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ADSTRAT

The )Uri(ic:ltjoﬂ and reliminary chemical and phvasical haracter-
A I
(Y ’

ization of the F pilus of E. coli and P'SA pilus of Pseudomonas aerugi-

nosa K was investigated.
) 11

The efficiency of several purification techniques for F pili was
studied. Methods involving a precipitation step led to T pilus pre-
parazions that were contaminated with protein dnd carbohydraté materi-
al. Moreover, precipitated F pili were found to be extremelv insolu-
ble atrneutral pH and in standard buffers. Two phase pblﬂher systems

T, s . .

were found to'be efficient for concentrating F pili frow dilute solu-

. -‘'tions. However, these preparations were also contaminated with cellu-

N a

e

ot L‘
lar debf¥is. F pili could be pﬂ&ified from c~11ls grown on a liquid or

01id medium with equal success. Based on a suggestion by Brinton,

Jit wad d that F pili could be dissociated from.éells and cellular
debris in solutions containing 307 sucrose. After removal of the cells
by centrifugation and the sucrose by dialysis, F pili were éubjected
to final purification steps involving differential and isopyvcnic cen-—~
trifugat?pn.‘ kpproximately 1 - 2mg of F p{li/iOO g (wet weight) of
cells was obtained~;sing't;is procedﬁre.,'

F pili typically banded, in| CsCl at a density of 1.26 g/cm3 but
1 ’ ’ . :
strains carrying the F lac blasmid, UBFLO, produced ¥ pili having a

~ buoyant density in CsCl of 1.30 g/cm3.- The F-type R pili produced by
cells containing R100-1, R1-19 and R538-1 plasmids were found to have
a buoyant density iP CsCl of 1.31 g/cm3. Th; isoelectric points of F

bili from strains carrying two different F plasmids were determined to

be pH 3.9 and 4.0. The molecular weight of F pilin is 11,900 as



Q

determined bv SDS pel: electrophoresi s, 1 - 2 molecules of D-plucose/

. ~ : -
I pilin monoger wery detected v paper chromatographv of hvdrolyzed
. '%:)
samples of F pili., F pili were labelled with radicactive P sodium

35 32
phosphate and 'S-methionine. The P was found to be covalentlvy at-
tached to the F pilin molecule in a ratio of 2 - 2.5 phospha{e proups/

-

F pilin molecule as judred by SDS polyvacrvlamide.gel electrophoresis.

Pscudomonas aeruginosa strain K (PAK) bears polar PSA pili that

-
promote infection by at least six bacteriophapes. Moreover, a mutant
of strain K (PAK/2PfS) is manv times more piliated than the wild-tyre
strain and facilitates the preparation of lafge amounts .of pure pili

for biochemical studies.

.

An investigation into the structur&l relatedness of PAK and PAK/-
2PfS pili and their chemical composition was carried out. A purifica-
ti.n procedure is described for PAK and PAK/2PfS pili that yields about
8 mg of’pufe pili/100 g (wet weight) of PAK/ZPfS cells and one-tenth
of this amount for PAK cells. PAK and PAK/2PfS pili were found to be
free from phosphate, carbohydrate and lipid and to cqntain a single
polypeptide subunit of 17,800 daltons. Isopycnic centrifugation stud-
ies revealed that PAK and PAK/2PfS pili have the same buoyaﬁt density
in sucrose (1.221) and CsCl (1.295). Both types of pili band at pH
3.9 during %soelectric focusing. Amino acid analysis sho&ed that both
PAK and PAK/ZPfS pili have the same amind acid composition, and

microimmunodiffusion studies revealed that the two types of pili are

immunologically indistinguishable. It was concluded that PAK and

PAK/2PfS pili are identical and that the mﬁtation responsi@lgifor-pro—wa
ducing the multipiliated state in PAK/2PfS is probably located outside

the structural gené‘for PAK pili.

vi



The sequence of the iirst twentv-two amino acids at the amino ter-

minus was identified usimy automated scquencing techn.oques. The first

terminal was the unusual amino acid N-methvl=

amino acid at the amino
« Xt

phenvlalanine which was identified using gas liquid chromatography,

mass spectroscopy and proton magnetic resonance 8pectroscopy. PAK pi-
rd ’ ‘
li, when trecated with carboxvpeptidase A, relecased two amino acids,

serine and lysine, from the C-terminus. The conditions for cleavage

of pilin with cvanogen bromide were determined and the resultant pep-

tides were separated intc three size classes by gel' f£11 tration. Pre-

analysis of these fractions indicated a large frag-

liminary amino acid

ment of molecular weight 12,000 and smaller fragments of molecular

weights 4000 and 1900.

* vii
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CHATTTRIC T

INTRODUCTTON

- Two types of cellular anpendages have been found univorsnll}§on
strains of bacteria: flagella and pili. While the morphologv and func-
tion of*flagella, an organeclle of cellular motilityv, is constant through-

out the microbial world (Tino, 1969), the structure and function of pi-

2 '

11 have been found to vary considefab]&. Pili can be grossly divided
into two catepories: somatic pili (Swaneyv et al., 1977) which are cod-
ed for bv the bacterial chromosome (Brinton, 1965) and conjugative or
donor pili (Novick et al., 1976) which are coded by extrachromosbmal

elements termed plasmids.

The first plasmid shown to be responsible for the synthesis of pili

” was the F plasmid (Brinton, Gemski and Carnahan, 1964). The T plasmid

had previously been shown to be responsible for bacterial conjugation
(Lederberg and Tatum, 1946) where F+ or-Hfr strains of F. coli, i.e.
“strains with the F plasmid either separate from or integrated into the
bactgrial chromosome respectively, could transfer genetic material into
F~ strains after establishing cell-to-cell contact (Tatum and Lederberg,
1947; Davis, 1950; Hayes, 1952a,b, 1953; Lederberg et al., 1952;
Cavalli—Sférza and Lederberg, 1953; Lederberg, 1955, 1956, 1957; Aﬁder—
son, 1958). "Similarly bacterial conjugation was shown to be the mézhan—‘
ism in drug resistance transfer in pathogenic bacteria (Mitsuhashi et
al., 1960). 1In 1964, the presence of F pili’on the surface of cells
carrying the F piasmid was demonstrated to be the a#tachm;nt site far

a number of donor-specific bacteriophages (Crawford and Gesteland,

1964; Brinton et al., 1964; Brinton, 1965; Valentine and Strand, 1965;




Caro and Schnds, 1966).  Other transmissible plasmids such as the druyp

Cresistance transfer (R) plasmids were also found to determine the svn-

thesis of pili (Matanabe et al., 1964, Datto et al., 1966; Lawn, 196A).
Brinton (1965), and Ou and Anderson (1970) visualized mating pairs of
bacteria under a microscope and noted that the cells staved a fixed dis-
) i It . " 2 . A\
tance apart due to the presence of a “bridpe"” between the cells which
they sugpested was the F pilus. This requirement for pili during bac-

terial conjugation was confirmed by Brinton (1965), Novotnv et al,

et ai. (1969), and Stallions and Curtiss (1972). ,

(1969b), Curtiss

Since that ﬁime many transmissi®le plasmids other than F and R plas-
v mids héve been found to code for pili. All plasmids have been classi-
fied into incompatibilitv (Inc) groups (Novick et al., 1976) on‘the bas-
is of two plasmids' inability to coexist'in the same cell.

Each "Inc" gpo&p has a "type' plasmid to which other plasﬁids are
tested for incompatibility. Many of the "Inc" groups described 53 far
code for pili which are morphologically and serologicallv unique to
that "Inc" group and which are sensitive to different pilus-dependent
.phages. |

C]éarly, the role of pili in bacterial conjugation.and donor-speci-
fic phage infection would be elucidated if more were known about the
chemical 2nd phvsical proberties of conjugative pili. However, pfogress
in this direc:cion has beem hampered by the small amounts~of F‘pili found
in F+ bacterial cultures; the F plasmid being the best characterized Qf
the plasmids Gdentified to date. Recently Bradley (1977) has found a
- .number of strains of Fseudoméﬁéﬁ.which produce enough pili to make a’
thorough chemical characterization including sequencing of the pilus

subunit, pilin, possible. The.: pii‘ have not been demonstrated
}

;\V/



unequivocally to he Jot ermi ;1(‘<1 by a plasmid nor have thev heen shown to
he involved in bacterial conjupation but thev are involved in pi]ug—d@~
Pendent Hactcriophnxo infection, and thus seem to have more in Common
with con;ugntivo pili than type 1 (somatic) pili.

The following is a brief survey of recent reports on studies car-

ried out on pili.

A. THFE F PILUS
F-type pili are'coded for byfthree principle types of plasmid: the
F plasmid itself, many R plasmids (drug Tesistance transfer plasmids)
and Col plasmids which produce.. the anti—bacteriai agents called colicins
anfl other related bacteriocins (Mevnell ané Layn, 1967%i b: Hedges and
Datta, 1071, 1972; Dennison, 1972: Hedges, iq72)_
The T pilus is a fairly flexible filament of diameter 8.5 - 9.5 nm

and 1 - 2 microns ldng (Brinton, 1965, 1971; Lawn, 1966). Negatively

~stained pili show an apparent axial hole of 2.5.qnm diameter indicating

that F pili may be tubular in structure. However Brinton (1971) and

Tomoeda et al, (1975) héve suggested- that the F pilus is composed of
== ai. : N

two parallel protein fllaments on the ba31s of studies on the control-

-led dlsintegration of pili,

Tﬁe‘F pilus is composed of a single subunit, pilin, of folecular
weight 11,400 to 12,500 (Brinton, 1971; Beard and Connally, 1975;.Mink-
ley et al, al., 1976; Date EE.élL’ 1978) which is haghly hydrophobic 1in
character and lacks the amino acids histidine, arginine, proline and
cysteine -(Brinton, 1971; nate et al., 1978). The F plluS is thought to
be a phosphoglycoprotein containing one molecule of D-glucose and two

molecules Ofphosphate per subunit (Brinton, 1971). Beard and‘Connally



(1979 report an additional molecule of plucosamine and palactose in V-

tvpe R pilin, and Brinton (personal communication) ha¢ reported an ex-—

tra phosphate proup in a mutant of T pilj.

\ )

The isoelectric point for F pili has been reported as-pl 3.8 (Val-
entine et al., 1969},‘pH 4.15 (Brinton, 1971), pH 3:5 (Beard et al.,
1972b), pil 3.6 (Date et al., 1978) dependinp on the tyvpe of pilus being
studied. The buovant dgnsity for ; pili in CsCl has been determined to
be 1.257 or 1.296 or a combination of both depending on the plasmid and
the bacterial host (Brinton, 1971; Beard et al., 1972 ; Beard, cited by
Tomoeda et al., 1675). Beard reported a buoyant density of 1.31 for
F-type R pili and an intermedintevdensity of 1.30 for pili produced by
aistrain carrving both an F and F-tvpe R plasmid (BeardIEE'glL, 1972a).

While F plasmids confer a higher sensitivitv to chemical agents up-
fﬁn their host cells (Tomoeda et al., 1975; Goldschmidt and Uyss,’1967;
Dowman and Meynell, 1070;‘Iyobe et al., 1971), the F pilus itself is
remarkably resistént to chemical attack, F pili can be.digested by
trypsin and chymetrypsin (Eriﬁton, 1971) and are dissdciated completely

in 0.17 SDS or 30 mM Sarkosyl ‘and partially in acid, pH 1.0 or heat at

70°. They show little loss of phage-attachment capability or general
§ ' "

» structure in'feagénts such as Brij 58, 8 M urea, 7 M guanidine.HCl or

Y

alkali, pH 13 (Date et al., 1978). They are sensitive to organic sol-

vents such as chloroform, carbon tetrachloride or benzene which cause

"

them to"dissociate (Brinton and Beer, 1967). This probably reflects
the hydrophobic nature of the F pilin molecule.

2

B. THE GENETICS OF THE F TRANSFER SYSTEM

Four genetically unrelated transfer systems have been identified to



Pal

‘Qntu: P, I, N oand 1, These svitems control the expression of genes
N
coding, for piltus svnthesis, incompatibility and surface exclusion (the
innhdety of\two cells carrying related plasmids to form a mating pair)
. : \ M
(Willetts, 1979; Olsen et al.,, 1974). Only the F transfer svstem has
’ Etods.
]
been studied ektensively.
Plasmids in the T transfer svstem express fertility (now termed
P Lot . ‘ ' . .
transfer) inhibition, Fin (Willetts, 1972; Novick et al., 1976). This

involves the ability-of any plasmid to repress the expression of the F

transfer operon, resulting in a decreased ability of cells to transfer

!
-

these plasmids or be infected bv the F-specific bacteriophages.

A genetic analysis of the F transfer system was repogted by Willetts
and coworkers (Achtman et al., 1971, 1972; Willeﬁts and Achtman, 1972).
Simultaneously Ohtsubo et al. (1970) and Miki gE!gl;_(IQBQ, 1970) _obgained
essentially similar results using aifferent:techniques. Using‘complementation
analysis of transfer deficient (Ezgf) Flac mutanfs; thirteen transfer'
genes were identified and subsequently mapped using deletion mutant
techniques (Willetts, 1972; Ippen-Ihler et‘al., 1972). The genetic map
~of the F plasmid ic given in Figure 1 (Willetts, l975§ A¢htm5n et al.,
1977).

Briefly, twelve of the tra genes are in the transfer operon and are

under the control of the traJ gene product, TraA, ﬁraL, traE, trak,

traB, traC,'traF,'traH and part of traG are required for pilus forma-
< T .
tion, with the traA gene coding for the pilus subunit, pilin (Minkley

et al., 1976). TraS and traT mutants are transfer-proficient and pro-
duce F pili but lack the property of surface exclusion (Willetts and
‘Maule, 1974, 1977). Recently a protein of molecular weight 25,000 dal-

Lot ‘
tons has been found in the outer membrane of F cells (Minkley and Ippen-
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FIGURE 1. The map of the F factor.

‘The transfer operon (A to I) is indicated by the heavy line drawn
clockwise outside the circular map which is not drawn to scale. The
cistrons in parentheses have not been as precisely mapped as the other
££§_c1strons. ori refers to the site of origin of transfer while
inc refers to the incompatlbllity locus. ISl, IS2, IS3 and y6 are
insertion sequences. This figure is based on the maps presented by
Achtman et al. (1977) and Willetts (1975). ~



Thier, 1977; Achtman ct al., 1077). _"l'hiis protein, encoded bv the tra¥T

pene, interferes with mating pair formation. TraS functions indepen-
dentlv and reduces DNA transfer (Achtman et al., 1977).

