti rotor to remove sucrose. The
pellets were resuspended in a small amount of disﬁilled

watet and stored at -20°C.

For experlments in which ["S] p111 vere added to
monxtor the efflc1ency of removal of extracellular p111 from
the' membrane preparatlons, the 1abe11ed p1l1 were added to
the cells in 50 ml Tris buffer pr1or to the ‘second - o

cent:zfugatzon. The.amount ofdsta:tmng-culture‘vas,zsoﬂml‘
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for these experiments.

2. Assays used in characterization of membrane fractions
‘a. Total membrane protein; )

Total membrane protein was assayed by the‘method of

Lowry et al. (1951) with the modification that SDS was added

g ~to the samples to a concentration of 0.1% (w/v) prior to

addition of the reagentssfor the protein determination.

b. 2-keto-3~-deoxyoctonic acid by the thiobarbituric acid
test.

The lipopolysaccharidé sugar, 2-keto-3- deoxyoctonlc

ac1d (KDO) was assayed u51ng the method of Osborn et al.

(1972) as follows: Aliquots of each membrane fraction, con-

taining 0.1#0.5mg of-protein, wvere préEipitated with 5ml of
10% cold,ﬁrichloracetic acid (TCA) and the precipitates were
collected by centrifugatibn aE.4°C for 10 minutes at
20,000xg. Thé pellets were washed twice in 5ml of d;stilled_
water and resuspended.in 0.7ml1 of 0.018N sulfuric acid and

hydrolyzed‘at 100°C for 20 minutes to release KDO. KDO was

’assayed directly in the hydrolysate by the thiobarbituric

ac1d test:
To 0 2m1 of hydrolysate, 0. 25m1 of 0. 025N HIO, in 0 125N

sulfuric ac1d was added and the mlxture was 1ncubated for 20

minutes at room temperature. Then, 0 5ml of 2% sodium

'.arsenxte 1n 0 5N HCl was added with shak1ng. The mixture was
;”allowed to stand for 2 m1nutes to allow the 1od1ne colour to

’dlscharge and then 2m1 of 0 3% th1obarb1tur1c ac1d was added



- 37

with stirriﬁg and the tubes were heated at 100°C for 20
minutes, The absorbance was meaSure§>et 548nm. A standard
curve was constructed using pure KDO obtained from SIGMA
chemical co. 1 umol of KDO gives rise to an absorbance of

19.3 at 548nm in this assay.

c. Succinate dehyrogenase activity.

The activity of succinate dehydrogenase in each
membrane fraction was assayed byAthe method of Kasahara &
Auraku (1974). Briefly, 0.3ml of Tris-HCl (50mM, pH 8.0),
0.1ml of 4mM KCN; 0.1ml of 20mM diSOdiﬁm sgccinate and 2.4mf
of water were mixeé and allowed to reach thermal eguilibrium
at 25°C. Following this, 0.1ml of the membrahe preparation
| and Zbul ef Triton X-100 were added and the preparation was
allowed to stand at 25°C for 15 minutes. The reaction was
initiated by adding dlchlor01ndophenyl1ndolphenol (DCPIP)
and phenazinemetasulfate (PMS) as the terminal and iAter-
mediate eleetton acceptofs; respectively. 10ul of 0.012M
'DCPIPeﬁas’added at eeto time followed immediately by the
addition of 10 ul of 18mg/ml PMS (stored in the dark). The
contents of the tUbe vere rapidly mixed by inversion, trans-
J'ferted‘to a cu&ette, and thé‘decreaee in adsorbenee.as a

.funct1on of time was recorded The initial reaction veloeity
. was determ1ned from the slope of the linear portlon of the
plot of A‘.. vs. time. 1 unit of activity was defined as the
amount of enzyme catalyzxng the reduction of 1 umol of DCPIP
in one mlnute. The molar extlnctlon(poeff1c1ent of DCPIP is

2.2 x_10‘;cm + . mol-'. The final result was expreseed as
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units per mg of membrane protein.
®

I. Reconstitution of pilin into a bilayer

1. Preparatioﬁ of ligids for reconstitution

40mg of dimyristoylphosphatidylcholine (DMPC) and 5mg
of diﬁalmitoylphosphatidic acid (DPPA) were weighed into a
test tube. To this was added 5mg of cardiolipgn, as an
ethanolic solution. The mixture vas parti?&iy dried in a
speed vac concentrator (Savant Instruments, Hicksville,
N.Y.) attached to a Sargent-Welch vaccuum pump until,only
0.5ml of solution remained. At this point, 1ml of chloroform
térwhich one drop of water had been added was addea to the
‘lipids in ethanol and the mixture was left standing at room
temperature until the :lipids went”ig£o solu£30n (about
2-3hr). The mixture was then redriedvin the speed vac
‘concentrator and washed two times by adding 1ml of diethyl
ether and redfying. (
2. Solublization of lipids and reconstitution withvpilin in.
ociyl-glucoside.

1.5ml of a solution consisting of 1.25% octyl-gluco-
side, 5mm Tris-HCl {pH 8.0), 0.tmM EDTA and 20mM ammon um
sulfate was added/to the dr1ed lipids and:the mixture wa;
'heated at 50° for one hour to remove re51dual solvents. The
mzxture was then sonicated unt11 clear (about 10 minutes) in
- a 12ml polyallomer tube using the microprobe of a Bronwill

" Biosonic III son1cator,at maxggum power. The sample was

 immersed 'in ice during sonication. Immediately after
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sonication, 3mg of p111n in a 3ml solution containing BOmM
.octyl-glucoside, 5mM Tris-HCl, pH 8.0, 0. lmm EDTA, mand ZOmM
ammonium sulfate was added and the solution was mixed by
swlrllng The solution was then shaken at 37°C for 10
minutes to ensure homogeneity and then the detergent/llpld/
pilin mixture was dialyzed against 4 changes of 1 litre g%
10mM Tris-HCl, pH 8.0, 0.2mM EDTA, 10% methanol at 4°C over
a 24 hour‘period. The dialyzed material was cencentrated by
centrifugation at 50,000 rpm in a Beckman SW60Ti rotor for 3
hours. The resulting gekatinous-pellet was resuspended in
1ml of 10mM-Tris-HCl (pH 8), 0.15M NaCl and apblied to a
1x70cm Sepharose 4B column whiEh,had been equilibrated in
the same buffer. 0.4ml fractions were~collected at a flow
‘rate of 6ml/hr. For the preparation of lipid vesicles
without pilin, the entire prqcedure wae repeated without the
addition of protein. For preparation of [’*S]-pilin/

vesicles, 1.0mg of labelled pilin (1.4x10° cpm/mg) was used.

»

3. Characterization of lipid eesicles.

a. Determination of protein:phospholipid ratio.

| The protein content of the pilin-containing vesicles
‘wa; assayed by the method .of Lowry et al; (1951) -in the’
presence of 0.1% SDS. Thedlipid content of‘the'vesicles was
determ1ned by assaying for total phosphate by the method of
Ames (1966) ‘In this assay, the phosphate is £1rst released
by ash1ng the phosphollp1ds in magne51um nitrate. 30u1 of
10% magne51um nitrate in 95% ethanol vas added to 10-100ul

\
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'v‘of‘sample in a pyrex tube and the tubes were shaken to
bdryness over a flame until the brown fumes disappedred.
After coocling, 0.3m1vof O.SN.HCl ;as added and the tubes
were capped with marbles and heated in a boiling water bath
for 15 minutes. After cooling, 0.7ml of solution C (see
below) was added and the tubes were incubated at 37°C for !
hour. Thé absprbance was read at 8205m. A -standard curve was
constructed using 0-100ug of DMPC as the standard. §blution
C (made fresh daily) consists of 1 part so{ution A'and 6
parts Solution B. Scolution A 1is 10% (w/v) asgorbic acid
(kepf at 4°C, stable up to 4 weeks). Solutioﬁ B consists of

0.42% ammonium molybdate.4H.O in JN H,SO, (kept at room tem-

perature).

- b. Migration,of}vesicles in sucrose gradients.

Linear sucrose gradients (4.2ml, 0-64%), containing
30mM Tfig-HCl, pH_S.O, were prepared in 4.5ml polyallomer
tubes. 0.25ml of sample (vesicles, pili, or pilin/vesicles)
was iayered on the top of the gradient and’thelsaﬁpléé were
' centrifuged at 35,000 rpm in a Beckman SW50.1 rotor for 3hr.
For the high salt experiments, the samples ﬁgre incubated in
0.5M NaCl for 30 miputesrprior,to loading them onto the
gfadients. For thé high pH,expériments,;the pilin/vesicles
were incubated in 0.1M émmonium carbonate, pH 10.5, prior to
applying fhe sample to th¢}SuCrose gradient. Tbe'gtadieﬁts
vere fractionated*by#pﬁncturingthe-bOttom of the tubes'énd
| ;ollecting”o,zs—o.s ml fractions dtapﬁise. The absorbance of

" the samples were read and then aliquots were'removed for
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radioactive counting (on filters in toluene scintillation

fluid) or for determination of the protein concentration.

c. ?ronase digéstion of [?*S]-pilin vesicles.
PfonaSeﬂdigestion was carried oﬁt in 0.1M ammonium bi-
carbonate, pH é.?, for.16h at 37°C. Pronase (from
Streptomyces griseus, CALBIOCHEM.) was ad&ed to 1% (w/v) té
a 0.5ml sdlutiég of pilin/vesicles ih.ammoniuﬁ bicarbonate
consigting of“O.lmg of [°*S)-pilin and 2mg of phospholibids.
After digestion, the vesiéles werehéentrifuged at 35,000 rpm
fér 3hr in an~§ﬁ50.1 Beckman rétor and the aﬁbunt of radio-
acfivity assqciated'with the pellet and supernatant matérial

wés determined.
J. Protein/peptide chémistry

1. Amino acid analysis \

| Amino acid analyses were carried out on a Durram D-500
amino acid analyser. Samples were hydrolyzed for 24, 48 and
g 72 hour in 6N (constant boiling) HCl conta1n1ng g 1% phenol
in evacuated sealed tubes at. 110°C. For most resfdu;é the
average value from the three time per1ods of hydrolysis was
used. Fé)/§erine and thrednine, values were estimated by i
 gxtrapb1ating to zero hydrolyéis‘t;me“ahd fo:'isoigucine; |
lehcine ana Valine,-the-72fhour Value was used. Cysteineland
’methlonxne were determlned as cyste1c ac1d and methlonlne |
'sulfone by oxldlz1ng with performic acid (Moore, 1963). The

w}or tryptophan was determ1ned by hydrolyz1ng the

21nf3N;p—toluene sulfqnxcuac1dvas Qgscrlbpd.by Liu

hY
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\\\apd Chang (1971). N-methylphenylalanine analysis wasvby the
method of Coggins and Benoito (1970) in which a halved
buffer ninhydrin flow through the reaction.ooil of a Beckman
121 amioo acid analyzer allowed the detection of

' N—methy;-phenylalanine. For routine analysis of protein con-
centration, the hydrolysis period was 48hr, for peptides hy-

drolysis was for 24 hr.

2. N-tarminal analysis
a. N-terminal seguence analysis.

The N-terminal sequence of PAO pilin was determined. by
two automatéd EDMAN‘degradations on 150 and 80 nmol .of PAO
pili, with a Beckman 890B sequencer using either the ™
quadrol buffer system of Edman & Begg (1967) or the 0.1M
guadrol system of Brauer et al. (1975). The reagents used in
the identification of the phenylthiohydantoin derivitives

were exactly as described by Paranchych et al. (1978).

b. Dansylation and thin layer chromatography of the dansyl
amino acids. N

Dansylation of the amino-terminal residues of various
peptideé was carried oot asAfoilows (Hartloy, 1970): S5nmol
of peptlde in 0.1M sodium blcarbonate was ' lyophylllzed in a
5mm pyrex. tube and then dlssolved in 10ul ;f double dis-
tilled water and‘1pul of dansyl chloride (1-2mg/ml in
acetone). The tubes were covéréd with parafilm and incubated

for 1 hour at 37°C, after Wthh the samples were

lyopbyllrzed 1n}a speed vac concentrator The lyophyll1zed
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dansylated samples were then hydfolyzed in 50ul of constant
boiling HC1l at 110°C ih sealed tubes for 16 hours. The

~ hydrolyzed material wéé dried and resuspended in 8ul‘of
écetone:acetic acid 3:2 (v/v) for identification of the

- dansyl aﬁino acids by thin layer chromatograph;. Thin layer
chromatography was carried out in 3 solvent sytems on 2 inch
square microcrystalline gellulose sheets ?&actly as o
described in Needleman (1975). The pfesehcéfof a single

N-terminal dansyl-amino acid was used as one criterion of

peptide purity.

3. Ninhydrin alkaline hydrolysis

| Pepfide concentrations were estiméted by hyafolyziﬁg
lyophyllized samples in 125ul of 5N NaOH (by taking the
‘'samples to dryness at 250°C). The Samples‘wefe then neutral-
izéd'by-the‘addition of 0.25ml of 30% acetic acid. The
number of amino groups in the hydrolyzed‘sampies was deter-
mined by the addition of 250Ul of ninhydrin solution { 10mY
of ninydrin solltion conﬁains 0.2g of nihhydrin,'0.0Bg‘of
‘hydrindantoin, 7.5ml of_methylcéllusolve and 2.5 ml of 4N
sodium‘acetate}:pﬁ 5.5, added in that order); The sqlutioné
Qere heated for exactly 1S,minu£eé in a boilingﬁwatef bath
and 1.5ml df 1.5% ethanol was added tg‘thé'éooled solut;oné.
The absorbance was read a£'570nm.vA‘standard curve was

constructed'using 0-150 nmol of“7—1eucine;
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4. Two-dimensional peptide maps

Two-dimensional chromatography-electrophoresis was
performed on 10x20cm plastic sheets which had been coated
with a 0. 'mm layer of microcrystalline cellulose (DEL 400,
Brinkman). The samples were spotted 6cm from the anode and
2cm from the edge of the sheet. The first dimension was
ascending chromatography in n-butanol-pyridine-water-acetic
acid 5:4:4:1 (v/v) and was carried out until the solvent
front was lcm from the top of the sheet.”Electrophoresis in
the second dimension was carried out at 500V for 45 minutes
using 8% formic acid-2% acetic acid (pH 1.8). Under these
conditions, all the peptides migrated toward the cathode.
The peptides were stained with ninhydrin:cadmium (Heéthcoat
& Haworth, 1969). The reagent consists of mixing a solution
of 1% ninhydrin in acetone with a solution of 5g of acetic
acid in acetone with a solution of 5g of Cadmium acetate in

250ml of acetic acid, 500 ml of water in a ratio of 7:1.

5. High voltage paper electrophoresis

\ High voltage paper electrophoresis was carried out at
pH 6.5 in pyridine-acetic acid-water 100:4:900 (v/v) and at
pH 1.8 in acetic acid-formic acid-water 87:25:888 (v/v).
Approximat;}y{§0—299,nﬁol of peptide was spotted'as a 2-6cm
wide streak at the center of the pH 6.5 paper or 11.5 em
from the anode end of theAbH 1.8 paper. Electrophoresis was
carried out on Whatman no. 1 filter paper at 3000V for 45

minutes (50 minutes for the separation of TCI1 and TCIV).

The peptides were visualized by cutting away a strip from
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the electropherogram and staining with ninhydrin:Cadmium.

The peptide bands were cut out and eluted with water.

6. Citraconylation and enzymatic digestion

'titraconylation was carried out by the method of*
Gibbons & Perham (1970) with minor modifications as cited in
Sastry et al. (1983). Briefly, pili dissolved in 0.05M
sodilum phogpbate (pH 8.1) at a concentration of 3-4mg
pilin/ml was treated with a 40-fold molar .excess of
citraconic anhydride over the number of‘ysines/monOmer. The
citraconic anhydride was added in small aliguots over a
period of 4hr at 25°C with const%Ft stirring. The pH of the
reaction was maintained by the addition of 1N NaOH. After
completion of the reaction, the protein was dialyzed against
4 changes of 2] of 0.1M ammonium bicarbonate, pH 8.1.
Trypsin digestion was carried out on the dialyzed material
directly. The digestion was carried out at 37°C for 16
hours. The enzyme was initially added at a 1 1n 50 molar
ratio, with a further addition after 3 hours to a final con-
centration of 0.04 moles of trypsin per mole of pilin.
Following trypsin digestion, the soluble and insoluble
fractions (abbreviated TC-soluble and TC-insoluble, for
trypsin-citraconylated) were separated by centrifugation,
Deblocking of the L&sine residues waé carried out after the
initial fractionation of the TC-soluble material on Sephadex
G50 (see below). This was important in preventing aggre-
gation. Decitraconylation was accomplished by incubation in

-7 10% formic acid at 25°C for 6hr. The tryptic subfragménts of
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TCI111, prepared by digestion cf decitraconylated TCill, were
obtained from Dr. P,A. Sastry, as was the subfragment of
TCIV (residue 12E-144) (obtained by thmotryptic digestion

of carboxymethylated whole pilin).

7. Peptide purification

TCl was purified'from the TC-insoluble material by
chromatography 1in the presencé of 30mM octyl-glucoside.
Approximately 2mg of TC-insoluble material was solubilized
in 'ml of 30mM octyl-glucoside/ 0.05M Na,PO.,‘pH 7.0 and
centrifuged to remove residual insoluble material. fhe
supernatant was applied tc a 1x40cm Sephadex G75 column
equilibrated in the same detergent/buffer system. The major
peak, TCI, was desalted on a 1x10cm Sephadex G10 column,
which alsoc removes most of the detergent. TCI was judged
pure by the appearance of a single sharp band‘gn SDS-poly-
acrylamide gels, by N-terminal analysis (by dansylation,

Hartley, 1970) and by amino acid analysis.

The TC soluble matefial was initially fractionated on a
Sephadex G50 column equilibrated with 0.1M NH.Héb,, pH 8.1
and eluted at a flow rate of 8ml/min. 5ml fracéions were
collected. TCIII obtained from this sepafation was judged

pure by the criteria listed above.
| |

TCII and TCIV, which coelute on G50 were further
purified by hidh voltage paper électropﬁoresis at pH 6.5
followed by electrophoresis at pH 1.8 at 3000 volts for 50

] .| . o .
minutes. (section J5, above). Details of the purification of
N

|

(
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the smaller fragments which were obtained in pure form from
P.A. Sastry will appear elsewhere (Sastry, Pearlstone,

Smillie & Paranchych, manuscript in preparation).‘

8. Coupling of peptides to bovine serum albumin

The photosensitive cross-linking ‘reagent, the
N-hydroxysuccinimide ester of 4-azidobenzoic acid (AB-OSu)
was obtained from P.C.S. Chong. Its synthesls was as
described by Chong & Hodges (1981). The starting material
for the '*C reagent was 4-amino-[1-'*C]-benzoic acid. The
specific activity of the '*C-labelled AB-OSu was 6100
cpm/nmol.§Cross—linking of the peptide to BSA was carried
out as described by Worobec et ‘a@l. (1983) but on a much
smaller scale. Briéfly, 50-75 nmol of each peptidé was dis-
solved in 30 ul of 0.16% NaHCO,. lumol (0.3mg) of AB-OSu
dissolved in 30 ul of aioxane was added to the peptide with
gentle shaking. The reaction was allowed to proceed at 0°C
for one hour and then at room temgérature overnight; The
mixture was applied to a 1x25cm Sephadex G25 column equiiib-
rated with 0.1M ammonium bicarbonate (pH 8.1) and eluted at
a flow rate of 3ml/hr. 0.25 ml fractions were collected. The
column effluent was monitored at 280nm and by spotting 2ul
samples of each fraction onto filters and counting. The
elution profile of the peptides was very similar to that
obtained by Worobec et al. (1983). The void volume peak,
containing azido-['*C(1)]-benzoyl-peptide, was pooled and an
aliguot was hydrolyzed for amino acid analysis prior to\the

addition of BSA. From this analysis we could determine the
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aegree of incorporation of radiolabel in the peptide. From
the specifig activity of the '‘C-labelled AB-OSU, the pep-
tide concentration in the peptide-BSA conjugate after
photolysis could be determined by radioactivity measure-

ments.