TraD and tral are thought to be coﬂcerned with DNA metabolism dur-

ing transfer and the tral gene is thought, to code for a specific endo-
nuclease which initiates DNA transfer (Willetts, 1972, 1975). TraJ is

a positive control gene whose product is required for the expression of

the transfer operon, traA to tral (Achtman, Willetts and Clark, 1971;

Willetts  and Achtman, 1972; Finnegan and Willetts, 1973).

Transfer inhibition is due to two structural genes, fin0 and finP
(the finOP system). which control the expression of the traJ gene prod-
uct and which map closely to the traJ locus (Achpman, Willetts and
Clark, 1972; Finnégan and Willetts, 1971; Grindley et al., 1973; Wil-
letts énd Dempsey, 1976). The F plasmid is a naturally occurring EEEQT

mutant which does not exhibit transfer inhibition (Finnegan and Willetts,

{
v

1971, 1972; Watanabe a Fpkasawa, 1962). Inhibition can be restored

+ ‘ :
if a fin plasmid Loexists wi the F plasmid in the same cell. While

most F-type plagmids are finO tems, other systems inhibiting trans-
fér of F-type plasmids but carried by non F-type plasmids have been
identified and partially characterized (Grindley and Anderson; 1971;
Meynell, 1973; Willefts and Paranéhych, 1974; Gasson and Willetts, 1975,
1977). |

Most bacterial cultures carrying F-type plasmids are capable of én—
ly a very low level of tranéf@?\aﬁd pilus production because of trans-
fe'r inhibition (Datta et al., 1966; Egawa and Hirota, 19623 Meynell,
Meynell and Datta, 1968; Watanabe, 1963; Willetts, 1976)._ When a plas-

+
mid-free cell receives a finOP plasmid, transfer inhibition is



1
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temporarily relieved, piving the phenomenon ot DFT (high trequency of

transfer) cultures (Watanabe, 1963)Y.  This is probably duc to transient

. i . o .
synthesis of the trad product before transfer inhibition bv the {inOp

system is established (Wilietts,,1974). This phcnomcnon“ullows the "in-
fectious spread" of a plasmid throughout the cell population while
;ransfcr inﬂibitioﬁ F}iminates wasteful svnthesis of tra proteins, apd
attack by F-specific bacteriophages (Willetts, 1975).

o Small differences in various t?pes of F pili made bv differeﬂt F—
type plasmids are reflected in their morphological (Lawn, 1966), sero-
logical (Lawn and Meynell, 1970) and F—specifiq‘phage adsorbing proper-
ties (Danison and Hedges, 1972; Nishimura et al., 1967). These diéferﬁ
ences are due to variations inithe pilin gene, .raA (Alfaro and Willetts,
1972; Willetts, 1971), as are variations in pﬁysical (Beard et aip,
1972)" and chemical (geard and Connally, 1975) properties. TraA point

mutants are capable of transfer but show reduced levels of phage adsdrp—

tion and plating efficiencv (Paranchych, 1975; Willetts, 1975) and thuas

"mimic the naturally occurring F pili variants.

-

C. THE F PILUS AND CONJUGATION

\ The first step in conjug;tion is the formation of a mating pair by
the.interaction between the tip of the F pilds and a receptor site on
the surface of the cell (Reiner, 1974; Skurray Eﬁ.il;’ 1974): Suffacg
exclusion is thought to preveht mating pair formatlon by iractivating
the receptqrgsite for the tip of the donar pilus (Willetts and Maule,
1974; Achtman et al., 1977). Pre-treatment with pilus tip~specific’
agents such as filamentous DNA phages (Ippen and Valentine, 1967; Nov-

otny et al., 1968; Ou, 1973) or Zn++ ions (Ou and Anderson, 1972) blocks
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conjupation. “Using a mechanism not clearly understood, a sipnal is

y

transmitted along the T pilus to trigeer the synthesis or activation in

the donor cell of the enzyme(s) required tor DNA metabolism during
A : ‘

transfer. The DNA is nicked at a specific site (sce above) and a speci-

“fic strand of UNA~(Vnpnew and Rupp, 1970) is transferred, 5'-terminal

first, into the recipient cell (Ohki and Tomizawa, 1968). The T plas-
mid, when integrated inte the host chromosome (HFr strains), causes the
transfer of all or part of the chromosome as well. Transfer is accom—

panied by replication and circularization of thisd&trand in the recipi-
e -

_ent cell as well as of thé rem&ining_strand in the donor cell (Vapnek

et al., 1971; vapnek and Rupp, 1970). Whether the DNA‘stranq proceeds
via the F pilus into the recipient cell or whether the F pilus merely

draws the cells together to form a classical conjugation bridge is un-

der much dispute (Brinton, 1971; Paranchyvch, 1975; Tomoeda et al., .

1975).
D. F-SPECIFIC PHAGE INFLCTION

In addition to their role in Bacterial conjugation, F pili also
function d4s receptors for F-specific phages. Two’ types of F-specific

bacteriophages have beeﬁ jdentified: the spherical-RNA phages which

N

attach to the sides of the pilus (Crawford and Gesteland, 1964; Brinton
gE_él., 1964), and' the filamentous DNA phages‘dhich attach to the tip
of the pilu% (Caro and Schnds, 1966).

The Bhages which attach to the sides of F pili are simply construct-

ed icosahedral virions, approximately 26 nm in diameter, containing

'single—stranded RNA molecule surrounded by 180 identical coat proteins

(Vasquez et al., 1966). A single attachment (A) protein is exposed on



the swriace of the vivion (Curtise and Frueger, 1974) and (s noncovalent -
lv attached to the phage RNA (Krahn et al., 1972), probahlv at the 3'-
terminal end (Wong and Paranchvch, 1976b). Tvpical RNA phages include

R17, MS2, M12, F2 and 0NB.

The earlv stages of the RNA phage infectious process involve the
nttachmcnt;of the phage particle via the A-protein to the side of an F
pilus followed bv a pilus-mediated cleavage of the A-protein intd two
peptides, ejection of the A-protein - RNA complex from the virion, and
transfer of this complex to the surface of the cell where it penetrates
into the cgll interior (faranchych, 1975).

The attachment of the phage to the F pilus is the functién of the
A—prbtein (Argetsinger and Gussin, 1966;: Steitz, 1968b). This attach-
ment step cén occur with cell—nssocia;ed or cell-free pili (Crawford
and Gesteland, 1064; Brintén et al., 1964; Wendt et al., 1966), is re-
versible (Paranchych.gg_ii;, 1970), Aiffusion—limited with no energy of
activation (Knolle,.1967a) and requires an ionic strength of 0,1 or
more (Danziger and Paranchych, 1970a).

When the A-protein- RNA complex is ejected from the virion, the
eﬁpty phage capsid is released from the F pilus (Paranchych, 1966;'811—
verman and Valentine, 1969). It‘has been suggested that the F-pilus
triggers the ejection step by éatalyzing the cleavage of the A-protein-
into two peptides (Krahn et al., 1972). This step 'ig energy-requiring
(Knolle, 1967b) and therefore occurs only with cell-associated pili.
While a large number of RNA phages can attach to a bacterium's F pili,

~rlatively small_numBer penetrate the cell (Paranchych, 1975). This

ms, - due to a steric inhibition of pilus retraction by large numbers

“ rhage particles adsorbed to the pilus surface.
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The filamentous DNA phares, such as 1 and M3, ateach to the tip

of the ¥ pilus. These buckcriophngos consist of a circular, single-
stranded DNA molecule packed into a viral capsid 5.5 nm in diameter
with a modal lenith of N.7.- 0.9 4 (Marvin and Hohn, 1960) and contain
an attachmgnt protein at one end (Marvin, 106A).

The early stages of DNA phage infection closely follow that for RNA
phages but a few differences have been noged. The nttdchmcng process
is irreversible (Tzagoloff and Pratt, 1964) and the entire virion is

thought to penetrate the cell surface resulting in the absence of a

DNase-sensitive step (Tzamoloff and Pratt, 1964; Trenkner et al., 1967;

£

Smilowitz, 1974).

E. POSSIBLE MECHANISMS FOR PILUS-MEDTATED TRANSFER OF NUCLEATES

The mecﬁanism by which the F pilus mediates the transfer of plasmid
DNA during conjugation or carries viral RNA or DNA to the cell surface
is as yet unclear. Two principal models exist: -one based on the F pi-
lus remaining extended from the cell surface and actually transporting
the nucleic acid itself, and one in which the¢F pilus is not involved
in nucleic acid transport directly but retracts, bringing the recipient
cell or phage particle into close contact with the donor cell.

.The first model has been proposed by Brinton (1965, 1971) and con-
sists of two variations. The first Qariation envisions the F pilus to
be a hollow tube of 25 nm inner diameter through which the nucleic acid
passes. This model has been largeiy discredited becaﬁse no NDNA - F
pilus comple- r -5 ever been detected (Tomoedé gE_gl;ﬁ 1975). Moreover,
since phagelRNA retains at least 50% of its secondary structure during

its penetration into the cell (Wong and Paranchych, 1976a), it has been



conc luded ‘th.’lr the BNA must remain on the exterior surface of the pilus,
The otier ‘vnrl':lt‘ion (Brinton, 1971) states that the F pilus is gomposed
of a pair of filaments which transfer the plasmid DNA or phage parti-
cle by conduction (transfer occurs in thé'groovo between the filaments),
by convevor belt (the two filaments move with respect to each other, in N
convevor belt faghion) or bv a carrier mechanism (the pilus is assem-
bled in the donor cell membrane and depolymerized in the recipient cell
membrane). The best evidence for these models is the visualization in (
the light microscope of mating pairs of F. coli staying é fixed dis-
tance apart, presumablv connected by an ¥ pilus (Bfinton, 1965; Ou and
Anderson, 1970) .

Pilus retraction was first proposed by Marvin and Hohn (1969),
Jacobsen (1972) and Bradley (1972b,c,d, 1973a,b, 1974b) have shown that
average pilus length decreases with time after infection of F. coli or

P. aeruginosa cells with pilus—debendent bacteriophages and thit the

phage capsids accumulate at the cell surface.

Novotny et al. (1972) repofted that®F pili rapidly disappear from
the cell.surface when cyanide is added to bacterial cultures. - Similar-
ly, O'Caltaghan et al. (1973c) found that F pili disappeared from éur—
faces of glycerol-grown cultures when treated with arsenate and Novotny
and Lavin (1971) noted F pili disappearance thp the temperature of a
bacterigl culture was suddenly dropped to 20°. Novotny and Fives-
Taylor (1974) and Bradley (1972¢,d) found that piiﬁs getractioﬁwwas
prevented by treatment with pilus—-antiserum or RNA phages as seen by
the cell's inability to undergo filamentous DNA phage infection or con-
jugatién. Multi-piliated strainé of E. coli (Moore and Pgranchych, un-

*

published results) and P. aeruginosa (Bradley, 1972c, 1974) are ‘




/
resistant to ypilus-dependent vhages and do not lose their pili at low
temperatures in(lic:ltir1y a loss of ability to retract their pili,

Tt seems feasible that the above observations indicate an equili-
brium exists between pilus formation and outgrowth and pilus retraction

(Rradley, 1972b; 0'Callaghan et

al., 1973} and that this cquilibrium

is disturbed in favor of pilus retraction by various ;uiséns, by tem-
perature shifts and by the attachment of pilus-specific objects (anti-
serum, phage, recipient cells). This equilibrium may be shifted toward
enhanced pilus outgrowth by treatments such as the incorporation of 5-
bromouracil into DNA using an F transfer svstem (Fivcs—Taylor and Novot-
ny, 1974) or by the addition of I-tvype Di]gs antiserum to cells carfy—A
ing an I-type R plasmid (Lawn.and Mevnell, 1972).

Studies on the reappearance of donor pili on cells depiliated by

various techniques (Novotny et al., 1969a) indicate that a pool of pi-

v

lin subunits exists in the cell membrane which is of a constant concen-
tration of.about twice the amount of mature, assemgled, pilin molecules
and can restore full piliation in 4 to 5 minutes (Novotny gg:gg;% 1972;
Brinton, 1965, 1971). Beard and Connally (1974) have reported finding

a pool (7 x 104 molecules) of F-type pilin molecules in tﬁé outer mem-—

brane of E. coli cells carrying a derepressed F-like R factor.

These results show thgt pilus outgrowth‘does not require de novo
protein synthesis but requires energy (pgrhaps in a ﬁhosphorylation'
and/or glucosylation step) and is balanced by pilus retraction, the
mechanism of which is unknown. The accumulétion of free piii in the

'

culture medium may not be as general a phenomenon as has previously

been thought (Brinton, 1965, 1971; Novotny et al., 1969a).