2

The BSA—azido—benioyl-peptide mixture was lyophyllized
and resuspended in 50-100 ui of 0.05M sodium phosphate, pH
7.0. All steps up to this .point were tarried out in the
dark. Photolysis was carried out for 1-1.5 hr at 4°C using
an RPR 208 preparative reactor (Rayonet; The Southern New
England Ultra-violet co:, Middletown, Conn.) equipped with

350nm lamps. The reaction mixture was then applied to a

Sephadex G50 column (1x25cm) equilibrated with 1mM HCI,

0.05% NaN, and eluted at a flow rate of 4ml/hr. The first
peak, containing the covalent peptide-BSA complex, was

pooled and lyophyllized. - X

155 S

K. Hydrodynamic methods

1. Ultracentrifugation
Ultacentrifugation \was carried out in a Beckman Model E .
ultraéentrifuge with RITC temperature eontroI equipped with
either Schlieren optics or with a UV 6ptical system with
multiplex and scanner. All runs were carried out at 20°C.
Sample preparation was as described above (Section E).

« ~

a. Sedimentation velocity.

The.sedimentation coefficient, s, is determined from
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the position, r, of the protein boundary in the ultragcentri-
fuge cell as a function of time, t, using the relation,
K
s=1/. dlnr/dt

\
where . is the angular velocity in radians per second. s 1is

determined from the slope of .a plot of r vs. t and 1is
expressed in Svedberg units, S, where 15= 10" '® seconds. The
sedimentation coefficients weré corrected for solvent
effects using the relation (Svedberg and"Pederson, 1940):

= s (no/n

S20,w obs (M1/720) (7/y)

(1-Vc )

T,so0l

where s,.,,w 15 the sedimentation’coefficien; in water at
20°C,'s is the measured'sedimentatiohJtoefficient,_(fT/ﬁzo)
is the viscosity of water at temperature T, relative to
water at 20° C, (/7)) is the viscosity of the solvent
relative to water, v is the protein partial specific volume,
CZO,W is the\density of water at 20°C anq‘ﬁysolis the
density of the solvent at temperature, T. '

.‘For the determination of the sedimentation coefficients
of PAK and PAO pilin, Schlieren optics were used. The |
distance, r, of the maximum ordiﬁate of the Schlieren
gradient ffom the center of the cell‘was‘neasured on films
'at a magnification of 10. To -obtain s°,, o the sedimen;
.tat1on coeff1c1ents vere determlned as a functzon of p111n

concentrat1on in 30mM octyl glucoside. The concentratlon of
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pilin.in octyl-glucoside was determined by amino acid
analysis or by the Lowry protein determination using a
correction factor of 0.7 (to relate the BSA standard curve

to the concentration determined from amino acid analysis).

For the determination of the sedimentation coefficient
of pili in the presence of denaturants and detefgents, uv
absorption optics were used. These sedimentation co-
efficients were corrected for the viscosity of the solvent,
but not for the solvent density in most cases. Where
literature values were unavailable, solvént viscosity was
determined with an Oswald viscometer (see below). The
velocity used in these runé was between 28,000 and 60,000

\

rpm, depending on the aggregation state of the pili,

b. Sedimentation equilibrium measurements.

The weight average molecular weight of PAK and PAO
pilin in octyl-glucoside was determined as a function of
loaaing éoncentration (C,) in a conventional seQimentation
equilibrium experiment as described by Chervenké (1970). The
‘runs were carried out at 17,000 rpm and utilized UV optics |
with multiplex and scanner. The contentration oflprbtein (c)
as é fuﬁction'of its position (r)}}n the cell at equilibr{um
w;s measured from the UV scans. The weigh; avefége_molecular
ﬁeight is determined from a plot of lnc(r) vs r? using the
réiation: |

Mw(r) — 2RT . dlnc(r)

(1-Vp)w? dr?
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where R.is the universal gas constant and the other terms
have been defined, A program written by ﬁolodko (1974) was

I d
used to obtain point average molecular weights. The program
fits 1n(c) vs r* to a second degree polynomial using a least
squares procedure and calculates the point average molecular
weights from the slope. The input to the program was the
measured values of r, ¢ (as an absorbance'measurement), the
protein partiél specific volume, the solvent density, the
angular velocity, the temperature and a cell constant. For
plots of M vs concentration, the absorbance measurements
were.converted to protein concentrations using an extinction
coefficient of 1.3, for a Img/ml solution of pili in a 1lcm
cell at 280nh (see section L1, below). Samples were dialyzed
against octyi—giucoside for 48hr prior to the sedimentation
equilibrium measufements. In order to determine the concen-
tration dependence of M; ruhé were carried out at loading

concentrations between 1 and 0.4 mg/ml.

2. Visgomet?y ﬁ ‘.

Viscosity measurements were carried out in a 0.5 ml
capacity Oswald Viscometer (Cannon 25A294) held at 20°C in a
constant temperature water bath. The f!ﬁh time for water was
about 8.6 minutes ihjthié viscometer. The results were

expressed as:

L ft.p ‘
e,/ (_2__2 -Il).,.c
t°y

where t,,t, are the flow times from{protein/detergént and

o,

.3
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detergent alone, resﬁectively._The approximation that

"re1 - T2/t1  was used throughout.

For pilus dissociation experiments, 1 mg/ml samples of
pilin at various concentrations of detergent were dialyzed
overnight against the same concentration of detergent to
provide suitable blanks for viscometry. For assembly exper-
iments 1t was neceséafy to know the rate of detergent
removal. Therefore, a calibration curve of octyl-glucoside
concentratign versﬁs time of dialysis at 4°C was carried out
using n-octyl-["C(U)]-ﬂ—D—glucopyranoside to follow deter-
gent rémoval. At 4°C, a 1 mg/ml solution of pili in octyl-
glucoside (1 ml) dialyzed against 1! litre of distilled water
resulted in equilibration in 12 hours. Because protein con-
centrations ch&égéd slight;y during dialysis, the protein

. . ’ *
concentration was determined on each sample subseguent to

the viscosity measurement.

3. Density Measurements

Dénsity measurements were carried out using an Anton
Paar precision densimeter Model DMA 60 at 26 + .005°C. This
densimeter is of the mechanical oscillator type (Kratky
et al., 1973) and ¢ohsists of a U-shaped tube which caﬁ be
filled to a highiy fepfbducible volume. The temperature of
the tube is'maintained using é circulating water bath (Lauda

K2 thermoregulator). Density measurements are measured by

recording the period of oscillation, T, of the tube when it

is filled with various solutions. The difference in density



between two solutions, 2 - " , 1s given by,

H

vy T ey B A (T, - T.7%)
where A 1s a machine constant, determined by measuring T for
solgtiong of known density. For this purpose, T was measured
when the tube was filled.with dry air and with water. The
measurements were made for a total of 15 minutes each.
IBHTVTaual,measurements of T are displayed on the digital
readout every 20,000 oscillations (about every minute). The
average value of T over the 15 minute period was used. In
between samples, the tube was washed firstbwith water, then
with 3N HCl/Sb% etﬁanol, again with water, then wi;h
methanol and»finally the tube was dried with a‘stream of air
(dessicated). Samples were allowed to come to thermal equi-
librium before making measurements. The densities of phos-
phégg buffer, of various c?ncentrations of detergent in
phosphatelbuffer'and of. vafious concentrations of pili 1n
phosphate‘bufter and octyl-glucoside were aet;rmined in
order that the partial specific volume of octyl-glucoside
and of\thé pilin/octyl-glucoside complex could be deter-
mined. Seven measurements of density were made for each type
of pilin at proteln concentrat1ons between 1.5 and 5 mg/ml.
The v for detergent was determined at 10 concentratlons both
"above and below the critical m;celle concentratxon.(CMC).
The partgal specifl¥ volume, v is given by the relation,

/ » h
€ e

~
W)
i
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C
wh?je . and o are the density of the sample and the
solvent, respectively and c is the concentration of the

solute 1n g/ml.

/

Equilibrium dialysis measurements were carried out at

4. Equilibrium Dialysis

room temperature in ! ml cells attached to a wheel which
tumbled the cells at 10-15 rpm. 1 mg/ml pili solutions in a
given concentration of detergent were dialyzed against the
same concentration of detergent containing the radioactive
label. Dialysis was carried out for 24 to 96 hours, after
which time samples were removedAfor counting on filters in
toluene scintillation fluid. For concentrations of detergent.
below 30mM, equilibrium was generally reached within 24 hrs.
At highef detergent concentrations, however, longer periods
of dialysis were reqguired. Sufficient ['fC]-octyl~glucoside
was added so that a difference in CPM (protein side of
membrane) vs CPM‘(detergent—only-side) of at ;east 5% was
obtained under the conditions,used; For example, the

‘ specific‘activity of octyl-glucoside was 40 cpm/nmol for the
experiment carried out at a fotal concentration of 30mM

A octyl-glﬁtqside, By increasing the amount of radioéctivity
in the exbéfiments carried ouf at lower octyl-glucoside 

conéentratidn; we could detect the binding of as little as
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2 moles of detergent/mol of protein. Octyl-glucoside binding
to the standard proteins used in the calibration of the gel

I

exclusion column was carried out at 30mM ogtyl-glucoside
/
’
using the same procedure. The standard protein samples

contained 80-90ﬁmol of protein pér ml.

5. Gel exclusion chromatography

The pilin molecular we{ghf in octyl-glucoside was
determined by gel exélusion chromatography on a Sephadex
G200 (Pharmacia Fine Chemicals) of dimensioné 1 x 25cm which
had been equilibrated with 2 column volumes of octyl-gluco-

-

side, 0.05M Na,PO,, pH 7.0. A calibration run was carried

)

out under the same conditions using 0.5 mg each of Bovine
serum albumin (M=65,000), anlbumin (M=43,000), Mydglobin
(M=17(000), cytochrome c¢ (M=13,000) and bac{tracin (M=1411).
2 separate calibration runs were carried out (one with BSA,
myoglobin and bacitracin; the other wiﬁh ovalbumin,

cytochrome C and bacitracin) so that speéies close together

in molecular weight could be resolved.

& @

Gel exclusion chromatography in thé presence of

['*Cl-octyl-glucoside was carried out using the same column
described above..The column was equilibrated with 2 column
ﬁgzluaés of 3OmM‘IJ‘C]-octyl~glucoside’ét‘a'specific activity "
of 6830 cpm/umol. Pilin dissolved in the labelled octyl-
glucoside was applied to.the'cqlumn aﬁd 0.5ml ffactions ;efe

collected. The amount of protein in each fraction was deter-

‘mined by measuring the absorbance at 280nm and using an 4
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extin;tion coeffic@ent for pilin of 26.5/umol (at 280nm 1in a
icm cell). 100ul aliquots of each fraction were counted to
determine the amount of octyl-glucoside associated with each
fraction. The specific activity used‘in these calculations
was taken from the baseline of radioactivity drawn through

.the radiocactivity profile of the column.
L. Speétﬁal methods
N
1. Protein concentration
* Most protein concentrations used in the spectral

measurements were calculated from the extinction coefficient
at 280nm of 1.3, for a Img/ml solution of pili in a lcm
cell. This value was determined by measuring the absorbance
of samples whose concentratibns had been determined by‘
guantitative amino.agid analysis (as described in section
J1). It should pe noted that, to alleviate scattering ‘
problems, longitudinal aggregates were removed by centrifu-
'gation of the samples for 5 minutes at 15,600xg in an v
eppendorf microcentrifuge. The supernatant was then removed,
Ats absorbance measured as described below, and aligots were
. C
\removed for amino acid analysis. |

Unless otherwise stated, all spectral measurements were

carried out in 0.05M Na,PO,, pH 7.

¢



2. Circular Dichroism

The circular dichroism studies of Chapter IV were
performed on a Cary model 60 recordiﬁg spectropolarimeter
equipped with a Cary 6001 CD attachmgﬁt, in accordancé»with
the methodo}bgy oflOikawa et al. (1968). ancentrations'were'
detérmined by amino acid analysié and-molar ellipticities

were calculated using a mean residue weight of 107 {(deter-

mined from the'amino acid composition of PAK pilin).

o

In the absence of anwauffer, sign;ficant lighi
scattering was observed‘fo' intac&%pdli due to the formation
of ldngitudinal aggregates w . Bave been observed in the
electron microscoée-(Chapter VIf. However, 1in thg presence
~of 50 mM phosphate buffgg/ the apparent sedimentation coef-
ficieﬁt decreases sligh%ﬁy, the ellipticity at 220° nm
decreases by 10%, and less noise was observéd in the
speétra. A fqrther increase in buffer concentration had no
effect on the CD‘specté?m or the apparent sedimentatién co--
efficient. DUring the run the dynode_voltége'did not exceed

0.6 KV at 200 nm. E

9’

The percent ‘e-helix and B-sheet were calculated using

the expefimentél elliptitities'at 215, 220 and 225 nm and

the theoretical values for 100% a—helix, 100% B-sheet and
. 3 : .

100% random coil,“prévided bylghen-ef al. (1972), using the

equations: : . - ) _{
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[61.,, = -25.7 fo -~ 9.43 fg + 0.669 f_

(6).,. = -29.5 fq - 6.06 fg + 1.80 f '
‘ B - <
(6),.. = -28.7 fq + 1.54 fg + 0.264 f_
where f,, fﬁ and f. are fraction ao-helix, B-sheet and

random coil respectively and [#], is the molar ellipticity

at the wavelength specified by the subscript.

The circular dichroism measurements described-in
Chapter VII and Chapter VIII were carried out on a Jasco
J500C spectropolarimeter according to' the methodology of
Oikawa et al. (1968) with pantoyl—lactong as an additional
Sﬁéndard.~Molar ellipticities were calculated aé stated
above. Longtitudinal aggregates of pili were removedqu cen-
frifugation, to reduce the light scattering problems préor
.to the measurement of the absorbance of the samples (for the
determination protein concentration). The fraction a-helix
"and B-sheet were determined using a program developed by
Provencher and Glockner (1981) which analyzes CD spectra as
a sum of speétra of 16 proteins whose structﬁres had been
"détermined by X-ray cfystalloqraphy. The 1nput to the
.program was the moﬂar ellipticities in lnm intervals from

\ :
190 to 240nm. As a check on the calibration, of the instru-
ment a CD‘sﬁectrum ;as obtained for hen~egg—white lysozyme
(one of the protein§ in the reference set) and run through

the program. We obtained 41% a-helix and 22% B-structure in

~agreement with the results\of Provencher and Glockner.
4 ol

-

’



59

For the determination of the circular dichroism spectra
of pilin reconstituted intsxphospholipid besicles, a prep-
aration of vesicles which did not contaiﬁ pilin, but were of
the same size as the pilin/vesicles, were used as a blank.

The protein concentration used in this experiment was about

0.3 mg/ml.

3. Alkaline pH titration

Samples were prepared for measurement of absorbance and
ellipticity as a function of pH as follows. 0.2M buffers
were prepared at each pH using sodium phosphate or sodium
bicarbonate buffers. 2mg/ml soluéions of each of the three
forms of pilin aggregate were diluted 2-fold into each
buffer solution and the sample was used both for determi-
nation of the ellipticity at 222nm and for a UV absorbance
scan from 350 to 260 nm. In the case of pilin/octyl-gluco-
side, the buffers were made up in octyl-glucoside so as to
maintain the detergent concentration. Absorption measure-
ments were made on a Cary model 219 spectrophotometer using
icm matched cells. Examination of thei%V_abéorption spectra
between 350 and 3206m showed that light scéttering was

minimal provided that the samples had been centrifuged to

remove large aggregates as described above.

’

4. Solvent perturbation measurements
Solvent perturbatidn experimenfs were carried out on a
Cary 118c spectrophotometer operated ;n the autoslit mode.

Difference spectra were recorded at a full scale absorbance
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range of 0.05 at a scan rate of 0.1 nm/sec. The reference
and samplé cells were thermostated with a circulating water
bath (Lauda K 2R thermoregulator). The experiments used
split compartment tandem cells with a path length of 0.874
cm. The gaseline was generated with 2mg/ml protein in both
‘the reference and sample cell in one compartment and with
40% DMSO in the other compartment of both cells (the DMSO
was made up 1n octyl-glucoside for the experiments with
pilin/0cty1—gIUCoside).‘The contents of the sample cell were
then mixed and the spectrum recorded. Then the contents of
the reference cell were mixed and a sg;ond baseline
recorded. 1f the second baseline diff;}ed substantially from
the first, the results were discarded. The'perturba%ion
spectra of N-acetyl-tryptophan and N-acetyl-tyrosine ethyl
ester were determined separately and as a l:1 molar ratio so
that the contribution of tryptophan and tyrosine at each

wavelength could be recorded. The effect of octyl-glucoside

on these spectra was also tested.

5. Fluorescence measurements

Eluorescence meaéurements were carried out on a
Perkin—élmerbMPF—44B spectrofluorometer operating in éhe
ratio mode Qith»Snm bandwidths for excitation and emission
“slits, A constant témperature of 20°C was maintained in the
cells by a circulating water bath. The excitation wavelength
used was 295nm to ensure that light absorptibn was primarily

due to tryptophan. The initial A,,, of the protein was <

0.05 to’avoid the inner filter effect. The fluorescence
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guenching was measured at the emission maximum of the sample
and was initiated by the addition of 10 ul aliquots of 8M
acrylamide solutions to both the sample and a blank (to
correct for acrylamide adsorption). Cells of 1 cm pathlength
were used and stirring was by a magnetic 'flea.' The protein
solutions were 2.0 ml. The results were plotted as F,/F,
where F, is the initial fluorescence and F _is the fluor-
escence after addition of quencher, ¢corrected for dilution

of the protein.
M. Immunological methods

1. Preparation of Antisera
The anti-pilus antisera used in the 1mmunoelectro-
phoresis experiments and in the identification of pilin
pools in the membranes of Pseﬁdomonés (Chapter VII) was
prepared as follows: New Zealand white rabbits were injected
intraveneously with 500 ug of pure PAK or PAO pili in
sterile saline. A tgtal of 3 injections, 3 days apart were

administered, and antisera was collected 4 weeks after the

first injectidn.

For the ELISA and Immunoblot experimentg, antisera
‘aéainst PAO and PAK pili was obtéided from New Zealand white
rabbits by an alternate procedure, which gave higher titers:
100ug of pure pili dissolved in an equal §olume of Freunds
complete adjuvant wasfinjected suﬁscapularly and
ihtramuscﬁlarly in the gluteal area. The_pili‘weré

thoroughly mixed with the adjuvant by squirting the solution

i
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back and forth using a ‘double hubbé§ éyringe. Booster
injections were administered at twétpne month intervals with
100 ug of p1li dissolved in an eqgual volume of saline and
Freunds incomplete adjuvant. The rabbits were bled 2 wéeks
following the'second booster 1njection. The antiserum from-
one rabbit (for each type of pili injected) was used for the
mapping of the antigenic detefminants (Chapter IX), so that

variations between animals did not complicate the results.

2. Immupoelectrophoresis
Counter- and rocket-immundelectrophoresis were carried
out as described by Tsang & Marusyk, (1986). Briefly,
counter-immunoelectrophoresis was carried out on 8x8cm
gel-béhd film, covered byia 20ml layer containing 1%
agarose, 3% T;iton X-100 and 3% polyethylene glycol 6000.
Wells were placed in two rows, 3cm apart. 10ug of pili in
10&1 of Tris buffer was placed in each of the row of wells
closest to the cathode. In the opposite wells, 50ul of 1 in

2 serial dilutions of anti-pilus antisera were placed.

Electrophoresis was carried out for 16h at 3V/cm in

Tris-glycine electrophoresis buffer, pH‘8.3'(described in
section G). The precipitin lines were visualized as follows:

The gel was dried by overlaying it with paper towels and a

'.'hegvy object. The gel was then washed with PBS (5x5minutes)

and redried. The gel was then stained and destained with

.Coomassie blue by the method of Fairbanks et.al._(1971).