Whether the transfer of genetié material by F pili occurs by
¢



conduction or retraction or a combination of both is still uncertain,
The apparent simplicity of the F pilus structure suprests a sinele mechan-
[

ism for the transfer of single-stranded nueleic acids cither towvards or

o

away froh the host cell (Paranchych, 1975),

1) .

i
]
\:‘-‘:
F. F PILUS PURTFTCATION
Three principal methods are generally used to estimate relative a—
mounts of pili. The elecctron microscope is exceflent for studving pi-
lus morphology, determining size and number of pili per cell, and iden-

A

tifying large contaminants such as flagella and tvpe -1 pili, A second
1
"method is based OT\the assay of the amount of radioactive-labelled
phage adsorbed to F pili. The filtration assay procedure (Danziger aﬁq
Paranchych, 1970a), in which radioactive phage-pilus complexes are
caught on membrane filters, measures both cell-associated and cell-free
pili but is not quantitati;e since a certﬁin fraction of these complex-
es is washedbthrough therfilter (Rrinton and Beer, 1967). A variation .
on this_assay technique measures cell-associated pili by saturating a
cell'é_gili with radioactive phage, centrifuging out the cells, and
"quantitating the amount of radioactive phage in the cell pellet (Paran-
chych, 1975). A third method (Novotny and Lavin, 1971) gives an accur-
ate estimation for the amount of F pili in a culture relative to a
second, standa;d, culture. It dep~rds on the ability of F-type pilus
an£iserum to:bind specifically to the F pilus and interfere with DNA
‘phage infection (Ishibashi, 1967; Lawn et al., 1967). Thus a standard
curve relating pladue—forming units (PFU) to celi concentrations before

and after the addition of the antiserum indicates the amount of cell-

associated F pili in the culture., The work reported in this thesis



uses onlv the tirst two methods desceribed ahove,

Purification m'ov(‘(lu}vs reported for ¥ opili are similar to those
cmploved for the purification of various viruses. The removal of F pi-
1i from the cell surface has been accomnlished by blending (Brinton,
1965, Vn]dntine and Strand, 1965; Novotny et al., 196%), or by the
more gentle stirring of cells in 307 sucrose with a magnetic stirring
bar (Brinton, 1971; Minkley et al., 1976). The presence of sucrose dis—
solved the pili, and prevented non-specific binding of free pili to

.cells (B;inton, 1971). Brinton (1971) anJ'Minkley et al, (1976) achiev-
ed a yield of 5 mg of F pili from a slightly multi-piliated mutant Flac
strain, from 24 litres of culture at 957 purity by processing the suc-
rose—dissolved nili solution in thé following manner. The cells were
removed by centrifugation and the supernatant was extensively dialyzed

.to remove sucrose. The removal of sucrose caused the pili to aggre

int» large "crystals' which could be easily centrifuped out of solu
The concentrated pili were banded in a CsCl buoyant density gradient as
a final purification step. Minkley et al. (1976) reported that the pi-
1i of a less well-piliated mutant were more difficult to burify and re-:
quired solubilization of the pili in SDS followed by Biogel P150 column
chromatogfaphy to achieve pure pilin.

Recently Date et al. (1978) have purified F pili using Brinton's
methoa but included a sucrose gradient sedimentation step in 0.1 M NaCl
vto separate f pili from contaminants of low density. They claimed that
1.5 - 2.0 mg of pure F pili could be obtained from 67 g (wet weight) of

cells.

Beard et al. (1972) published a purification procedure for F-type

e

[



Popili which connistod of tour stapes: (1) blendineg the ulture and re

moving the cetls by contrifueation; (7y ultrafiltration to concentrate

tho.pili; (3) =01 I‘nsitv gradient centrifupgation: (%) 1soclectric
focusing to separate ﬁhe conjupative pili from tvpe 1 pili. They claim-
ed 957 purity and a vield of 3 - 6 mp of protein from 20 litres of cul-
ture.

Ofher methods,.which result in crude F pili preparations, include
precipitation at the isoelectric point of T pili (pH 4.0) by ghe adéi—
tion of 1IC1 (Brinton, 1965; Brinton and BReer, 1967: Valentine et al.,
1969) and precipitation with polyethvlene glvcol and NaCl (Tomoeda et
al., 1975).

While thé F plasmid and the F transfer system have yielded much in-
fprmation on bacteriophage infectious processes and bacterial conjuga-
tion, it may not prove to be the best.system for studying the chemistry
of pili since so iittle material is produced in cells carrying the
F plasmid. Frost.and Paranchvch (1977) calculated the theoretical
yield of F pili; from a culture, bearing one pilus per cell, to be 1 mg
in 1000 litres. Since this was clcafly impractical, attempts were made
to find one or more multi—piliated bacterial strains. |

~

G. THE PSA PILI OF PSEUDOMONAS AERUGINOSA

The most promising source of multipiliated bacteria appeared to’be

various strains of Pseudomonas aeruginosa carrying polar (PSA) pili

(Bradley, 1966).

PSA pili produced by various P. aeruginosa strains are-~of similar

appearance, i.e., they are long, flexible filaments with no visible

subunit structure, of dimensions 6 nm in diameter and a modal length of



2,500 nm (Bradley, 1972a; Weiss, 1971), but thev are usuallv serologpi-
cally unrelated (Pradlev and Pitt, 1975). The origin of these pili is

unknown; attempts to correlate them with the presence of the ¥I'?

Cor FP39 sex factors of Pscudomonas aeruginosa (Inc P-8) have failed

L]

(Holloway, 1969). If they arec coded for by a nonconjugative plasmid,
it can not be mobilized by the P-1 type plasmid RP1 (Bradlev and ﬁigf,
1975).

PSA pili.are required in the infectious process offthreo diffefent
types of phages: (1) spherical RNA phages (Bradley, 1966; TFeary et al.,
1964); (2) filamentous DNA phages (Takeva and Amako, 1966); (3) spher-
ical DNA phages with non-contractile tails (Bradley, 1973b; Bradley
and Pitt, 1974).

The RNA phage, PI'7 (Bradley, 196¢; VWeppelman and Brinton, 1971), is
similar to g?fe F-specific RNA phages of E. coli. PP7 is specific for

Pgeudomonas aeruginosa strain PAOl. It attaches to the pilus irreversi-

bly at pﬁn8.4 at a ratio of I¥ phage/pilus but the attachment is less
specifié.at lower pH's (Bradley, 1976). No RNA phage has been found
for strain K (8radley, 1974b). PP7 cannot saturate the PSA pilus with
many closely-aligned, phage particles as is the case with the F-specific
RNA phages.

The filaméntpus DNA phage, Pf, which resémbles the F—séécific DNAA
phages, attaches to.the tip of PSA pili of strain .K (Bradley, 1973a).
The DNA phages with spherical heads and non—contréctile tails of vary-
ing lengths (Bradley, 1973b; Bradley and Pitt, 1974) have no counter-
part in strains of E. coli ;arrying F-type plasmids. They attach to

the sides of the PSA pilus by means of lateral tail fibers.

Bradley“(19725:E:E:5E/1§73a,b; 1974b),has shown that attachment © —

)



these three classes of phape is followved by pilus retraction and the
transport of‘ the phage particle to the cell surface where cijection and
penetration of the phage penome occurs. A phaye receptor site in the
outer membrane for the tailed bncteriophageg has been postulated hv
Bradley (1972c, 1974).

"An unexpected Fonus from these experiments was the isolation of
multﬁ—pi]iated mutants of strains PAﬂi and K, named PANG8 and K/QPfS
respectively (Bradley, 1972a,b; 1974), which were resisthnt to PSA pi-
lus-dependent phage infection. These strains could attach phage parti-
cles but could not retraét their pili, K/2PfS‘was the more-piliated
of the two mutants, producing 50 to 100 pili per pole. The wild-type
strain, K, produced ten to twenty retractile pili per pole. Besides
flagella, these strains produced no other potentially contaminating
types of pili such as type 1 pili.

Sy

H. THE PILI OF OTHER INCOMPATiBILITY GROUPS

While pili'are encoded by plasmids of at least six other incompa-
tibility groups besides F,.comparatively little is known about them at
present, and in any event, they are not pertingnt,to,the results discus~
sed in this thesis. A brief description of their morphology and func-
tion is given in Table 1.

The Inc I group comprising many I-type R and Col plasmids produceg
I pili which are morphologicélly and serologically distinct from F pili
(Lavn and Meynell, 1970; Lawn et al,, 1967) andh§q$9rb thevI—specific
filamentous DNA phages, such as Iflr(Meynell and Lawn, 1968). No I~

specific RNA phages have as yet been isolated. The I transfer system

parallels the F transfer system with respect to transfer initiation
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(Fenwick and Curtiss, 1073a,1), IMA strand specificity (Vapnek ct al.,
1071) and DNA mor:ﬂw(lﬂis:m (Fenwick and Curtiss, 1073a,b).

I-tvpe plasmids exhibit the properties of surface exclusion (Fen-
wick and Curtiss, 1973b) and transfer inhibition in a two-step control
svstem nnnlogoﬂ% to the finOP system of F-type plasmids (Meynell et al.,
1968; Ohki and Oieki, 1968: 0Ozeki, 1965). The F and f svstems do not
comélément one another (Lawn et al., 1967; Romévo and Meynell, 1969).

The R plasmids found in Pseudomonas have been Classifigd into incom-
patibility groups P-1, P-2 btc. on the basis of their incompatibility

with one another in Pseudomonas (Shahrabadi et al., 1975).

Inc P-1 group piasmids code for pili (Rradlev, 1974b) and‘a surface ex-
clusion system (Hedges and Jacob, 197Z3. They do not express fertility inhi-
bition/but can)bc inhibited by plasmids from éthér incompatibility groups
(Jacoby, 1977).

The grouplplasmids aré sensitive to three types of pilus-depend-
ent phage: the spherical RNA phage PRR1 (NDlsen and Thomas , 1973); the
filamentous DNA phage Pf3 (Stanisich , 1974); and the 1ipid—contain£ng
DNA phages such as PRD1, which attach to the pilus tip (Oisen et al.,
19745, and have a contractiie tail which is not used inbpilus attach-
ment (Bradley,1977a).

P-1 pili are short and rigid and generally occur at the poles of
the cell (Bradley, 1977a) and undergo retraction during p-1 - specific
phage infection KBradley, 1977a). No tran;fer inhibition sfstem has
‘been identified for P-1 plasmids (Chandler and Krishnapillai, 1974;
Olsen et al., 1974; Olsen and Shipley, 1973).

Inc P-2 group plasﬁids, however, do have a transfer inhibition ;ys—
tem which has made study of their short non-polar pili difficult (Shah-

) g

rabadi et al., 1975).



W pili (Bradley, 1975b; Bradley and Cohen, 197%) produced by

the Tne W group plasmids, such as Sa, are short, pointed, non-polar pi-
-

14 with the unusual optimum growth temperature of 30° in statjonary

phase cultures. Thev have been impl .. ¢ 1in conjugation of W plasmids
* (Bradley, and Cohen,1976)attach the lipid—éonﬁaining bNA pha, .o, such as
3

PRD—l; to their tip and undergo retraction (Rradley,1077a).

inc N group plasmids, which have no transfer inhibition svstem but
can inhibit cq—existing‘P—l plasmids (Chandler and Krishnépillai, 1974;
Stanisisch, 1974), can in‘thrn be inhihited b& the Inc X piasmid
R6K (finney and Smith, 1974)., 1Inc N plasmids confer sensitivity to the
DNA phage, 1Ke, (Khatoon EE;ElL) 1972) and lipid-¢ontaining phages such
as PRD-1 (Bradley, 1977a), but no pili have yet been shown to be en-
coded by these plasmids (Bradley, 1977a). Recently a somatic recep-
tor site for PRDfl phage has been characterized as a podl of proteins
(molecular mass, 51,000 daltons) in the outer membrane éf PRD-1 sen-
sitive cells (Olsen~§£_gé:) 1977). They postulated that this wés a
pool of pilin molecules analogous to the F-pilin moleculgs found in the
outer membrane of E. coli by Beard and Connally (1975).

Also, To et al. (1975) have reported a temperature sensitive pilus
coded fqr by Inc T grou? plasmids but no detailed study has been pub-
lished. |

The Inc X group of plasmids ?és been shoZP to specify two types of
pili. The F plasmids R711b and R778b (Hedges; 1974; Bradley, 1977b)
,code fér'F—like pili which confer sensitivity to the F-specific fila-

.mentous DNA phages, i.e., fl, but not the F-specific RNA phéges, and
therefore resemble the pili produced by the Fo£35 plasmid of Inc FV

(Datta, 1975; Falkow and Baron, 19625. The plasmid R485 specifies very



thin pili with an obviousiy helical character as seen by electron mics
PR v . . . ‘ . .
roscopv. No phage specific for PA8h vili has vet boeen ifcolated (Rrad-

lev, 1977b).

T. TYPE T PILT OF ESCHERICHTA COL1 ——

Type T pili are the prototype of Somatic pili in E. coli. Thev

"were first characterized from strains of E. coli B but are also found
on the cells of strains of E. coli K12 éither maintained in laboratorv
cultufes or isolafed”from clinicn! sources. Type T pili have a diameter.
of about 7 nm and typical lengths of 0.5 to 2 microns. They aré found
in large ;Embers over the surface of the cell and are self-assembling
helices of.identical pfotein subunits (MW = 17,000) which do not con-
tain phosphate or carbohvdrate. The; mav be concentrafed and purified
by crystallization in the presence of magnesium io“a, Type I pili are
coded for by tbe bacterial chromosome and do not ha?é a role in conju-
gation nor have they been shown to be involved in pilus-dependent phage
infection (Brinton, 1965).3 One of their fu;ctioﬁs is adhesion to mam-

A
= 3 .
malian cells and to other surfaces where attachment is usually end-wise

g

(Dugyid et al., 1966). '

.Re;ently they'have been implicated i%tcontributing to the virulence
of enteropathogenic strains of E, coli which cause series disease 'in
man and animals (Swaney et al., 1977).

Some of the strains in this study produce type I pili which was one

of the principal sorts of contamination in F pili preparationms.

4
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The present propram was originally dirvected towards purification of

Fpili from a wi<l.o ranye of naturallv-occurring or peneticallv-induced
.
pilus mutants which produce F pili but resistant to certain classes
of ¥-specific bactexiophages. By co ‘chemical composition of
W

these pili, it was hoped that insiﬂht int . ..¢ number and kinds of re-
active sites in the F-pilin molecule could be obtained. However, the
amount of F pili produced hv bncgéfial cultures carrving these plasmids
was ex:t - 'y low, making the prospect of beinp able to perform an ade-

-

quate characterization of these p:.oLc ns rather poor. For this reason,
\ p)

the wild-tvoe and multi-piliated r -ts of Pseudomonas aeruginosa K

were used as a source of pure pili to acquaint ourselves with the prob-

lems and techniques in the purification and chemical characterization

c ~

of pili in general. This system was both proﬁising and interesting,
for not only were these pili involved in the infectious process of sev-
eral bacteriophages, énd capable of retraction, they were also present
in large numbers on the cell. In addition, two strains, the wild-type,
PAK, and the multi-piliated mutant, PAK/2PfS, were a\failable.v Thus, a
coqggrison of the structural relatedness of PAK and PAK/ZPfS pili would
indicate whether or not the mutation ;esponsible for the loss of pilus=

"retraction in PAK/2PfS was in anv way reflected in their biochemical

¢ ’

composition, and provide a basis of comparison of PAK and other types

of pili.

Pes
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CHATTER 11

MATERTALS AND METHONDS

A.  MATERIALS

1. Bacteria and bacteriophage

(a) Bacteriophage

The RNA phage, R17, isclated bv Paranchvch and Graham (1962),

4

was used throughout these studies.

v

(b) Bacteria

The various strains of Fscherichin coli and Pseudomonas aerupgi-

nosa used in the course of these studies are given in Table 2.