Rocket immunoelectrophoresis was carried out in a similar
manner except that the gel was prepared:in two parts. The

¥
M

e
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upper gel ;onsisted of 15ml of 1% agarosé/Trﬁton/PEG as
above plus 5% v/v antiserum. The lower gel 1in which wells
were cut for the pili samples consisted of 5ml of the same
gel, minus the antiserum. E}ectrophoresis was c;rgied out

e

for 20h at 3V/cm, o

3. Transfer of protéins from SDS-polyacrylamide gels to

nitrocellulose paper followed by immunological deteétion.
Proteins were transferred from SDS-polyacrylamide gels

to nitrocellﬁlose paper, reacted with anti-pilus antibodies

" and the bound antibodies detected using the methodology of

Towbin et al. (1979) with the modification that t231-Protein *

A from Staphylocotcus HBireus was used inﬂplace of

"231-labelled shgep immunoglobulin G.

Transfer to nitrocellulose was carried out using an
Electro-blot apparatus (E-C apparatus) The gel was piaced-
on a piece of fllter paper which had been soaked in electro-
phores1s buffer and placed on théicathode side of the
electrophoretlc grld The gel wasiﬁifg%gyéd w1th a plece of
nitrocellulose paper (.45 um , Schleicher and Schuell) that
had been pre-hydrated }n distilleé»wafer.-Care mustAbe taken
at this point to elimihaté air bubbles betwéen the gei'and 
the nitrocellulose paper. The nltrocellulose paper was then

e
covered with a second piece of moistened filter paper
 (Wha*man 3M); followed by a sponge'(also soaked f
to hold the gel in placef The electrophore51s

consisted of 0.025M Tris-HC1, pH 8.3, 0. 192M 91?1
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(v/v) methanol. The buffer was stored at 4°C prior to use,
so that when the transfer was carried out at room tempera-

*

ture, the buffer acted as a coolant. Thg buffer was )
circulated by means of a pump during electfophoresig\gad &
could be reused several times. Electrophoresis was carried
out for 2-6 hour at 4mA/cm?. For thin gels (0.8mm thick), it
was found that prbteihs up to 68,000 daltons were completely
transferred within 3 hour; This was determined by staining
the gel with Coomassie blue after transfer of the prbteins.
However; with the thicker gels (1.2mm), used in the electro-
phdresis of Pseudombhas membranes, proteins of molecular -
- weight 25;000‘and greater were still visib{e'in the gel
after 4 hours of transfer,'although pilin was quantitatively
transferred within tﬁ%% time period. Usually, samples were

run in duplicate so tHat one half of the gel could be )

stained and the proteins from the other half of the gel

transferred to nitrocellulose.

Pilin or peptide fragments of pilin Bound to the

nitrocellulose paper were detected by reacting the transfer

first with anti-pilus antibodies and then with '?®*I-Protein a

A to detect the bound 1gG. The as§aﬁ involves the use of two.
buffer systems. Bhff§r I_éonsistg of 150mM NaCl, 5mM EDTA,
50mM Tris-HCl pH 7.4, 0.25% gelatin and 0.05% (§/v) Nonidet

- P40 (ndnionic detergen£ P4p, én'octyl;phéndl-ethyleneéxide
c0ndenéate containing an average of § ethylehé pxidé'pér
"molecuie, ébtained;ffom SIGMA- Chemical co). buffeg 11 |
‘consists of 1M NaCl, 5mM EDTA, 50mM Tris-HCl pH7.4, 0.25%
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v
gelatin and 0.4% (w/v) sarcosyl (97% n-lauryl-sarcosine,

SIGMA).

After transfer of the proteins to nitrocellulose, the
paper was immersed in 25-50ml of Buffer 1 containing an |
appropriate dilution of antisera (1:50 to 1:500 in theee
studies). The nitrocellulose paper could be Stored in a
moist filter paper in a sealed plastic bag for up to one
week prior to initiafion of .the reaction. The transfer was
incubated w{ﬁh antisera for 2-12 hour (routinely left over-
night)'ai 37°C with shaking. This was folloWed by a 2 hour:
washing step in 50ml of'beffer I (this step may be extended
for up to 12hr) also d% 37°C with shaking, and then
"235]-protein A diluted in buffer I was added and the
transfer was incubated for a further 2-12 hour. 1uCi of
'**I-Protein Jﬁ(obtainea,from New England Nuclear at a
specific activity of 87-97 uCi/ug) was added per 8x12 cm
nitrocellulose transfer. After incubeﬁion with '?*I-Protein
A, the nitrocellulose4tfansfer was‘ﬁashed for 1 hour in
Buffer II (50ml) at 37°C with shaking. Prolonged incubation
in Buffer I1 is to be avoided, ‘since the h1gh ‘salt and high
detergent appears to cause loss of the bound proteins from
—the nltrocellulose paper with tlme. Flnally, the transfers
were washed thoroughly-with distilled water and dried
between-péper toeels. The dried nitroceiiulose transfers
were used d1rect1y ‘for autoradlography u51ng KODAK X-OMAT AR
ff1lm The f11m was exposed at ’70 ¢ for 2 to 7 days an@ then-

deve}oped in a KODAK,X-OMAT developer. IthhOUldabe noted



66

_that streaking of the bands off the final autorad was often

observed with strong antigens. I£ was found that the
streaking problem could be alleviated by loading less
material onto the gel to be transferred. For example, 2-5 ug
qf PAK pilin was normally loaded onto 0.8mm gels for |
sﬁaining purposes. However, for transfer to nitrocellulose
and immunological detection, it wa$ necessary'to reduce this

amount to 0.1-0.5 ug to avoid streaking.

4. Detection of antigenic species with‘ELISA

The principles of the erzyme-linked immunbsorbant assay
(ELISA) have been described by.Voller et al. (1974) and are
ek;iained in Chapter II1I. PAK and PAC pili were d&issolved in
coating buffer (0.5M sodium bicarbonate, 0.1% sodium azide{
pH‘9.6) at concentrations between 1 and 10ug/ml. It was
found that-saturatidn,of the wells of the microtiter plateS
occured at concentrations ofAPAK and PAO pili‘between 4 and

5 ug pér ml, therefgge all subsequent experiments were

3 " . . D ’ ;
carried out using pili at 5ug/ml. The peptides used 1n these

studies were coated. at concentrations of 1-1.5 nmol/ml.

Doubling this amount did not result in higher readings in

the assay and theréforg, these concentrations were assumed’

". to be saturating.IO.Zml of antigen in coating buffer was

ey

:‘ placed in the wells of microtiter plates (Immulon I,

Dynéfech Labqratoriés Inc., -Alexandria, Va.). After incu-
bation for 16hr at 4°C in é_moist atmosphere, the antigen
saturated wells were washed 3 times for@ minutes each in

phOSphate buffered'sali e containing 0.05% (v/v) Tween 20
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(PBS-Tween). Followihg the washing step, the wells were
filled with various dilutions of rabbit<anti-pilus antiserum
diluted in PBS-Tween containing 1% (w/v) BSA. Incubation
with antiserum Qas for 2 hr at room temperature. The
resulting‘antigen/antibody'complexes were then incubated
with alkaline phosphatase-conjugated goat-anti-rabbit anti-
serum (obtained from Boehringer-Mannheim and used at a
1:2000 dilution in PBS-Tween). Incubatiop in the _conjugate
was for 2-2.5 hr at room temperature. Following a further
three washes in PBS-Tween, the alkaline Phosphatase sue—
strate,'p*ﬁitrophenylphosphate (obtained from Sigma as 5mg
tablets) was added as a 1mg/ml solution in 10% diethanol-
amine. After am appropriate time interval (about 15 minutes)
the absorbance at 405 nm was determined with a Titertek
multiscan ELISA plate reader. In general, 1 in 2 serial
dilutions of antiserum were made starting at?§{1:500
dilution. ‘ p K

5

3

N. X-ray Diffraction Methods %

1. Preparation of oriented fibers of pili
L

Pili were centrifuy d in 0. Bml nitrocellulose tubes

’\.

- b ok
(used with*ﬁﬁéropr1%te adiptors) in an sw50 1 rotor at

a - vﬁ’ .

35 000 pm. for 2 5 hour at room temperatufe. The pellet was

resuspended to a concentratlon of 10- 50mg/m1 in dlStllled
#

<

water. Storage of concentrated pll! solutlons for 1-2 weeks
at 4°C promoted the formatlon %f'a blrefrlngent phaske

(Lapointe & Marvin, 1973) Flbers were prepared from these : );/.

- - R R
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solutions by placing a 5-10ul drop of concentrated pili
between the ends of two glass rods which had been placed
0.8-1.5mm apart on a glass slide usiﬁg_plasticine supports.
Thg glass rods wdre Qrepared from 10ul capilliary tubes

(Drummond microcaps) by sealing the ends in a flame and

-coating them with silicone (SIGMACOTE). The fibers were

immediately transferred to a 98% relatlve humidity (r.h.)
environment to allow slow drying. After 48 hr at 98% r.h.,
the fibers were transferred to a 92% r.h. atmosphere chamber

for 24 hour and thén to a 75% r.h. chamber for a further

24hr » The relglive humidity was controlled using saturated

NaCl (75% r.h.), saturated K,HPO, (92%) and saturated

-

CuSO,.5H,0 (98%; Spencer, 1962). The resulting fibers were

cemented to the glass rod at one end (using 5 minute epoxy

cement) and cut free at the other end. Fibers could be
. . )

stored indefinitely at 75% r.h.,-25°C. Preparation of the

I3

fibers was usually carried out at room temperature since no

1mprovement was observed by preparing fabers at 4°C or Et
37°cC. For preparation of non- crystall1ne spec1mens, a fiber
which had been shown to diffract well was placed in a quartz
capilliary and swelled by adding a drop of water. The
capilli;ry was then sealéd.. . ‘

2. Diffrattion.methodsi | ' .

A Y - L . .
'The_diffraction methods used have been described by

Marvin et al. (1974). Pinhole cameras (Langridge et al.,

s ©

1960) were used for routine measurements at a specimen  to

film distance of 7.5cm.\Diffragtion patterns were also



‘where D is the measured distance of the calcite ring f?om

 from Bragg's law,

recorded at a specimen to film distance of about 10.5cm 1in

order to enlarge the low angle reéion. The latter diffrac-
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tion patterns were recorded using a double focussing camera

similar to that described by Franks (1958). Exposures were
for 48-72 hour with the Frank's camera and for 8-24 hour

with the pinhole camera's. Measurements in Edmonton were

"made with a 4.5cm specimen to film distance pinhole camera

‘'purchased from Struther Arnott (Purdue University).