)

Except where specified, WP156 was used for preparing R17 phage

lysates.
QA

All strains were preserved for long periods of time by lyophil-
izing a small portion of a culture gfown in 57 glucose, 57 peptone, pH
7.2 and sealing the tube while under vacuum.  Bacterial strains weré
resuscitated by resuspending the lyophilized cells in 0.5 ml of Broth
and streaking these cells out on hard agar slants in 5.0 ml Universal
bottles to maintain the strain for several months. The cultures grown
on the slants at §7° wére used to'étreak ﬁérd agar for routine use.
Cell cultures Weré started by transferring a single colony on an agar
plate to 10 ml of liquid medium which Qas grown at 37° with or without

shaking overnight (16 h).

2. Bacterial culture media

(a) TMM medium (Tris (hydroxymethyl) amino methane maleic acid

minima} salts medium)

~ The basic TMM salts solution contained the following components:

o fv
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Tris, N.NOH My maleic acid, .05 My 0,043 M NaCl; 0,027 M KCl;, 0.N1a M
N
N CL; MR IR0, M ONal,Po,
N CLy 1w a0, 5] m Nail, b0,

The above compounds were dissolved in distilled, deionized wat-
er, the pH was adjusted to pH 7.3 and the solution was autoclaved at

’
126° for 15 min under a steam pressure of 20 1b/in"™.

" (b) CTMY (Complete TMM)

Complete TMM (CTMM) medium was prepared by combining the fol-

lowing sterile components listed in the following proportions:

™M . 91 parts
Fagles' amino acid concen- v
trate (100 X) (Difco) ™ . 1 part
507 (w/v) glucose 1 part
0.25% (w/v) L-methionine 1 part
0.5 M Mg612 1 part
0.020% d-biotin 5 parts

Various TMM-based media inciuded:
(1) lac CTMM. This medium included 2 parts 25% (w/v) lactose in-
stead of glucose.
(ii) CIMM-aa. This medium contained the regular components of CTMM
with the omission of the FEagles' amino acid concentrate.
(iii) CT™™M + casaminq acids. Casamino acids (Nutritional Biochemicals

Co., 0.05%) replaced the Eagles' amino écid mixture.

(iv) Low phosphate CTMM. The concentration of Na,HPO, in the TMM

*Eagles' amino acid concentration’ 100 X (Difco) contained the fol-
lowing (per ml): arginine, 1.7 mg; cystine,=1.2 mg; tyrosine, 1.8 mg;
histidine, 0.8 mg; isoleucine, 2.6 ml; leucine, 2.6 mg; lysine, 2.6 mg;
methionine 0.75 mg; phenylalanine, 1.7 mg; threonine, 2.4 mg; trypto-
phan, 0.4 mg; valine, 2.4 mg; biotin, 0.1 mg; folic acid, 0.1 mg; chol-
ine chloride, 0.1 mg; nicotinamide, 1 mg; Ca pantothenate, 0.1 mg; pyr-
idoxal hydrochloride, 0.1 mg; thiamine hydrochloride, 0.1 mg; riboflavin,
- 0.01 mg; inositol, 0.18 mg; phenol red, 0.5 mg. ‘ :



minimal salts solution was reduced to 0.1 mMt,

(c¢) Trvpticase sov bhroth (TShH)

TSH (Baltimore Rioloyical Laboratories

[BBL]) 15 ¢/1
NaCl ' ~ 8 /1
Autoclaved solutions had a final pll of 7.2 - 7.3.

(d) Top agar

Trypticase soy broth 30 g/l
Bacto-npar (Difco) 11 g/1

Sterile top agar was stored in 50 ml volumes at 4° until used.

o
"

For plaque assays or viable cell counts$, the agar was melted in‘a boil-
ing water bath and dispensed into sterile culture tubes in 1.5 ml ali-
~

quots maintained at a temperature of 50° in a water bath.

(e) Hard agar (TSB agar)

Trypticase. soy broth v o 30 g/1
Bacto-agar ' ‘ PS g/l
After dissolviﬁg, the solution was autoclaved and dispenséd in-
to petri dishes while warm.
3. Buffers

(a) Bacteria and phage diluent

All dilutions of bacteria or phage were made with a sterile
solution composed of: )
0.9% (w/v) NaCl
S:mM MgCl2
5 mg % bovine‘ferum’albumin4(Sig&a Chemical Co.)
MgCl2 was autoclaved sebérately d added to the sterile 0.9%-

NaCl. The albumin was supplied as a stexile solution and was used di-

rectly. Diluent was dispensed in 10 ml volumes into sterile 20 mm



dilution tubes and stored at 4°.° These solutions were warmed to room
temperature before use.

H.
(b)  TMM + Mp

Sterile 5 mM NgClz was added to the bdsic minimal salts solu-
tion (TMM) which had nreviously been autoclaved.

(c) Saline sodium citrate huffer (SSC)

0.15 M Na(Cl ‘ 8.7 ¢
'0.015 M Na citrate ' 4,461 g/1
The desired pll was obtained bv the addition of concentrated
NaOH .

4. Chemicals, enzymes and reagents

Alﬂ Treagents were prepared from analytical-grade chemicalsvin
double-distilled water unless otherwise specified. Ultrapure sucrose
and dithiothreitol were used as supplied by Schwarz/Mann.' CsCl was ob-
tained from Gallard-Schlesinger. Ampholytes were obtained from LKB
Produktes, Bromma, Sweden. Sodium dodecyl sulfate (SDS), technical
grade, was obtained from Matheson, Coleman and Bell. Sodium bhosphate,
both mono- and dibasic;'was obtained from Mallinckrodt Chemical Works:

Chemicals used for polyacrylamide gel electrophoresis were ob-
tained from Eastman Organic Chemical Co. Acrylamide was fecrystai—
lized from acetone. Myoglobin, chymotrypsinogen and lysozyme Qere ob~
tained from Schwarz/Mann. Carbonic anhydrase and DFP-treated éarboxy—
peptidase A were obtdined from Worthington Biochemicals Corp.

5, Radioactive materials

- -

Radioactive precursors for t?éf;reparation of labelled F pili

and R17 phage were obtained from the{following sources: 32?, 33P (as

B 32PO or H 33?04, carrier\ﬁree, in 0.02 M HC1l); 358 (as Na 35SO

3 4 3 2 4

a0
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. 3 . . . - oy
in water, S00 mCi /mmole) and  P-lL-amino ac id mixture (5.0 mCi in 0,327
~

. e ) . .
me 0.1 M HCY) from New England Nuclear; N-8-puanosine (»5H Ci/mmole)

from Amersham/Scarle.

B. GROWTH OF BACTERTA Y
Bicterial cultures in liquid media wevre grown at 37° in a rotary-
chaking water bath (New Brunswick Scientific Co.) from a 1:100 dilution
of an overnight culture grown in an identical medium. Maximum aeration
and minimum pilus breakage was achieved by using shallow cultures, gen-
erally one fifth of the flask volume, shaken at 125 rpm in baéfled cul-
ture flasks (Bellco Glass Co.). Under these conditions, cultures gen-—
erally reach a cell density of 5 £ 108 celis/ml in 4 hours using mini-
mal media andl2 - 2.5 houfs for rich media. The density of E. coli
cells in various media was determined from a sfandard curve constructed
by plotting the absorbance at 650 nm of a 1.0 ml volume of culture in
a cuvette (with a light path of 1 em) vs. the viable cell count. Vi-
able cell counts were determined bv plating 1.0 ml of an appropriate
dilution of the culture mixed with 1.5 ml soft top agar which was spread

on TSB hard agar plates. The plates were incubated overnight at 37°

and scored for bacterial colonies.

C. PREPARATION AND PﬁRIFICATIoN QF PHAGE R17 - T
" A culture of WP 156 célls, érbwn in CTMM-aa at 37° to a cell den-

sity of 4 X 108 cells/ml, was iqfected with purified R17 phage‘!k a

multiplicity of 40 PFU's/cell. The infected culture was allowed to

lyse with-vigbrous shaﬁing (150 rpm) for 3—4 hours at which time cell

lysis was completed by adding lysozyme (66 mg/1l) and chloroform



(3.3 m1/1) during the Tast 30 min of the incubation. The cell debris
was removed by low speed centrifupation and the resultant crude lvsate
was titered using the plaque assav method. This method consists of
plating 1.0 ml of an appreopriate dilution of the phage solution to

. , 8
which 0.2 ml of bacteria (WP156 cells at 4 x 10 cells/ml) and 1.5 ml
of molten agar has been added., The mixture is spread on a TSB hard

agar plate and incubated overnight at 37°. Typicallv 8 x 10]] to 1.2

5
X 101” PFU/ml were obtained in a crude lysate. The phage was purified

from thg crude lysate before the removal of the cellular debris byv a
liquid two-phase polymer system (Albertsson, 1960) containing 0.21 g
sodium dextran sulfate, 7.15 g polyvethvlene glvcol 6000 and 1.8 g NaCl
per 100 ml of crude lysate. The R17 phage was extracted ffom the sodi-
um dextran sulfate phase and was banded in an equilibrium CsCl density

gradient at 1.44 g/cm3 using 2.4 g CsCl/4.0 ml of R17 phage solution

in SSC buffer.

Ce

The number of phage particles in a phage solution was determined
spectrophotometrically using a Beckman DBG spectrophotometer énd an ex-
tinction coefficient at 260 nm of 7.66 mg_l ml cm"l (Gesteland and
Boedtker, 1964). Therefore one: absorbancy unit (A26O unit) contained
T 18 x 1013 particles. Usually a purified R17 pbagezgreparation con-

sisted of 0.5 ml of solution containing 5 - 10 x 1014:particle$/ml.
Lf‘u‘z:
32

P-labelled R17 was prepared using low phosphafe CTMM as the cul-
ture medium. At 5 min post-infection, a neutralized solution. of 32P

+

inorganic phosphate (10 mCi) was added aﬁa the incubation and purifi-
cation procedure was as previously described. Freshly purified phage

R17 preparations had a épecific activity of 2 x 10_6 cpm/particle.

Rl7 phage labelled with 3H—guanosine in the RNA or 3H—amino aci@s

~



in the coat and A protein were similarly preparced using CTMMiaa or

CTMM—na as the culture medium respectivelv. At 20 min post-infection
. . . . 3 . 3 .

(10 min post—infection), 0.5 mCi of ‘H~puanosine (or 5 mCi "H-l-amino

. . s . ) .
acid mixture) was added and the phage was purified in the usual fashion.

The specific activity of such 3H—]nbellod phage preparations was simi-
14T to thgt obtained for freshly purified 3’r)'P—llahelled phage. A de-
tailed procedure for the purification of cold or radioactive labelled
R17 pﬁnge has been reported by Krahn éE_gl; (1972), Wong (1975), and

Wone and Paranchych (1976).

D. RADIOISOTOPE COUNTING
Dry samples such as air-dried filter d%Scs from attachment assays
T .
‘were counted for 5.0 min in 5.0 ml toluéne—Béscd scintillation fluid
(pfepared by adding 4.0 g Omnifluor [New Englgnd‘kuclear] to 1.0 litre

of scintillation grade toluene) in a Beckman LS-250 liquid scintilla-

tion spectrometer.

Aqueous samples were assayed by combining 0.5 ml of sample wifh
5.0 ml Btay's scintillation fluid (180 g napthalene, 12 g PPO (2,5-di-
phenyloxazole), 0.6'g POPOP (P-Bis(2—(S—phenyloxazolyl)—benzene)),
300 ml methanol per litre of l,4—dioxéne [Fisher-Scientific]}). The ef-

. " .
ficiency of counting was *>95%, 85% and 307 for 3“P, 358 and 3H isotopes

4

respectively.
Single isotope restricted channels were used for double—labelling
experiments and counts were corrected for nverlab. -
Similarly prepared samplés were monitored for efficiercy of count-
ing using an external standard.

All ‘samples were corrected for background radioactivity by‘ﬁsing
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controls identical to the samples but contiaining no radioactivity.

I, PHACE SPOT TEST

The sensitivity of a particular bacterial strain to bacterionhape
R17 was tested bv. spreading 0.5 ml of a bacterial culture in exponen-
tial phase on a TSB hard agar plate with a sterile glass spreader. A
drop of clarified crude phage lvsate was placed on the plate and it

was incubated at 37° overnight. Plaque formation was indicative of

phage sensitivity.

T. R17 PHAGE ATTACHMENT ASSAYS

1. Filtration assay for cell-associated and cell-free F pili

The filtration.assay emploved to measure phage-pili complex
formation was essentially that described by Danziger and Paranchych
71970a). Unless otherwise spgcified 0.5, 1.0 and 2.0 ml samples of ”
cultures (4 - 8 x 108 cells/ml) were'dilUCed to 2.0 ml with TMM, Fach
sample received 0.1 ml of 0.1 M MgCl, and 0.1 ml of 2p_ or J4-1abel-
led R17 (containing 1012 particles of R17 and 4 - 8 x 105 cpm, depend-
ing on the age of the radioactive phage prep;ratioﬁ). ‘'The samples
were incubated aﬁ 4°C fdr 40 min to measure phage adsorption to pili.
During this time, Gelman GA;6 triacetate filters (0.45 u) were placed
in a series of 20 ml filter head units (Millipore Co.) and were washed
with 5 ml of water, 5 ml of 5 mg % (w/v) bovine serum albumiﬁ to re-
duce nén—specific binding of free phage‘particles to the filtérs, and

34—+
5 ml of TMM + Mg . The sample was passed through the filter under a

vacuum of 6 in of mercury (Gast pump) and the sample ‘tube was



B

rinsed with 5 ml of TiMM + Hg++. The filter was washed with two addi-
tional portions of TMTI + Mg++ and the filters were thoroughlv drained
of liquid. The filters were mounted on stainless steel pins until
thoroughly dry and were counted in 5 ml of Omnifluor sciﬁtillation
fluid. Two samples containing onlv phage were filtered, dried and
counted to measure background levels of radioactivitv. Also, duplicate
0.1 ml samples of phage solution were dried on Whatman 3 mM filter
discs and counted to give the ;mount of input radiocactivity. The slope
of a plot of sample volume (0.5, 1.0 and 2.0 ml) versus radioactivity
(cpm/sample) gave the level of attachment for a 1.0 ml sample of.éells
éorrected for.nonsaturation of the available F pili with phagevat high

-

cell densities.

Alternatively, samples containing cell-free F pili were assay- -

ed for radioactive R17 phage attachment using the following modifica-

tions. Sample volumes were reduced to 1.0 ml to which 50 ul of 0.1

MgCl, and 50 ul of radioactive-labelled R17 (5 x 10ll particles/sample)

2

were added. The mixture was incubated at room temperature for 40 min

and was passed through the filter accompanied by only one 5 ml portion
- ‘ - .

of TMM + Mg to rinse the sample tube and wash unattached R17 phage

from the filter. The filters were dried and counted as previously

t

~described. s

—-

2. Centrifugation assay for cell-associated F pili

In this assay, cell-associated pili are saturated with 32P—Rl7
part: .es (lO4 particles/cell) and separated from cell-free pili by
centrifugation. This allows for a direct comparison between samples

of the same or differing strains of cells for available F pili on the



cell surface (Paranchveh, 1975),

Al ml portion Qf cells (N.4 AGSO units) was dilutod with 1. ml.
of cold TSB broth and placed in an icebath. Each sample received 20 ul
of 0.5 M MgSOA and 0.1 ml of 32P~Rl7 (2 x 101% particles) and was al-
lowed to incubate at 5° for 40 min. A 0:1 ml portion from each sample
was spottéd on a Whatman 3 MM filter disc tp determine the input of
radioactivity qnd the rest of the sample waé‘centrifuged at 10,000 X g
for ten minutes. The su%ernatant was decanted and drained and the
sides of the centrifuge tubes were blotted dry. The pellets were re-
suspeﬁded in 0.2 ml TMM + Mg++ and 0.1 ml was.spotted and dried on a
filte; disc. The filters wer¥ dried and counted in 5.0 ml toluene
scintillation fluid. ED2601 (F ) was used to determine backg;ound at-
tachment and the level ofvattachment of ED2602 (JCFLO) was taken as
lOO%..

, N

G. ASSAY FOR PLASMID TRANSFER

Log-phagé cultures (2 x 108 cells/ml) of donor aAd recipient cells
were mixed at a ratio of 0.1 ml donor célls/0.9 ml recipient cells and
incubated at 37° for 30 min with gentle shaking. Th. a1ating mixture
was then chilled_to 4° and plaped on various sélective minimal medium
platgs-at appropriate dilutions. After incubation at 37° for 24 - 48
hr, the number of conjugants/plate was enumerated and reported as the

number of conjugants per 100 donors of original mating culture.

H. CENTRIFUGATION EQUIPMENT
All low speed centrifugation procedures (<15,000 rpm) were performed

using'a Sorvall RC2-B centrifuge with a thermostatic control set ‘at 5°,



using an S§-34 or GSA r{EQL\gcpondinx on sump]; volume. Samples were
spun in 50 ml poiyplnpy]cne tubes vr 15 or jO ml Corex glass tubgs with
rubber adapters (Sorvall Inc.) or in 250 ml Nalgene hottles with screw
cap, lids. . |
igh speed centrifugation procedures were done using-n Beckman L2 .
65-B ultracentrifuge set at 5°. All gradients were formed using swing-
ing bucket rotors SW50.1 (6 x 5 ml buckets), SW27.1 (6 x 18 ml buckets)
and SW27 (6 x 307 ml buckets)twith Beckman cellulose nitrate tubes of
the appropriate size. Procedgres requiring pellefting of material used
a fixed angle 60 Ti or S30 rotors equipped with‘screw fop polypropylene

tubes of an appropriate size.

I. CsCl DENSITY GRADIENT CENTRIFUGATION }

Routinélyfnﬁhe sgmple was dissolved in 4.5 ml of SéC buffer pH~7.d
in a Beckman cellulose nitrate tube to which a pre;weighed amount of
dry, ultrapur; CsCl (Gallard, Schlesinger) was addéd to give the de-
sired density at 20° as&ﬂetérmined by the index of refraction at 205.
Thé total volume was 4.7 - 4.9 ml. The gradient was formed in an
SW50.1 rotor at 5°"aé}35,000 rpm for 22 hours.

The tube was punctured at the bottom with a gradient dripper (Buch-
ler Instruments) and 15 drop fractions were collected (0.2 ml in each)‘
in 13 mm test tubes. |

‘The index éf refraction at 2° .as determined for even:numbered
fractions using a 10 pl saﬁple and a Bzusch and Lomb refractometer con-
nected to a Haake thermostatically-controlled circulating water bath.

This value'(ngsi) was converted to density at 5° (p'5 ) using the equa-

' (-] [ - -~ .
tions ps = 1.027(020 ) -~ 0.0268 (Beard, personal communication) and
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N - 10,2402 nh - 17.648% (International Critical TabTes). A

o o
o5 3

table converting nh to p appears*tn Appendix A, The contribution

of SSC buffer to the index of refraction was negligible.

J. SUCROSE GRADTENT TECHNTQUES

The buovant density of pili in sucrose~was determined using a dis-

~

continuous sucrose gradient containing 1ayer§ of 3.0 ml of 70, 60, 50,
40 and 30Y (w/v) suérose in SSC;NpH 7.0, The sample of pilus solution
(1.5 ml contaiQ;ng 5 — 6 mg of pili) was layered on the gradient and
the gradient was centrifuged for 7th at 22,000/rpm at 5° using an
SW27.1 rotor. The gradient tube was subsequently punctured at the bot-
toﬁ and the contents of the tube were pumped out into 0.5 ml'fractions
using an LKB Perpex.peristaltic pump. The refractive index of each
fraétion was.read at 25° and this value was c-onverted to density in
sucrose at 5° by -comparing the n;5° to a standard curve relating den—
sitv of various concentrations of sucrose at 5° (CRC Handhook of Bio-
chemistry, 1968) to the iﬂdex of refraction of solutions made at 5° and
‘ 750 50

subsequently warmed to 25°. A table comparing nD to p for sucrose
is. given in Appendix B.

Sedimentation velocity sucrose gradients were performe&'by layering

0.2 ml of sample onitop of a 4.5 ml continuous 5 - 20%‘(w/v) sucrose

gradient (in SSt buffer, pH 7.0) formed with a split chamber gradient
maker (Buchler Instruments) in a 5.0 ml cellulose nitrate tube. The’
gradient was centrifuged in an SW50.1 rotor at 45,000 rpm at 5° for 45

min and.was dripped in the usual manner.

Y




K. TFLFCTRON MICrOSCoPy

Spuciaons %or clectron microscopy were prepared by piﬁ?tny a drop
of solution on a 200 mesh copper prid held bv fine-tipped torceps for
20 to 60 sec.nnd draining the drop away witﬁ filﬁer paper. The grids
had previously heen coated with a 27 parlodion film (in amvl acetate),

.

thoroughly dried, coated with carhon and glowed using a Rnlzefs Micro
BA3 carbon evaporapi9n unit to promote sample adhesion ﬁo Fhe grid.
The specimen was negatively stained with 2% sodium phosphotungstate
(pH 7.0) for 10 to 20 seconds and was drained with filter paper. The
. Specimens wefe examined with a Philips EM300 transmission electron mic—
roscope at 4 pA, 80 kV. The longer times for sample application refer
to samples containing cells while the longer staining times were used _'

for cell-free purified pili specimens.

L. ISOELECTRIC FOCUSING

Isoelectric focusing was conducted accérding to the method of Ves-
terberg and Svensson (1966) as modified by Beard et al. (1972). The
> pilus preparation (2 - 3 mg) Qas dialyzed for 3 days against 6 X .2
litres of 17 glycine (w/v) in distilled deionized water. The dialyzed
pilus solufion was incorporated into a 50 ml solution of 50% sucrosg
(w/v) containing 4% (w/v) ampholyte (LKB'amphéline, pH range 3.0 to 10).
A gradient was formed in an LKB 8101 100 ml column with the anode at
the bottom of fhe column; The anodeksolution consisted of 0.2 ml con-
centrated H2904 plué 12 g sucrose in 14 ml of water. An LKB grédient
makef with the 50% sucrose solution described-above in ohe chamber .and
50 ml of water in>th§ other chamber was used to form the gradient. - The

cathode solution (0.2 ml triethanolamine in 10 ml water) was layered on



top of the gradient. The column was focused at 3 volts (10 — 20 ma)
for 24 hours using an LKB 3371 D power supply at which time the current
had fallen to 2 - 3 ma and a band near the bottom of the column was vis-
ible. The‘band was sharpened by increasing the voltage to 450 volts
for‘S hours. The procedure was carried out at 10° using a thermostati-
cél]y controlled Haake girculating watef‘bnth and a KR3) refrigeration
unit (Poincience Corporatieon). At the end of the run, the anode was

closed off and the column was pumped out into 1.0 ml fractions using

taltic pump. The ?y of each fraction was recorded with a

)

Radiomééepf2g pH meter equipped with a glass microelectrode and the ab-
sorbance at 280 nm was determined on every second fraction using a
Beckman DBG spectrophotometer. )

The polarity of the column was reversed by reversing the andde and
cathode and using 10 ml of 1Y (Q/v) sulfuric acid as the anode solutica

and 0.4 ml triethanolamine in 14 ml of water containing 12 g of suc-

rose.

M. PAPER CHROMATOGRAPHY

A piece of Whatman 1 MM paper (53 by 56 em) with the origin 10 cm
from one end was spotted at é cm intervals with hydrolyzed pilin (O:S»—
2.0 mg) and 20 pg of the following standards: ‘glucose, frucﬁose, gal-
actose, glucosamine, galactbsaﬁine, N-acetylglucosamine, ribose,yara— -
binose, fucose,. rhamnose, xylose, sucrose, lactose, 3,6-dideoxyglucose,

3-deoxyglucose (tEp unusual sugars being the gift of Dr. R.U. Lemieux).
»y :

.

The required amount of material was applied to the paper in successive
2 yl amounts with the paper being dried between applications. The pre-

pared chromatogram was pre-equilibrated in a saturated chromatography



tank for four hnués at which time solvent was introduced and the chroma-
topram was run (h\'idom‘,omiiny, cln'on{nto;trnph\') for 16 hours at room tom-
perature. The solvent was ethv] acetate:pyridine:water (12:5:4),
The chromatopram was dried and spraved with one of the following
spravs:
(a) Anisaldehvde-sulfuric acid (Stahl and Kaltenbach, 1961). A
solution containing 90 ml ethanol (95%), 15 ml anisaldehvde
(Eastman Organic Chemical Co.), 5 ml concentrated sulfuric
acid and 1.0 ml glacial acetic acid. The chromatogram is
heated at 100° for 5 - 10 min to produce spots of various
colours, characteristic for a wide range of sugars. The spray
can detect 1 pg of sugar.
(b) AgNO»—NaOH (Trevelvan et al., 19517). The chromatogram is

3
sprayed with 1 ml of a solution of saturated AgNO3 dissolved
. ' 4
in 199 ml of acetone by the addition of 5 ml of water. The
chromatogram is dried and sprayed with 27 NaOH in methanol

with a small amount of water to affect solution. The chromato-

grém is heated at 100° for several minutes to produce black spots
u
on a buff background. The sensitivity for reducing sugars was

1 pg, less for non-reducing sugars. -,

N. SDS POLYACRYLAMIDE GEL ELECTROPHORESIS

Polyacrylamide gel electrophnresis was performed at room tempera-
ture by ‘the method of;Webefland Osborn (1969). A solution (25 ml in
volume) consisting of 12.5% acfylagide and 0.34% N,N'-methylenebis-—
acrylamide in 0.05 M sodium phosphate, pH 7.2, containing 0.17% SDS was

filtered through a 0.2, u Nalgene disposable filter unit. The

A0



polvmerication reaction was catalvzed by the additioy of 0,0 ammon j um
persulfate and 0,077 N N,N' N'-tetramethvlethvienediamine which occurred
in approximatelv fifteen minutes. The gel éo]ution was svrinped into

12 em glass tubes (inner diameter 5 mm), and capped on the bottom with
Parafilm, to a height of 10 cm. A laver of water was introduced over
the gel solution with a small svringe with a bent needle to achieve a
smeooth gel surface for application of the sample. After the gels.had
hardened, the Parafilh was removed and the gels were stored in fhe cold
in a Peaker of buffer solution.

A total of 10 - 50 pug of protein was dissolved in 50 ul of N.2% SDS
and 0.02% dithiothreitol in a glass vial and was heated in a boiling
water bath for 5 min. The vials were cooled and 50 pl of 60% glycerol
(v/v) containing O.QOS% bromphenol blue was added to the Sampleé. %he
samples were applied to the top of the pels which previously had been
drained of water and inserted symmetrically in a circular disc rel
electrophoresis unit (12 sample maximum [Hoefer Sc;entific Instruments]).

ij_//—‘\\\\;;fferA(O.Oq M sodium'phosphate, pH 7.2, 0.1% SDS) was layered over the
sample énd the bottom and top tanks were filled with buffer. The bot-
tom tank was equipped with a jacket through which tap water was passed.
The - s were run at 5 mA/tube until the dye front was 1 cm from the
bot: . the tube (3 hours). The gels were removed from the tubes us-
ing a stream of water and a svringe fitted with a caqnula and were
stained using ﬁne of the following stains.
0. STAINS FOR POLYACRYLAMIDE GELS -

1. Coomassie brilliant blue for protein

A modified version of the stain described by Fairbanks et . .

- (1971) using one tenth of the normal concentration of Coomassie -rill:ant

A A3



blue was used. The ypels were soaked 1n 50 ml of N.N05Y (w/v) Coomas—
sie hrilliant hlue in 107 isopropanol, 1177 acetic acid for 24 hours.,
Y .

The pels were thei stained in ©.005% Coomassie brilliant blue in 257
isopropanol, 1N% acetilc acid for another 24 hours. This method pave
visible protein bands on a relatively faint background which could be
removed in a few hours by destaining in 107 ncetié acid,.