The precise specimen to film distance was determined by

dusting the fiber with finely powdered calcite, to give a
diffraction ring at 3.029&. The specimen to film distance

given by the relation,

¢ SF = D/tan2s -

|

0 . - !
the origin of the diffraction pattern and ¢ 1s determined

\

ni = 2dsiné

N

where d is the.distance in real space of the calcite ring

- (3.0298), X is fhe wavélength_of coppe:?Ka radiation

(1.54188) and n=T. . ¢ R

t

is

The fibers were aligned in the camera using an optical

bench which also allowed the tilt of the fiber to be
. L ! . 1

specified. The tiit‘angle,fv , required for atgiVen

y : .

«
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layer-line to intersect the sphere of reflection is given by

the relation,
, = sin~ ! (1.5418 z/2)

" where Z is the reciprocal space coordinate of the layer-line

of interest. . : ’ @

&~

Caﬁenas were filled with helium to.reduce air scatter.
Humidity control (énd_therefore confrol of the water content
of the fiber) was achieved by bubb;ipg"helium through-
sa;urated salt solutions (listed by,marvin, 1966) . ﬁll X—ray_

. ) » SR
diffraction measurements were.carried out at room'temperamﬁﬁﬁ

ture. : . 4

X-rays were generated on a Jarrel-Ash microfocus unit

or on an Elliot GX18 rotating anode@generatbrﬁwith a Cu e
~target and nickel filtering of X-rays. Thé generators were

run at 40kV, 40-45mA (ac current). Scattered X-fay; were:

recorded on 11ford Indusﬁrial G film and later on KODAR. ‘ il

| NO-SCREEN film,_éince Ilford industrial G was removed from
thé}market. Film was developed for 5 minutes in Ilford
phehisdlf'developement was stopped in 2% (v/v) acetic acid
nané films wefe fix%é for 4 minutes in Ilford Hypam. A film
pack pfksevefal filh% was used in each‘came;a for each

exposure so that a film of suitable exposure couild be

selected for integration of the intensities.

. \ | | : | " -;‘ .

«?
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3. Measurement of positions and intensities of reflections

< . .
. “ \

Positions of intensity on diffraction patterns were
measured using a computer program called GUCKMAL, written By

J.E. Ladner, which is an extension of the system described

_ - P
by" Marvin et al.,(1974). Films were digitized using an o .

N

Optronics scanner on- llne to-,a Nord—10 computer, on a SOum X
50um raster. The dlgltlzed plots were then dlsgaayed on the
screen of aPTektronlx TK 4014-computer terminal using
threshold plots. Parts of the image could be magniffed'and
the threshhold_ for plotting could be varied:QThe positions
.of intensiry were either measured by setting the cﬁrSOrS of
the Tektronix’at the center of thé spot érbby usiegzthe “ .
cursors to draw a box around the spot and‘fromgtﬁis bdé}

calculating the center of gravity. The tilt of the fiber R

could be eaiculated by GUCKMAL using the obopdinates.of the

o
™

reflections in all 4 quadrants of %hemfilm, using the’
equations of Franklin & Gosling (1P53). The (x,¥)
coordlnates measured by GUCKMAL wdre converted to

polar cyllndrlcal coordinates in reciprocal spéce as -

descrlbed by Marvin et al (1974), 051ng the. alcite f |

haN

of the crystalllne reflectlons wer"”’" ermi ed u51ng Ihls~,'_‘

;program and local background wasu v ;racte (as descr bed& in

o

Wachtel et al., 1974). Fllms were scaled éogether by fxttzng
the strongest crystalllne ampl1tu¢e of very‘set (th7- s .'-'-~;}i

freflect1on) to’{he continuous equatorlal dlffractlon ampli-

L S ,’

tudes. . - : L - _ ‘ S



The continuous intensity distribution along the

\ -

layer-lines waé determfnedfuéingvanvapproach initiated by
Wachtél et él, (1974), using a sgf of programs similar to. |
those described by Makowski (1978). The program RADSG is a
fortran program for the:analysis of intensity data whers the
cénf;ibﬁtions offadjacent layer-lines overlap. Using this
program, thé‘layer lines were deconvoluted for the Gaussiaﬁ

. . ]
anjular intensity distribution due .to the disorientation of

pa

intensity data from one film quadrant as measured on the

ticles in the fiber. The iqput to the progréﬁ was the

Optronics scanner, after conversion to cylindrical-polar’

(coordinates. The polar raster had fédial intervals_of 100 um

A

“which correéponds to distances of less than 10-°R. A 3et of

digorfgntation functions and’backg:ound were fit to th ”
intensity distribution in eacﬁ raaial shéllbusing a least
squares procedure. The disorientation functions were

Centerea oy the theoretical positions o{.layer lines, calcu-
lated fro& thé‘tiltof the fiber relative to the x?ray beém_
and from the layer-line spacing. Sever;l érialsaweré cart}éd
out to refiée the tiltéangle and the-standard'deviation of\
disorientation which produces Fhé best fit to the data. %\
éince backgrdund-ﬁés éalcUlated'for each.radial shell ;
indépen&ently,,the‘caléulated backgropnd“had'high.freqhency_
fluetUatiohsvespeciaily at rad}i\gzét iﬁclndé‘strbng |
inéénsity, therefore the bq;kg:bundiwas<smqotheé mahpally,,g

<~

by inspection,
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Y ﬁadial electron density'distribution
The radial electron’density distribution was calculated
from the contxnuous equatorial d1£fract1on amplitudes using
the constra1ned regularization method of Provencher (1979).
This method m1n1m1ze5wthe‘danger ofnart1£acts caused by the
" instability of the ieasﬁﬁsqudrec solution to noise: in the
data, by constraining the solutionvto the smoothest
non-negative one that is consistent\with the aeté. Since the
radial density Fs centrosymmetric about the'oriéih, only
real amplitudes need be considered. The radial electron
oensity is cylindricélly;éveraged, as the particles can have
all possible rotations aboOt their long axes. The ekpression
_for the radial electron density in a two-dimensional

_projéction can be given by: (Klug et al., 1958),

.
o(r) = 211 ( <lF@ 7> 0! "3, (2mRr) ROR

o

vhere: < >, indicates the cylindrical'averaging.

5,-Generation of a-helical models and calculation of their

<

s

A transforns

' a-helxcal models were generated using a program called
‘f OPTKNOB wh1ch generates line segments (specifying the
‘1 d1rectxon of a helzx, for example), places structural unxts

\ on each 11ne segment (1n th1s case alan;ne in a conformat1on’

SR
\predzcted for a colled cozl) and generates coordlnates for i

[ 3

}f molecules related to the source structure by helxcal

N

'mmetry ‘The pack1ng of ¢~hel1cal segments, representxng
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/ . . ,
: N . . o . : R ¢
An
\

part of the p111n subunzt,'was modlfled usxng OPTKNOB.. unt11
& \J
no unfavourable close contacts (<4A) were reported by

. \ L

OPTKNOB A second program HELTRAN (for hel;cal transform)

_»was dsed t calculate the transforms of various models. This

it

data was then converted to layer 11ne plots for compar1son )

with the observed transform using a program called DIFF.
These prbgrams are pan(\of a package, FIBER, developed by -
D.A. Marvxn and collyagues at the. Eucopean Molecular Biology
Laboratory, Heldelberg, Germany The methods u5ed in the v
“model bu11d1ng approach to solv1ng structures have been dis-

cussed in detail by Marvin & Wachtel (1975 1976)

L]



| | CHAPTER'III A
Pur1f1cat10n and Prelzd‘hary Chacacterxzatlon of¢lm»73fﬁzm‘

. ¥ R
‘\\ of Pili Isolated from Pseudomonas aenualnosa straxn PAG :

Prevzous stud1es -of Pseudomonas p111 have focussed on
straln PAK and the mult1p111ated mutant, : PAK/ZPfs (Frost_&.
Paranchych 1977- Frost et al., 1978 Paranchych et al “

' 1978) The extens;ﬁﬁ”ﬁf these StUdleS to the p111 of straxn 7:

PAO of Pseudomonas (PAO pili) was of 1nterest for severnl

reasons. F1rstly, the study of a homologous series of pro—iL

teins is often useful in 1dent1fy1ng structurally\and |

funct1onally 1mportant features.- Secondly, straxn PAO oﬁ

,Pseudomonas has been the subject of exten51ve genet1c » |
- analysxs (Holloway, 1975) and Bradley (1980b) has recently ,Q[jftﬁt
“:demonstrated the moblllzatlon of the chromosomal {r__;"‘}‘bJ'

edetermlnants of PAO p111 by FP plasm1ds Therefore,‘1t 13 B

_ 'lxkely that genet1c analysxs of . the pxlus operon u1ll be 5°.'\g:i_il

"_forth%omxng for straxn PAO tather than strazn PAK. A th1rd G
&’e7reqson fot compar1ng PAK and PAO p111 1s the 1ncreas1ng |

:*interest that has been shown 1n recent years 1n the use of

”73,9111 as vacc1nes agalnst bacterial 1n£ect10n (Nagy et al.,yliév°’7iﬁ

'%.v1978, §choolnik et-al., 1982) A prerequisxte to prepar1ngﬂa

;pzlus vacc;ne 1s a knowledge of the var1ation 1n nntigenic

~f:structure of the prote1n between dszerent Stta1ns of bac—

vf:5teria.v"1(,tff

L e
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v »and qéllaborators. SOme of these compprxsons havc been ';;&r
.1.,;g¢nd¢d to xnclude pili isolated from Nelsserla oonorrhoedb

?Q*(gonococcal pilx) sxnce (as wzll be s@en belov lﬂd i“

.', aeruainosa-PAO were th&aned from D E Bradley,snemorxal ﬁﬁ 'T&~fi‘q

T
: y ./

. 15 often obsetved emerg;ng from the same or an oppos:te poleyﬁf§f1f

of most cells._;f' ,{5iff7

X f-/ ’ el : ‘ "‘ N
are compared vxth those obtaincd tor PAK/ZPfI pili by Frost R

Ry

Chaptet V) these pxlx show some structurai szm11ar1ty to &
BT S R :

Pseudamonas pllx.