Papid staining and destﬁining was accomplished by staining the
gels at 37° for 1.5 hours in 0.257 Coomassie brilliant blue in 507
methanol; 10% acetic acid and using a rapid gel destainer (Canalco) for
30 min at room températuro’using 5% methanol, 7.5% acetic acid.

f

2. Methyl green stain for phosphoprotein

The method of Cutting and Roth (1973) was used to detect the
presence or absence of phosphoprotein in ‘polvacrylamide géls. The
gels were rinsed in‘lﬂZ sulfosalicylic acid (SSA) for 24 hours to re-
move contaminating phosphate ions and thenbsoaked in 0.5 M CaClz, 107
SSA for two hours and washed three times in distilled water. The gels
were incubatéd at 60° in 0.5 N NaOH for 35 min, washed twice at 10 min
intervals with 17 ammonium molybdate, soaked in 17 ammoniumAmolybdate,
1 NaHCO3 for 30 min and Staiied in 0.5% methyl green in 7% acetic acid
for 30 min. The gels were destained and stored in 10% acetic acid.
a—-Casein was run as a phosphoprotein control to test the senéiti&ity
of the procedure which could detect 1 nmol of phosphate or 1 phosphate
residue iﬁﬂpOO amino acid residues. Nonphosphoproteins (boyine serum
albumin) appeared as white bands on a faint greenubackg;ound while
phosphoproteins (a-casein) appeared as dark green bands.

3. Periodic acid-Schiff stain for glycoprotein

The periodic acid-Schiff reaction described by Clark (1964)

)



amplified by the Ortec Application Note ANID (1977) consisted of rins-
ing the pels in 107 accetic acid overnight followed by 0,27 periodic
acid for 45 min at 5°. T&}c rels were placed in Schiff reagent for 2
hours at 5° and destained and stored in 107 acetic acid. The Schiff
reagent was reduced and acidified basic fuéhéin. A 0.5% solution of
basic fuchsin (200 ml) was dissolved in a boiling water bath for 5 min.
After the solution was cooled, filtered and 20 ml of 1 N HCl had been
added, it was cooled to room temperature, 1 g sodium metabisulfitg was
added, and it was placed in the dark for 18 hours. Activated.charcoal
(2 g) was added, and the solution was shaken and filtered to give a
clear solution. »The stain produced red bands on a clear background as
seen when rabbit serum was used as a source of glycoprotein. The test
is highly sensitive for aldehydes.

4. 0Oil-red O stain for lipoproteins

)

Gels were soaked in 607 ethanol saturated with oil-red O for
24 hoﬁrs and were destained in 507 ethanol followed by 107 acetic acid
(Ab&deel& SE.él;’ 1971)" Two pl of rabbit serum when run on a gel gave
rea bands of very high molecular weight (Abodeely et al., 1971).

° L]

"P. ANTISERA PREPARATION
) To ensure that absolutely pure pili were used in the preparation of
anti-pilin antiserum, purified_PAK and PAK/2PfS pili were subjected to
a final purification step of SDS-polyacrylamide gel electrophoresis.
Prepa;ative gel electrophoresis was similar to the procedure for SDS—l
polyacrylamide gels described above except for the following differ-

ences. The gels were 1 cm in diameter and 6 cm in length and could ac-

commodate a 0.5 ml sample containing 300 pg of SDS-treated pili.

-



e buf fer was 0,05 M sodium phosphite, plt 7.2, 0,1% sps. In cach sample
of 8NS—treated pili was 20 - 30 ug of prestained pilin which had the
came mobility as unstained pilin. The prestained: pilin,was prepared
according to the method of Criffith (1972). To 1 wl of pilus solution
(2 - 5mg), 1.0 ml of 1 M disodium phosphnté, pll 9)2, was added as well
as 0.5 ml of 107 Remazol brilliant'blue in 107 SDS. The mixture was
boiled for 15 min, cooled and the stained protein was precipitated by
the addition of 5 ml of 0.1 N HCl in spectrograde acetone. The protein
was harvested by iow speed centrifugation and redissolved in 2 ml of
0.17 SDS.

After the pilin band had migrated approximately 3 cm down the gel
(10 ma/tubg for four hours) the run was terminated and the pilin band
was exciséé from the gel. The pilin bands from four gels (1.2 mg total)
were suspended in 3 ml of gel buffer and puiverized by forcing the
slices repeatedly through an 18-gauge needle. The gel was mixed ter—
oughly with 3‘ml of Freund's complete adjuvant and 2.0 ml of this homo-
genized preparation was injected subcutaneously into the dorsal area
of three New Zealand white rabbits. The injections were repeéted three
more times at 6 week intervals and at fivé months the rabbits were bled
from the ear ﬁsing gentle suction. The blood was allowed to sténd at
5° for several hours until it had formed a firm clot and was gently re-

moved by a wooden sterile stick inserted in the clot. The resultant

serum was stored at -20°.

Q. MICROIMMUNODIFFUSION ANALYSTIS

Double gel diffusion analysis was carried out on glass plates (5 X

5 cm) on which rested a plastic template consisting of 6 wells



encireling a center well, each 10 pl capacity, supported by an S—-pound

test monofilament fishing line. A layer of hot 17 agarose (Tndﬁboisc
AGS, Industrie Biologique Frangaise) in 0.1 M sodium phosphate, pnt 7.2
and 0.15 M NaCl was introauced between the glass plate and the template.
After the agarose had cooled, the wells were sucked clean of excess
agarose with a Pasteur pipet. The microdiffusion piates were stored

in a water—saturated atmesphere at 5°. The serum was applied undilut?d
to the center well and the antigens were placed in the surrounding
wells. The plates were incubated for &4 days at room temperature in a
water-saturated atmosphere.

The templates were removed from the surface of the agarose and the
agarose was rinsed for 48 hours in saline at 5° and 24 hours in dis-
cilled water (5°). The plates were stained with 0.0057 Coomassie bril-
liant blue in 10% isopropanol, 10% acetic acid at!5° for one hour or
until Blue bands were visible. Destaining was in lO% acetic acid at

) )
5°, after which the agarose was allowed to dry to the surface of the

glass.

R. ACID AND BASE HYDROLYSIS .

Routine acid hydrolysis was performed on 1 mg amounts of salt—frée
lyophilized pili. The samples were hydrolyzed in 6 N HCl containing
0.1% phenol for 22 hours at 110° in eyacuated, séaled élass tubes. Af-
ter hydrolysis, the tubes were opened and lyophilized over NaOH pellets.

Alkaline hydrolysis was by the method of Hirs (1967). Pili samples
(1 mg of salt—free~lxophilized material) were placed in Pyrex tubes
containing 0.15 ml of 1.35 N NaOH and agtoclaved for 20 min at 15 1b/

inz. The samples were then cooled and acidified with 0.25 ml of glacial

acetic acid.

sl



CHAU'TER TT1

! PURTFICATTON OF ¥ PILT FROM CULTURES OF F. (]j};L

A. TINTRODUCTION

The following chapter describes the author's attempts at purifying
F pili. Earlier work by Rrinton and his coworkers.(Brinton, 1965,
1971; Brinton and Beer, 1967; Novotnv et al., 196%) suggested that F
pili were pontinually being svnthesized and released by the cell re-
sulfing in ﬁn accumulation of F pilus méterial in the supernatant.
However the lack of é quantitative assay for F pili either in a bacte-
rial culture or in a concentrated cell-free solution made estimation of

the available F pili in a culture difficult.

B. RESULTS AND DISCUSSION

1. Choice of bacterial strains

The purification of F pili is greatly simplified if the host
strain is derepressed, and, therefore, expresses its full c;pacity for
F pilus synthesis. Also the host strain should produce no other extra-
cellular appendages such as type 1 pili or flagella.

The first attempts at purifying F pili used HB1ll (Brinton and
Beer, 1967; Valentine et al., 1969), a B/r lggf strain of E. coli car-
rying the wild type Flac plasmid, HBFLO, which produced neither type 1
pili nor flagella (ﬁimf, flgf), a definite advantage since these are
the main contamiﬁants of F pili preparations. However HBIll was péorly
characterized genetically in cohpariSOn to ED2602, a K12 strain carry-

ing the F plasmid JCFLO which had been used by Willetts and his cowork-

ers in elucidating the F transfer system (Achtman et al., 1971).

46



FIGURE 2, Electron micrographs of cultures of HB1l and ED2602 cells.

Cultures of HB11 (A) and ED2602 (B) were grown in broth to 2 x 108
cells/ml and labelled with R17 particles (2000 p/cell). The micrograph
of HB11l 1s taken at low magnification to i1lustrate the large amount of
free F pili in the culture, The micrograph of ED2602 contains a cell
producing type 1 pili as well as g small fragment of flagella. Magni-
fication: A, X2800; B, X17,500. ’
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Furthermore, it was a poor donor when assaved for transfer abilitv and
gave cloudv, indistinct plaques when lvsed with R17 bacteriophape.
Therefore, HB1I was cured of its T plasmid using acridine orange
as outlined by Miller (1972). HB1l F colonies were isolated and test-
ed for their inability to grow on a lactose-based minimal medium, their
iﬁsensitivity to the F-specific phages R17 and M13 and their lack of F
32 g
pili as assayed by ““P-R17 attachment assay and by electron microscopy.
The strain ED2687 was the transconjugant isolated from a cross
between E. coli ED2602 X HRILF . It was isolated on the basis of its
_—

ability to ;?bw oq_aslaqi?se—based minimal medium containing strepto-

mycin but no histidine, tryptophan or lysine, as well as the presence

of F pili as measured by R1l7 phage sensitivity and electron microscopy.
. %

The principal straitis .uses

HB1L, ED2687 and ED2602, the girst 3y

- .- prt :
strain, HB1lF , while the last ¥ /plasmid JCFLO in common,

d/‘nnzeoz-&s given in Figure 2.
& - —

The amount of I pili produced'by these three strai3§’was meas-—

An electron micrograph of»étiaihg HBIY

ured by electron microscopy, 32P—R77 phage attachment using the centri-
fugapion assay for cell-associated F pili only, and by‘thL efficiencies
with which thev plate R17 and trénsfer their plasmid td a recipient

strain relative to ED2602 (Table 3); It should be noted that while

éD2602 had the most cell-associated F pili Compared’to HBl; and ED2687,
it also produced type 1 pili and sﬁ;ll amounts of flagella while ED2687
and HB1ll did not do so. Also HBll cultures characterisgically contain-

ed large amounts of free F pili in the background.of specimens of gells_

prepared for electron microscopy.



i’ "TABLE 3

A Comparison of the Level of Piliation on the Cell Surface
: of Six Bacterial Strains

Efficiency . 32p-Rr17
of Ifficiency = particles
/ ' / Plating ' of | attached/ F pili/
Strain, Plasmid - .~of R17 (%) - Transfer (%)’ cell cell
ED2601 0. 0o 0 0
ED2602 JCFLO 100 100 625 0.80
EN2687 JCFLO 69 . 1.7 508 0.75
ED2692 JCFLtraDg # n - 0o 945 . 1.70
HB11l HBFLO 96 1.3 529 n.76
WP156 Hfr 100 n.d.* 449 Cn.d. ¥

"not determined o

Each culture was grown in: TSB broth to 2 x 108 cells/ml and chill-
ed. A sample of each culture was assayed for number of cells/ml (tol-
ony count); ‘transfer ability using ED260l as the recipient cell; 32p-
R17 particles attached/cell using the~centrifugation assay; and effici-
ency of plating R17 using the cells as a bacterial lawn. The efficiency
of plating and transfer ability were expressed as percent where ED2602
was taken as 100%. The number of F pili/cell was estimated by counting
the F pili attached to 50 cells visuglized by electron mlcroscopy The
detalls for these methods are given 1n Chapter II.
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The stirain ED2692 is included in Table 2 since it produces

n
3

noarli twice the amount of F pili as FED2602 as seen by electron micro-
scopy. This (is due to a traD mutation which renders ED2692 transfer-
deficient and resistant to R17 although still capable of attaching
phage‘particles. ED2692 is a close relative of JCA449, the:strain used
by Brinton in his chemical analyses of F pili (Brinton, 1971). Unfot—
tunately, EDP2692 was not available until the latter stages éf this work
and was used very little in preparing F pili concentrates. The Hfr

strain, WP'56, used in this laboratory for propagating phage stocks, is

included because it i1s a more efficient host for R17 phage. A summary -

of the straiﬁs used in this work along with genotypes is given in Table 2.

2. ¢ Growth conditions for optimal F pilus production

P.oduction_of F-type pili usually parallels the growth of the_O

host cellsg in a culture (Ippen and Valentine, 1965). Pili synthesis

. increases Tost rapidly during the exponential phase of cell growth and

reaches a maximum or plateau during late exponential phase or early

stationaryx hase of growth (Ippen and Valentine, 1965; Brinton and Beer,

Bl

neral phenomenon of pili outgrowth is the stability of re-

1967). A 8e
leased F piii in the medium for many héufs; while the level of piliation
on the celli, as measured by electron microscopy or ﬁNA-phageﬁﬁdsorbing
) capability a rinton and Beer, 1967; Vaientine et al., 1969; Beard et ,
al., 1972) reaches a ﬁaximum at 5 - 7 x IOB\CQ; s/ml and drops drastic-
ally during eafly stationary, phase (2 xilO9 cells/ml) to 4% of the max-
‘_imum level of céll—associated piliation (Donelian, 1972). This decrease
in cell-assocltated F pili at high bacﬁérial cell density coincides with

the production of F_ phenocopies (Jacob and Wollman, 1961; Hayes, 1964)

which are pogr donors. (Novotny et al., 1969b; Ou and Anderson, 1970)

Y
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A
and are relatively insensitive to RNA phage infection (Krahn and V&&&N—
chvch, 1971).
Brinton (1965; Brinton and Beer, 1967; Brinto;/gg_iLL, 1964
Novotny et al., 1969a) postulated, on the basis of the reappearance ki-

netics ¢” F pili after mechari 1l shearing, that F pili at early expo-
: .

.

nential bhase of the cdlgure grow out and drop off the cell every 4 or
5 minutes. The fact that F pili show a narrow range in 1engthvaria—
tion (1.2 - 1.3 ﬁicrgns)\ unlike type 1 pili or flagella, whose length
increases throughout the generation time of the cell, supported this

claim of continual pili renewal. Valentine et al. (1969) reported that

507 of the total F pili in a broth culture of HB45 bacteria was free F

X ' .
‘ pili atAS x 108‘cell$/ml. Donelian (1972) reported a lower value of

wd

30% for HB1l F pili grown in a synthetic medium to 5 x 108 cells/ml.

PN
e

_Donel};n also showed that the accumulation of frgg(ﬁ pili in a bacteri-
al culture was not due to mechanicai removal of the piii by agitation
of the culture uéed to achicve good levels of aeration.

Levéls of piliation are affected by temperature, the optfmum
occufring betwe 37° and 42°, whereas no pili are synthesized by cells
_grown at room témperature (Novotny and Lavin, 1971). Also a riéﬁ medi-
um supports highéivlevels of piliation than a synthetic med fum (Tom;eda

“ et al., 1975) and cultures grown under limited aeration are better
producers of F pi;; than aerated cultures (Curtiss et al., 196°9:; Tomo-

eda et al., 1975). This last statement oppéses the collective [{iundings

- -Sf Bfinton, BéafH, bonelian, and-Novotny and coworkers, who routinely

nﬁégaﬁﬁéllQéétéﬁgﬁf tures to produce maximum amounts of F pili. No-

PR 4 )
s
N

:, sested that F pilus outgrowth is regulated

.XLLSes which are slowed down during stationary

e -

. o

1



phase growth due to competition for ckistinﬂ nutrients and qryncn.
These previour udies were used as the starting point for de-
veloping a purification procedur& for T pili. Donelian (1972) studied
) extensively the growth characteristgcs and hnrvestkng of F pili pro-
/ {duced by HB11 and his findings were adopted bv this author. However a ﬂ
few modificntions,‘presented below, were made.
Preliminary studies showed that the components of broth badly
contaminated F pili preparations with carbohydrate and protein material.
This was done by simply adﬁusting the pH of stérile broth to 4.n and
allowing it to stand overnight in the &4 asgaiescribed in the acid pre-
cipitation of F pili from broth supernatants by Donelian (1972). A
large precipitate composed of carbohydrate and protein as indicated by
tHe orcinol‘(Ashwell, 1957) and Lowry (Loﬁry et al., 1951) colorimetricj?
assays was obtained. - )

h >

Thus, a synthetic medium was sought which supported a level of

o
F pilus synthesis similar to that ashieved with broth cultures. The
conclusion drawn from this work showed tgat on the average, synthetic
média achieved oniy 75 - 80% of the a%ounf/of F pili produced by cul-
tures grown in trypticase soy broéh (TSB), providing a complete amino
acid supplemenf such as 17 Earle's amino acid mixtur ("ii ~) or 1%

hydrolyzed casein (Casamino acids [NBCo]) was added to theapedium.

!

The sugar used as a carbon source could be either glurose ~: lactose, ;’e
. ' ‘4 : .
both supportine equivalent levels of piliation. - There appeared to be

no special r-quirement for various salts or yitamins other than those
supplied by the ingredients in CTMM.L;Ihé composition of broth-based

and synthetic media as well as the conditions for the stbrage and pro- -

_pagation of bacterial strains has been given in Materials and Methods. e .

>
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The relationship between cell density and the level of piliation
in terms of x" nhage adsorption capacity has been previously explored

(Brinton and Beer, 1967; Valentine et al., 1969; Beard ct al., 1972:

Donelian, 1972). The optimal level of F pilus svynthesis occurs during
early log phase, ipd then, dependlng on the éttain being studied, pili-
ation decreases at varving rates asvce]l growth enters the stationary
phase. This was also shown to be the case for the F plasmid JCFLO in
ED2687. As seen in Figure 3, maximal piliation, as determined by meas-
uring cell-associated pili, occurs at cell densities of 2 x 108 cells/
ml or less. Thereafter, the level of cell-associated pili begins to

{

decrease. However, the maximal amount of F pili/ml of culture, which

‘1ncludes cell-free pili, occurs during early stationary phase, i.e..

1.0 - f/6 X lO cells/ml, and then decreaae"'dramaticallv in a manner
L"N
31nmiar to the stralns prev1ou%lv studled“ S@

o . 2 E . "

o

3. Removal of F pili from the cells
NS P
lhile 30 - 507 BI the F p111 1n a culture are free from the
. \-‘, "‘\.
cells (Valentiné et al., 1969), the percentage of F pili recovered can
be raised t0v65 -»ZOAQby shearing the attached F pili off the cells.

Brinton (1965) aﬁd Yalentine and Strand (1965)‘flfst suggested high
v N ) o ‘4 ) .

’ ) : Y

/fspeed blending to shear off the F pili and the conditions for the most

~efficient use of axelender such as a Sorvall Omnimixer were studied by

- +
Novotny et al. (1969a). They proposed that 40 ml samples of F cells
required 2 minutes blending at 2200 rpm for efficient removal of F pili
without excessive shea}lng of th= -i1i into small fragments or undue

contamination with other surface structures such s flagella or type 1

pili. Dbnelian,(lg72)‘modified this procedure for large scale cultures

o



FIGURE 3. The relationship between levels of piliation and cell den-
sity in E. coli ED2687.

A log—ghase culture of ED2687 cells was diluted in TSB to a density of
1 x 10/ cells/ml, then grown at 37° in a rotary water bath. At fifteen
minute intervals, samples were taken and assayed for optical density at

650 nm and the number of viable cells/ml to give the growth curve (e-e).

In addition, a sample of cells was diluted when necessary with cold
medium to 5 x 107 cells/ml in a total volume of 2.0 ml. 32P-labelled
R17 was added to each sample at a ratio of 104 particles/cell and as-
sayed for the number of R17 particles attached/cell (m-m) using the
centrifugation assay. Similarly a d icate sample was assayed for to
total 32p-Rr17 attachment/ml of culture®(o-o0) using the filtration assay
and ratiov of 103 R17 particles/cell. Aliquots of each sample were also
treated with formaldehyde, then examined by electron microscopy (as de-
scribed in Materials and Methods) to determine the number of cell-
associated F pili per 100 cells (o-D).

7 .
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bv usinp a continuous flow blender cup.  This device was much more con-
venient than blending the ccells in small batches but the shearing specd

and flow rate which he recommended were verytslow, i.e., four hours for

i

15 litres of culture.
Thus conditions were sought which maximized pilus removal from
the cells without shearing the pili into shorter fragments. The opti-
mum conditions were a flow rate of 200 ml/min and a blender speed of
8200 rpm which resulted in an 837 léss in R17 phage attachment capabi-
lity by the blended cells with no visible destruction of pili as visu-
alized by electron.microscopy. Tﬁe pfopensity of T pili to nonspecifi-
cally bind to the cells was overcome by chilling the culture and blend-
ing cup as suggested by Novotny et al. (196%9a). Also, the addition of
10 mM urea to the chilled culture imp;oved the yield of F pili in the
supernatant by 13%. 'This effect was supposedly due to the ability

TEG o

of the urea to dissociate F pili from cells and: déTiu]ar debris, i.e.,

|
solubilize the pili and therefogp increase |the amount of F pili in the

»

supernatant.
This procedure was used to prepare Fell—ﬁree supernatants from

i .
which the F pili were concentrated by precipitation or two—p@ase parti-

j}pﬂing techniques. \
4} Concentration and purification of Fipili from the supernatant

. |
Several distinct precedures for congentrating F pili from a

cell-free supernatant have previously been reported. The first widely

v

: \
used procedure involved precipitating F pily at their isoelectric point,

pH 4.0, from chilled broth supernatantS'(Brihtbn and Beer, 1967; Valen-

tine et al., 1969; anelianl 1972), followed}by CsCl isopycnic centri-

fugation. Thége authors concluded that the resultlng F pili concentrate
\
|
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was prossly contaminated with carbohvdrate and protein material and
that several cycles of CsCl gradient centrifugation caused severe losses
of F pili material (Valentine et al.,, 1969).

In the presént studf; an effort was made to improve the fore-
goiq@fﬁﬁTification p;ocedurgs by seeking a more effective means of con-
CChhrating pili from crude cultures following sheariﬁg of pili from the

cells. A comparison of a number of approaches to this problem are des-

cribed in what follows.

(a) Preclpitation methods

F pili were precipitated trom a culture supernatant with ammoni-
um sulfate, polyethyleﬁe glycol 6000 (PEG 6000)‘in the presence of 0.5
N NaCl, or by adjusting the pH of the supernatant to 4.0, the isoelect-
ric point of F pili.

As shown in Figure 4, the major portion of the F pili in a cul-
ture supernatant was recovered in the precipitate formed by the addi-
tion of 30% ammonium sulfate (w/v). Raising, the concentration of am-
moniumkSUlfate beyond 307% recovered negligible additional amounts of
precipitated F pili. Similarly 5% PEC\QQOO (w/v) was the mbét effect-
ive concentration for precipitating F pili from culture supernatants
containing 0.5 N/NaCl.

Separate 15 litre portipns of a blended, F+ cg&ture superna-
tant were adjusted to pH 4.0 with 1.0 N HCl or, vgri;:ﬁiy, 30% ammoni-
um sul%ate (w/v) or 52 PEG 600 + 0.5 N NaCl. The pfe;;pitates formed
by fhesé procedﬁre; were allowed t3 settle for 48 hours in the cold
and were then harvested by low- speed ceﬁtrifugation. .

The most efficient procedure for redissolving F pili from

these precipitates was by resuspending the pelleted précipitate in

L4

-

A
~1



FIGURE 4. The effect of ammonium sulfate and PEG 6000 on the preci-
pitation of E. coli HBll F pili. ,

A 100 ml volume of a blended HB1ll culture

was adjusted to various concentrations of ammonium sulfate in steps of
5% from 10 to 607% (wfy). After each addition of ammonium sulfate the
_precipitate was allowed to settle and was collected by centrifugation.
“The precipitate was dissolved in 100 ml of fresh, cold medium and a
32P-R17 phage attachment assay was performed on 0.5, 1.0 and 2.0 ml
samples of redissolved material. -The results are expressed as percent&
. of R17 phage attachment recovered from the supe;@?ﬁéﬁt(l;—i).;

Similarly PEG 6000 was added to an HB1ll culture supernatant (100°11)
containing 0.5 N NaCl in increments of 1% between-2 and 8% (w/v). The
precipitate collected after each addition was dissolved in 100 ml of
fresh cold medium and assayed for 32p_R17 phage attachment as previous-
ly described (e-e). z
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200 ml of SSC buffer, pH 8.5 + 10 mM urea and stirring the solution for
2 — 4 hours using a standard magnetic stirrer. The solution was then
clarifiéd by low speed centrifugation (7500 x g for 5 min) and concen-
trated Qy ultrafiltration to 20 - 30 ml. This concentration step was
carfged out using an Amicon 202 ultrafiltration unit {200 ml capacity)
with an XM100 A filter (exclusion limit = 105 daltons) under a pressure

of 20 psi of N, gas. The flow rate was approximately 80 ml/h. Over-

2
zealous stirring by the unit caused fragmentation of the F pili as
visualized by electron microscépy. The relatively slqw fjlw rate and
the long exposure of the F pili to sheéring forces in the unit made
this procedure unacceptable for concentrating the F pili directly “from
the culture supernataﬁt.

The three F pili preparations were subjected to €3sCl density
gradient centrifugation as described in Materials and Methods. The F
pili could be visualized as a thin opalescent bandbmidway in thg gradi-
ent while other commonly found bands included a heavy band of cells |
and cellular debris at the bottom of the gradient, a light to heavy
band of flagella at p50 = 1.32 - 1.33 depending on the strain used
(HB11 bf ED2687 ﬁad no such band) and a light band of membrane materi-

50 . 5° .
al at p = 1.20 - 1.22. A band at p = 1.28 represented unidenti-
fiable debris in varying amounts which was characteristic of F pili
preparétiais. Small amounts of F pili wefe enmeshed in the material
in these peaks and were discarded. Typical CsCl gfadiené profiles
for each of the three precipitation procédures are shown in Figure 5A,

o

D and E. The F pili.consisﬁently banded at p5 = 1.26 g/cm3. It

”‘f;sﬁbuld be noted that the other peaks inuthe brofile are due to non-

specific R17 phage retention on the filter by the material in the peaks
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FIGURE 5. CsCl buoyant density gradient profiles of E. coliiHB11 F
pili prepared by various procedures. .
The CsCl Gradients were formed as described in the text. The density
(n25°y., A 32p-

at 5° (m-m) was calculated from the index of refraction

R17 attachment assay (o-o) was performed on 10 pl of each fraction
0.25 ml) with 5 x 1011 32p-R17 particles/ml and a sample volume of 1.0

ml using the filtration assay.

The procedures used to concentrate the F
(B) 30% sucrose method using cells grown on

T ¢
e %

pili are as follows.

(A) acid

precipitation at pH 4.0;
1iquid minimal medium;
so0lid medium;

PEG 6000, 0.5 N NaCl precipitation.

discussed later.

(C) 30% sucrose met

(D) 30% (w/v) ammonium sulfa
The 30% sucrose method will be

* using cells grown on

precipitation; (E) 5%

6l
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mentioned aboved Electron micrographs of material taken from the F pili
peak and dialyﬁvd against SSC buffer, pH 8.5, to remove CsCl are shown

in Figure 6A and B. These pictures illustrate thnt;n%?@I"
{ y ]

pili isolated from strqin HB11 contain n;ﬁwqjiﬂ'extr;

¥ Y

ions of F

ar appgnddges

- 11

and that all the F pili are capable of aﬁkachlng bd@terlophage R17.

N,
\

leo they show thL propen51tv of F pili to fqrm huge ropes by aggrega-—

ting in a side-to-side manner and trapping bits of debris in these ag-

gregates. Surprisingly, these large ropes of F pili constituted verv

little protein as measufed by the Lowry procedure (Lowry et al., 1951),
.

the preparations used to produce these electron micrographs containing .

1 - 10 pg/ml of protein.

(b) Two phase polymer systems

The principal difficulties in using precipitation methods with
F pili ¢ e the low solubility of the precipitate and the need to use
two low speed centrifugation steps, oné to prepare thé celi—free super-
natant and one to-ﬁeryesg the precipitate. SinE\a typica} purifica-

N -

tion procedure inVolvea processing 60 litres of cells and since conti-
nuous flow centrifugation using the centrifuge aﬁailable at “hr: time
caused’éevere fragmentation dﬁ%thé pili, twb centfifugation steps were
considered highly undesiraBle. Thus an alternate method was sought in
order to’éliminéte at least one of these cengrifugationvsteps. One
such system was the partltloning of the F pill in a two—phasé polymer
system as descrlbed by Albertsson (1960) Separate 50 ml aliquots of
cell—free supernatant were thus treated with §arious émounts of’poly¥
mer and/or salt as shéwn in Table 4. The resulting two phases were

carefully separatéd from one another and diluted to 50 ml with fresh

™M +,Mg++. Using a sémple of the crude pili supernatant as the basis

e

60




FIGURE 6. Electron micrographs of F piii concentrated from cultures
of E. coli HB11l and ED2602.