A Purfflcation of PAO plli

. l
‘ .

'Several mult1p111ated, non retractzle mutants of P.w g}fr

R

U“1V9f51tyo St John 5 Nevfoundland. The‘most hxghly ‘\';;_ﬂuﬂ” j% :
pxllahed of these. PAO/DBZ, was selected for Fhrthex study..;;;’e‘~“

Figure 111, 1 showb an, electron mxcrograph o£ PAK/2P£5 ch&is i:}x
and of pao/naz cells. It can be seen that Bbth bactetxal : :
stra1ns produce numerous p111 wﬁxch emerge from one or. bpth . ‘:j1
poles of the bacter1a1 ceIl In add1t10n, a sxngle flagellumﬁ;t. fi

f,ca--

The purzfxcatxon procedure adopted tor PAO\pzli (and

: for subsequent pur;ﬁicatious t Pﬂk/zpfs pili) uas - mod;fif[ﬁf}ff?

Paranchych (1977) The cclr'. '




»
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[

fF:gure III 1 Electron m1crographs of A. PAR/zpfs and B..

"PAQ/DB2: cells which have been negatxvely Staxned thhi;

sodxum phosphotungstenate.
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A% (W/V) Separat1on of pxlx fr;m flagella was accompl1shed '
‘by treatment of the preparatzon at pH 4 (to dlssociate

' »flagella intO'flagellzn subunlts) and BY repeated~cycles of ;
"prec1p1tat;on w1th ammonlum sulfate at a concentratxon of “r;
10% (H/V) Fxnally, the p111 were»banded on a CsCl step |

'gra61ent whxch served to remove any contam1nat1ng membrane

veszcles or’ cell debr1s. 051ng this procedure, 100~ 200mg of

e

pure p111 were obta1ned per 1009 of cells.'-

4

oo The p111 were, Judged pure by the. appearance of a s1ngle o
'band on SDS polyacrylamlde gels and by the absence of

flagella or membrane fragments as monitored by electron i'.r

a

':m1croscopy In addit1on, a sxngle N- term1nal re51due was

)

| detected by the dansyl- Edman procedure (see below) The pili

-

vere also found to be free of contam1nat1ng carbohydrate and
B

'phosphate u51ng the, procedures descrlbed in Materxals and

~ Methods, - , o e |
- B. MO’.éCUlér"Wefghtcf pnf’n'_' g

J Prev1ously, Frost & Paranchych (1977) reported a mol-
ecular welght for PAK p111n of 17, 8001300 based upon 1ts

1m1grat10n 1n SDS polyacyrlamxde gels and upon am1no acxd

bl

/
vcompos1t1onal analy51s. However, the determxnatxon of the

1“comp1ete am1no acxd sequence of PAK p111n (Sastry ef al.,

T~

! 'ff1983) revealed that the p111n subunzt conslsts of 144 am1no

yd’ac1d res1dues w;th - combxned molecular wezght of 15 000 rié;,'

'fffzxamxnatlon of the amlno ac1d compos1t1on reported by Frost

o Ay
;& Paranchych (1977- tabulated in Table III I) suggests that

....’\
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."'Rv}/ ) ' “ "l )
the 1ntact pili used in the determxnatxon of the amlno ‘acid -
compos1tlon of PAK and PAO p111ns were contaminated with.

:\< amino ac1d or pept1de material. Furthermore, in the gel
" system used (that of Weber and Osborn,. 1969}, pilin aneared'

\\' v

\\to mxgrate at an apparent molecular. we1ght greater than that e

of myoglob1n (M=17, 000) 1mp1y1ng that pilin m;grates

anomolously in that gel\system. ) -

Figure I11. 2A shows a 15%'SDS*polyacrylamide §e§
prepared by the method of Lugtenberg (1975), as descrlbed in
Materlals//nd Methods. The migration pos1t10ns of 5 types of

‘ 111n//nd several standards are shown. It can be seen that
///‘.’PAK and PAO pilin (lanes 1 and 2) have very s1m1lar}
.mobletxes 1n this gel system, 1mply1ng a similar molecular
.we1ght; From the calibration cupye shown in figure ITI.2B
‘one can determine;that PXR and PAO pilin'haveean~appafent
]molecular nelght of 15,000:500_(the error limits}were
derived;by compa?ing the mobilities of the pilfns on three
vtgels) From the central lane whlch conta1ns a mixture of ¢
.ftypes of p111n,~one can determ1ne that gonococcal p111n
mxgrates at an apparent molecufL wezght of 18 000 and is
l;clearly tesolvable from PAK pzlin. S1m11arly, CFA/I p111mnij |
‘ dwh1ch is reported to have R molecular welght of 14, 500 A
':i-(Klemﬁ{#1979) ngrates at a n;leCUlar wezght of 14, 500 1n'

‘l:th1s gel system and 15 clearly resolved from PAK p111n. S
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- 'A\\c. Electron Microscopy of Purified Pili :
Electron mlcrographé»of pur1f1ed PAK, PAO andjgono*»
coccal p111, negatlvely sta1ned w1th éod1um phospho—
tungstenate, are shown in f1gure I111.3. It can be Seen that
all 3 types of pili are rzgzé f1laments of unzform dlameter
and varylng lengths. The diameters of the t&ree types of
pili were measured at a'further magn1f1cat10n of 10»fold on
185, OOOx prlnts and‘were found to be 1nd15t1ngu1shable w1th- .
in exper1mental error The dlameter obtained was 52+4A which
. is fairly'similar to the dtameter of 6nm reported~f@f-PAK v

b

_ p111 by Bradley (1972b). The arrows indicate unueual struc-
,tures which are often observed at the ends of p111,,part1cu—‘
lerly in old preparatloqs. These will be d1scussed further

in Chapter vi.

L

D. N-tenm:nal Analys‘s Tnypti Pept;de Maps and
~Amino Acid Compositional Anal '3 is of -PAD Rﬂzin
RE N-termxnal analysxs- N\ e '_ BN

Pur1f1ed PAO p111 were subjected to N term1na1 ana1y51s '

!

- using the automated Edman-degradat1on prOCedure as descr:bkd '

in Materlals and Msthodsu It was foundwthat the N- termxna%

ﬂ\,

“1e20 reszdues of PAO p111n were 1dent1cal to those of PAK

\t

;p111n 1nc1ud1ng the unus al am;no ac1d N-methylphenylalan:ne

‘ﬂat the N-termznus. Slnce ,15 work was carrled out, P A.r

! “‘;eSastry has 1n1t1ated am;no ac;d Sequenczng studxes of PAO
j“i’?ffpilln aad haé found that th1s homology extends to resxdue

"f};53 whale the C term1n1 of the two pxlxns are quxte'ylhﬁkt'

LI

. ‘ A : e o . A
. ST e : e

/
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_ d1f£erent (Sastry, Pearlstone, Sm1111e & Paranchych
'g'{;i unpub11shed results) Kﬂ ;;\; S ; ._";'

Fzgure III ¢ shows a comparxson of the sequence of the

N term1na1 50 60 reszdues of PAKq PAO and gonococcal p111n.

Paranchych et al. (1978) 1rst noted the str:k:ng homology\

in £he - termlnal 20 25 re51dues of PAK and Neissefia BRI '-_?
gonorﬁhoeae pr11ns. As ment1oned in Chapter I, thxs reglon‘

. mology waS‘ also common to Mor'axella nonliquefaciens

: lein"Fr¢hoim & Sletten, 1977) It can be ', Qeen in flgure

\ 7‘- III 4 ohaz}there 1s llttle homology between th” Pseudomonas

p1l1 are h1gh1y homologous up to re51due 53 #1th only 3

cgopervat1ve subst1tutions at pos1tzons 39 40 and 50 The |
}Tn"iiﬁa sequence of the Cc- term1nal cyanogen brom1de<@ragment |
(resxdue ca. 97 160 not shown) of gonococcal leLn (G
Schodln1k, personal commun1cat10n) also bears no homology to .
the C termznus of PAR p111n (Sastry et al., 1983) The,// 4

ﬁﬂ_complete amino acxd sequence °f PAK P111“ (reproduced from

:.Sastry et al.,”1983) is shown 1n Chapter VIII, flgute
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.;molecula: welght as compared to the molecular weight
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\

figure I1I.I.5. It can be seen that 13 PAK peptides and 13 PAO
peptides were observed. of these, 6 showed similar
mobll;tles on the two d1mens1ona1 peptide maps, suggesting
p0551ble sequence homology. LQ fakt, examination of the
sequence of PAK pilin (Sastry et AI , 1983), suggests that
one should observe 16 PAK trypt1c peptides,}therefore it
would appear that these arg"%ot completely resolved by'this

procedure. On the other hand, for PAO pilin, 13 tryptic pep-
] Id

‘tides were expected on the basis of the amino acid compo-

L d

sition (see below).

. - /
3. Amino acid composition of PA6 pilin }
The amino acid composition of PAO pilfn was calculated
from the results of amino acid ad%lyses on samples which had _
been hydrolyzed for 24,48.and 72 hr, as described in |
Materials and Methods. Table III-I shous the results
obtained’ for intact PAO pili compared with those calculated
by P.A. Sastry (Sastry, Pearlstone, Smillie & Paranchych,
unpublished) from the amino acidicompositions of 4 purified
peptide fragments'of PAO pilin obtained by ttyptic digestion
of c1traconylated‘p111. It can be seen that the amino acid

comp051tlon of 1ntact PAO pili leads to a high estimate of

£

Jobtalned in SDS poiyacrylamlde gels. On the other hand %

;ana1y91s of the amino acid composxt1on of the pur1f1ed_pep—

‘v

‘;tldé fragments gave a result that is in agreement wlth the

gresults obtaxned by SDS polﬁacrylamxde gel electrophoresms.

(: As can be seen 1n Table III I, a 51m11ar overest1mate of the

i
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Figure I1I1.5. Two-dimensional thromatography-electrophoresis
of PAK and PAO tryptic peptides, carried out as
described in Materials and Methods. The soluble material
from 5nmol of digested pili was applied at the origin’of
10x20 cm microcrystalline cellulose-coated plastic -
sheets. The peptides were visualized by staining with
ninhydrin:Cadmium. ‘The hatched spots indicate peptides
from the two strains of pili which have similar - :

" mobilities, - B o T e



TABLE 111-1 A

Amino Acid Composition of Pilins

L

RESIDUE PAO PAK GC
a b ct d .
MePhe 1 1 1 1 1
Phe 2.8 3 2.3 2 1
Tyr 3.0 3 2.2 2 5
Trp 0.9 1 2.0 2 3
v
Lys 9.2 8 v 4.8 12 ro17
Arg 3.8 . 3 4 3
Asx 16.0 13 14.9 12 16
Glx 13,8 12 RUN- T 17
Ile 14,25 13-14 11.7 12 9
Leu . 8.9 9 14.0 12 12
Val 1.0 9 9.0 8 14
Thr 19.5 19 15.0 15 10
Ser 9.9 11-12 9.9 . 8 9
Ala 22,2 18-20 23.8 19 - 16
Gly 15.0 12 17.7 14 12
Cys 3.0 2 3.9 2 2
Met 3.0 3 2.1 2 2
Pro 7.8 6 9.7 7 5
His 0 0 0 0 3
SUM 165 146-150 173 VA 160
M ' 17,000 15,300~ 17,800 15,000 16,680

£ 15,600

a, Based on amino acid analysis of purified intact pili as
described in Methods.

‘b, Based upon the amino acid 00lp081t10n of the 4 tryptic
peptides obtained from citraconylated pilin (P.A.
Sastry, per:on&l communxcation) J

¢, Based on the amino acid co-positxon reported b) Fro:t &
Parnnchych (1977)

- d. From the lmxno acid sequence (upd‘tad from Sastry et al., 1983)‘

.e. From the amino ncid composition of 3 CNBr ftagnents.
' (. Schoolnxk personal co-nnnxcntxon) _

-
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molecular wezght of PAK p111n vas obtained by Frost &
Paranchych (1977) using the amino acid compos:tlon obta1ned

’from uhole pili.

“rt can be seen. from Table III I that the overall amino
ac1d compos1t10n of PAK and PAO p111n are qu1te s1m1lar.
Both proteins lack hlst1d1ne, contain a comparable number of
proline residues and similar proportions of ac1d1c‘and.baslc
residues. PAK and PAO pili both possess 51% hydrophobic: |
residues, where hydnophobic residues arevdefined as all the
non-polar residues exclud:ng prolxne, since prolxne is
usually found on the surface of proteins. Also shown in
Table III-1 is the amino acid composxtzon of gonococcal .
pilin (based upon partial sequence data on cyanogen brom1de
peptides, G. Schoolnik, ‘personal communzcatxon) Although
gonococcal pilin d1ffers from the Pseudomonas pllins in con~
ta1n1ng 3 hlstzdxne residues, the overall compOS1tlon shows
some 51m11ar1t1es wzth respect to the proport1on of ac1dzc,~

basxc and non- charged residues.,stng the def1n1t1on of

hydrophob1c te51dues given above, gonococcal p111n has 49%

hydrcphoblc res1dues.'
" E. ImhundiogiéaliCroSséneaéffvlty1Between‘Pflj Stnalnsfﬂ

In the past (BradIey & tht, 1975), the polar p111- f
: assocxated w:th straxns PAK and PAO of Pseudomonas vere can—
fs1dered to be serolog1cally unrelated. Hovever, thcse cdn-** o
- -0 ; .

,_clu51ons were based upon agglutxnat;on tests and upo

’ﬁobservat1on of antxbodies bound to pzli 1n the electron
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microscope. Using the more sensitive enzyme—linked-immuno-
sorbant assay (ELISA), however, we found that ant1~PAK pilus

antisera recognxzed PAO pili and v1ce versa..
N | ,
The prxncxples of ELISA have been descrlbed by Voller

et al. (1974) and are explaxned d1agramat1cally xn figure
11T, 6 The antigen, which can be a proteln, peptlde or .‘.

v carbohydrate, 1s bound to the wells of a m1crot%ter plate by
incubation at 4°C for 10-16h at pH 9.6 (Figure III'GA)ﬂ
Following appropriate washingdsteps, serialldilutions of
antiserum aré added to the deils’and allowed-toointeract’

with bound antigen for approxxmately 2hr at room tempera—'

-

ture. The antigen- antlbody interaction is* carrled out in the
presence of 1% BSA to prevent non-spec1f1c b1nd1ng to the
wells‘(f1gure 111.6B). After further wash1ng, the ‘bound
‘ant1bod1es can be detected by several methods. ‘For example,
if. qebblt ant1serum were used, one can add goat ant1serum

against rabblt 196 (goat ‘anti- rabb1t 19G) wh1ch has been

L conjugated to the enzyme alkalxne phosphatase (fzgufe

e
.

\

111, GC) 'The bound enzyme-conjugate is then- detected by N

~.

:add1ng a colorometr1c substrate and read1ng the absorbance
\lln the wells after ‘an approprxate txme interval. It 1s L0
ladv1sab1e to 1nc1ude a reagent blank and an- assay blank (an

'f'antzgen wh1ch 1s unrelated to the one of 1nterest) on each

"?:fmxcrotzter plate. One normally coats the ant:gen at a seexes

”;ffthe wells saturates._'f'psg

'?_of concentrat1ons to determxne the poznt at whach bxndlng to

Q



w

- N .o 8 : . . . PRESE
X e . R . “ } . E

F1gure III 6 Prxncxples of El1sa.gfﬂ""
_ A. The wells of a microtiter plate are coated thh
antigen. Incubation is<for 10-16h at" 4°C -in pH" 9.6 ,
. coating buffer, followed. by 3x 3 m;nute ‘washes -in: phos-"'
~phate buffered saline ‘containing 0.05§ v/v Tween 20.3-_g
. -Bv The antigen-coated wells are incub ted with serial - o,
' ;“’dxlutzons of antlserum for 2hr -at .room- temperature.;,;,afg‘fﬁ»g
" followed by ‘3 washes in PBS-Tween, .~ - S !
-.Ci-The antigen-antibody coated wells are incuhatgdf”
~ v {for: example) alkaline. phosphatase-conjugated goaty .-
oo anti-rabet 1gG;, followed by washing,: followed hy EER
',It«additzon of Ll colorometric substtate.4-;;_, T
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o F1gure III 7 shows the results of an ELISA in whaqh 5
’ types of pxlx wvere tested for thEII ap1l1 y to react w1th

ant1 PAK and ant1~PAO pxlus ant1sera. It gan be seen thatv;,f__l 7;

-1nPAK and PAO pili show a s1gn1f1cant cross- eactxvzty in both

n;d1rectxons. on the other hand, lzttle or ni reactxon was B
'~fobserved between ant1-PseudOmonas-p111 ant1 era~ and p111 C C

'“f.1solated from Neisseria OOnorrhoeae, E. coll H-10407 or

Vool
P

CE. ooll/EDone. S e e
~ : ) *;_, R , ol w S D : ?\+_
o Th1s cross-reactxvzty could also be demonstrated 1n an ‘
__dwlixmmunoblot experzment The 1mmunoblot procedure (descrlbed
| ;tieby Towbxn et. al., 1979 and by Burnette, 1981) 15 sijlar, 1n;'c;e-r
Z.prmnciple, to the ELISA assay, but - d1f£ers in’ that !‘, IR

E q;incorporates a: separatlon procedure wh1ch allows one tO'»\[

,,;attrxbute antzgen1c1ty to a Spec1f1c COmponent 1n - ;7,

ultxcomponent system. In thxs procedure, prote1 s or 1arge

7f;pept1des are subjected to SDS polyacrylamade gel iigqng;:f}j

_ﬁd:"?fphoreszs and then transferred e1ectrophoret1cally to”
'v}iznxtrocellulose paper. The n:trocellulose paperxxs then
”Ei}zncubated w;th polyclonal or monoclonal antlbod1es for

”"fﬁszZhr followed by a wash1ng step. There are several methodsjfle”V”

SR

.....

,lvailable for detect;ng bound 1mmunoglobu11ns on the o

in'tr cellulose paper._These 1nvolve ezther an

'henzyme conjugated reagent or e radzoactively 1abelled S
‘dnfthxs cas"fwe have used "'I labelled Protezn nﬁfd;;Vi;j

“iﬁfleeeeeus aureush_Protexn A blnds specif;cally to'{f

as well aa to various lgG subclasses o'

lbb{gfiéﬁ’a
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‘*;TFzgure III 7 ELiSA assay show;ng cross-teactxvxty between ;‘
_;_pi? uelated from Pseudmvonagaerwinosa strams PAK o
e Results obtained at j beQ\dﬁ}utzon o'_antx-PAK T
.*ff;pxlus antxserum.~_-' S
- 'B. Results obtained at s 500 dzlutlon ot ant;-PAO
¢+ pilus antiserum. All- 9111 veve-coated at-a saturat;ng
. concentration of 5ug/ml..The results with ‘the ‘two tgpes L
.. " of antiserum were normalized. so that the reaction Vlﬁh-m?;;fﬁ;v
" the. homologous antiserum gives an A £.1.50.-PAK, - :
yPAG, .GC, GFA/I an 'znﬁggg,re:qr : ¢ S 8
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1mmunoglobul1ns of a number of other anlmals (Forsgren &

, {
Sjoquzst 4966; Goding, 1978; Langone, 1979).

The results of the immunoblot for the five strains of
~pili versus antilPAK pilus antisera are shown in figure
111.8. Surprisingly, the antf-gfx pilus éntiseraereCOgniZed
not only PAK and PAO‘piiin, yﬁg also gonoCoccaleifin.f

‘. Again, ﬁo reaction was'dbs {ved with CFA/1 or EDéZOB.pili. A
similar result was obtained BEing‘anti*PAo:pilus antiserum
(not shown);.Since the only region of homology befﬁeen PAK,
PAO and GC pili is found at the N- terminus (residue 1-22) of:
‘the proteins, it appears that thlS reg:on 1s respon51b1e for
the,cross-react1vity in the*'xmmunoblot' exper;ment. We
attribute the fai}ure of anti—PseUdombhas-bili antisere}to
recognize gqnocoecal.pili in the ELISA to the possibility
that- the N—terminué of gonococcal pilin is buried in the

.natiVe'state and b