All specimens were negativeiy stainediﬁith 1% phosphotungstic acid pH
7.0 for 20 sec. o

A. A 10 pg/ml solution of HB1l F pili prepared by ammonium sulfate
precipitation showing ''ropes' of F pili (X9000).

B. A 1 pg/ml solution of HB1l F 1ili labelled with 1014 R17 particles/
ml of solution. The F pili were prepared by ammonium sulfate precipi-
tation followed by CsCl density centrifugation, (X9000).

¢. A preparation of HB1l F pili with terminal "knobs" (Lawn and
Meynell, 1970) caused by shearing the cells at high speeds for prolonged
periods of -time. ‘'These knobs represent either the base of the F pilus
itselfor cell wall material attached to the F pilus or the F pilus at
an early stage of dissoclation (X22,000). '

D. A preparation of ED2602 F pili (1 ug/ml) labelled with 1012 R17
particles/ml of solution, illustrating horseshoe-shaped vesicles found
under certain conditions described in the text.
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:k . The Partition of P'{l1i in Two-Phase Polvmer Systems
f Nl ) Intof—
L 2 ' . face
L ‘ % N 4 7
_SyS- - i Recov- Recov- Recov-
“ tem Top Phase ered Bottom Phase ered ered
"1 2:§ g PEG 6000 2.8 3.0 g D2000 27.6 69.6
2 2.2 g PEG 6000 0.6 3.1 ¢ pSON 7.5 91.9
3 3.0 g PEG 6000 n.8 4.75 g D70 11.5 87.7
% 4.0 g PEG 4M00 0.8 4.0 g D2000 6.8 92.5
N
5 4.0 g PEG 4000 0.7 4.0 g D500 4.0 95.3
6 4.0 g PEG 4000  ° 0.3 4.0 ‘g D70 4.6 94.8 -
7 1.9 g PEG 6000 0.7 3.3 g NaDS - . 37.0 62.4
+ 0,3 M NaCl :
83 2.0 g PEG 4000 2.7 3.5 g NaDS 3.0 63.4
* + 0.3 M NaCl '
9 /4.6 g PEG 6000 9.0 6.0 g potassium 102.0%°  n.a.
2 : ! phosphate o,
-“’ . . o g_z\:\
10 -, - 4.4 g PEG 4000 27.0 .. 6.65,g potassium, 78.0.  n.a.
i phosphate B

Ev)

Abbreviations: PEG - polyethylene glycol; D - dextran; NaDs -
sodium dextran sulfate.
» A crude F pili supernatant ‘was divided into 50 ml portions and par-
tltloned by theé above two-phase polymer systems as described in the
text. The top and bottom phases as well as the interface were separ-
ated from one another and diluted to 50 ml. Samples (0.5, 1.0 and 2.0
,ml) from éach phase were assayed. for 32P-R17 phage attachment using
1011 particles/sa&ple This procedure was repeated for each system
using water instead of the trude F pili preparation to determine the

amount of non-specific attachment contributed by the polymets them-

selves. This attachment was.negllgible after the filters had been
washed with TMM + Mgtt. . A ;



). A .
, for comparison, a "'P-R17 phape attachmerit assav was done on Nn.5, 1.0

e

“ R

¢ and 2.0 ml samples from cach phase and® the results are reported in terms

oo p_f,"perceht reqfé‘verod from th@ crude smmrnatnnt (Table 4).

2 The-F pili were found concentrated at the interface and to a
S A ‘ -

fésser depree 'in the bottom phase of svstems 1 - 8, The pol_vethylene

o~ ey

*&1ycol&ﬁdtass1um phosphate systems had no precipitate at the interface.
Svstems 55%6 and 9 were scaled up to 2 litres and the ratio of volume

of the~ top phase to the volume of the bottom phase was adjusted to 10 1

rn

using thé phase dlagrams‘providedﬂbv Albertsson (1960). Again the re-
sults were the same with the F pili'c>ncentrated at the interface and

thevbottom phase. Unfortunately, two phase systems are prmctical only

. i -

for concentratlng small amounts of material because of the ‘high cost

for large volumes of,supernatadt. Attempts were also made to test the
i /

ctwo phase svstem (PEG 6000 potas51um phdsphate) for concentrating re—f

u R
N e

dissolved F pili precipitate® as an alternative to ultrafiltration (see
pabove section). HOWever, because cellular debris partitioned into ‘the
2

same phase as the f’iali and the two- phase method required additional

steps to remove? the polymer from the concentrated pilus solution, ul—

'trafiltration remained the me t hod of choice for further wor ﬁ.
. g e o~ . y
g , (c) Sucrose—dependent procedures @ B : o

o

3
i,

In 1971 Brinton stated that high speed blending of cultures

Lo oo . a
c;used bits of the cell membrane to be torn off the cell along Q;Lth the g
Vn P

- e

Q@ K
base of the F pilus. This would contribute to the problem of cellular

- Y . O
debris contamination. He recommended that the cells*be coilected by LU

centrlfugationuprior to blendlng, after which~g§ntle stirrlng in 30%

w

sucrose was supposed to’ achieve the remozgﬂ of F pili from cells and

Y

’promote solubllity of F pili as well as prevent the readsorption o§ the

»
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o

Ry

. T, ')"fé., ’ - '
provementyin timefand effott-required.

©

I pili to the cells. The cells were pc]leted hy centrifugation and the
sucrose was removed from the supernatant by extcnS{vo dialysjs during
the course of which the F pili aggreﬁdged into large ropes or 'crystals"
whiel,r could be pelleted by low speed cen.‘\fugati()‘n. This nrocedure

at found to, be far lelss time- COHQUmlng than the precipltatlon methods.
S \‘\ R
Tt al;p avoided a precipltatlon step whigh lowered. the solubillty of

the -~ 1. Thus it was adopted for thlS investlgation.

t
N
PR

Typically, a 15 litre culture of HB11l similar to the one prévi—
D .

ously described was treated with formaldehyde and chilled in ice water.

w
L"')

i
The cells’were Qhrvested by low speed centrifugation and the superna-

Q -
tant was diqqarﬂed "The q.}ls were r.suspended in 2ﬁ0 ml of 30% suc-

. N & i
rose in 'SSC buffer, pH 8.\:@Aently stirred using a Fisher magnetic

I’
stirrer dverd&ghtvin the cold® The cells were removed by centrifuga-

. . . L s
tion at 10000 x(g fjr‘go min to give a translucent.supernatant. 'T%E
¢ Sy
. ot
supernatant, containing e F pili was dialyzed for 96 h agalnst SSC
¥

buffer, pH 8.5, with frequent buffer changes ﬁhich caused the F pil¥ to

- form large ropeg.

Ay 753 o ¢ f} iy,

«27 ml- of SsC buffer, pH 8.5, and banded-on a CsCl gradient as pfﬁxﬁaudL?‘

'

ly destrihed; The CsCl gradient pr6f11e is shown ;%u?igure 2B. Ihis .

|3 u" ’
&

procedsre reéultéd in the best yields of F pili achieVed up tq that s e
;@,’4"
time (0.5 I.0.mg from 15 litres of culture) ahd was generajky an im~

2

R k ,}»,"‘

R + PR X @1 :

*ﬁvHOWever, sincenF cells,grown~on solid qula $B agar) produced
& .‘,;.e( : N \ a . ;:' ‘,xfi- &

,an equivalent number of F pili/cell as cells grown in liquid medla, it

e

seemed feasiﬁ?@ to harvest cells. ern 1arge sheets of agar and thus Qﬁ—

tirely elimlnate the tedious steps of blending the cells and centrifuging

large volumes of culture, - . . - T . _ “

L 4

-t

RN

centrxfugatlun atv27000 xwg for l h. The p111 were re-— d%ssaﬁved,fn ., o

i

/
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< o
Rrieflyv, sterile aluminum travs (27 x 38 x 1.25 cm) contuiﬁh‘ﬂ*ap-
- . ‘e 'u‘:“ *

proximately T cm of TSB agar (Kgﬂ.ml) wvere spread with 10 ml of a cul-
ture of NBI1 cells ( 5 x 108 cells/m1) grown in TSB brotl The travs
were covered and dincubated at 37°C for 18 h. The cells were scraped

off 'vs'\xrface‘of the agar with a 10 em putty knife and resuspended in

» ki

2O
30% sucrose in SSC buffen?'pﬂ 8.5. Routinely, 36 trays were prepared

each time, usually three tfmes per week. Thirty-six trays yielded ap-

o Vo “
proximately 250 g (wet weight) of cells which.was approximately the
‘\

equiwvalent of 6 carboys contalning 15 litres of cells at 1 x 109 cells/

‘ml. The cells, suspended in SOﬁvml of 30% sucrose, were passed’ through

' was thought to %e due to the disintegration of

a fine sjeve to remove bits of agar and were stirred with a magnetic

stirrer overnight in the cold, The cells were removed by centrifuga- . ;q

Yu

PO

tion and the supernatant’&&as handle’d as previouslv described for F pili

3 o
separated from cells grown in 11qu1d cul‘Qure (5‘88 Figure SC)

'y
-~
aeny

k .t
The disconcerting produ.c‘tlon of horseé‘hoe —shaped vesicles (see

. v
Figure 6D) by cells carrying the p]_asmid J I‘LO‘, g, ;;ED2,60@“and ED2687)‘

i
Ay . RN ~‘

.

tionary phase when the cells were Jrown-on solid medi\a 'I'hese ve31cles, « A

7" (ﬁ'\'

while incapable of Rll«;phage attachment beh.aved Bidentically to F pili
| G ] sy
in CsCl dt_nSltz andients, isoelectric ﬁocusing an¢ S'DS gel e‘q,ectro— )
&
phoré51s (to be deséribed in the next chapter) This was the only“ dis—n
S g &
advantage to aéystem which {gas far simpler to use thad any other de-—
scribed hers. _ o R - Ty,
M . .§ ‘. . o ‘ El

3

- - - 4
& With the exception of acid precipitation_,

from the procedures re‘pé)rte.d in Figure 5 was appr»

the_&ield of F pill
ately O 3 - 0. 5

mg frow 1&1 **es of c&xre (’\440 g (wet weight) of cells) as deter—

i
9

mined by the Lowry assay for protein (Lowry et al., 1951). Acid

DN
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-, rose method reveal that the preparation is contawinated with high moleiﬁy

~
- liquid chromatography as described in Materials and Method&?ﬁ It'may

i ¢

precipitation of F pili at pf A 0 pave only 100 pup of protein from a 3§

- ‘\Qv\
, l')"
similar volume of culture. As seen in Figure 7, electropherograms of.

SDS polyacrylamide gels of ED2687 F pili concentro’ed using the 307% suc-

)

cular weight material that is largely removed by a CsCl density gradient

step. The double peak at 2 - 3 cm was characteristic aof the contamina-
"&fion_iﬂiF pili preparations. Comparing the amount of 32P—Rl7 phage at- F{

’
e

tathment in the whole purificd F pilus preparation using the filtration
aséay_to the attachment caricity for the total volume of culture super~

nataﬁ%'prior to the purif  -ation procedure, only 30 - 407 of the toté}

[

R17 phage attachment c ity was recovered in‘th:Tf ed F pili, =~ s
While the amount of ¢ 2in was quite similar regaraleés of ﬁrocedure,

the amount of carbohyuraté material in these preparations as indicated

by the orcinolgcolorimetric_assay (Ashwell, 1957) varied enormously de-
N ' L

dependigg on the procedure used. Figure 8 shows a composite of several

& . .
paper chromatograms, comparing the sugar content of F pili concentrates s

prepared by the procedures d?scribed above.‘ One to 2 mg of protein

wag, hgdrolyzed in N HNO in a boillng watgar hath for flve hours.

3 ——~ A .
The hydrolysate was dried in an oven at 110°G’and wdgf'ﬁ"ﬁgsénded in -

O.I”ml‘of.SOZ ethanol. . The sample was applied with a 5 ul miéropiL )

Y

8
at the origin located 10 cm from one end/pf a sheet of Whatman

T i“

- 1 MM'paper, 23 x 56 ¢ Stan rd sugars, (25 ug) were also applied
R

adJacent to the hﬁﬁrolysate The chromatognam was then subjected to

‘.4)”"

« B ) »

E - . ~
be seen that the F pili prepared by acid precipitation contained a wiqg
| .

. o &
assortment of sugars _as desct®bed by Donelian (1972). The other proce-
. - .

dures were an,improvéhent over the acid precipitationlprocedure:hytofms
L v “~
. o : »

l .
: R . :
Q- }l.'e3 : *

Al
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ABSORBANCE AT 600 nm

1.

% ' 8,
DISTANCE MIGRATED (CM)
»

§

FIGURE 7. Electropherograms of
SDS polyacrylamide

“gels of E. coli ED2687

p¥lin.

- SDS polvacrylamide disc gel elect-

‘rophoresis was performed using

30 yg of protein taken from a pre-

paration of 2687 F pili before

(top panel) | d after (mottom pan-

el) CSC% dgpsity centrifugation.
gels were overloaded with F

‘piﬁ i o tdivisualize the

1,

heavier molecular weight bands 'in -

the gels. The- suﬁ;ﬂéd gels were.
scanned at 600 nm using a Gilford
recording spectrophotometer with

a gfl scanning attaghment.v' g
. e
<A
T e}
o )
¥ .
i . ," {J;
D ’ .

70 ¢
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FIGURE 8. Paper chromatogram of carbohydrate material found in vari-
ous F pilus preparations. : v

The relative mobilities of each spot were calculated with res.p"é'ét,lfo

* rhamnose. The standard compounds'in‘.‘. ositions G and H reffesent 15 g .
of material each: (1) rhamnose; (2) @,l—dldeoxyglucose,' (3) ribose; w
" (4) N- acenylglucosamine, (55’5,:‘3 deoxyglucose; (6) arabinose; (7) glu-

‘cose;  (8) galactose," (9) glucosamine; (10) galact;bsamine, (11) lac-
tose. The unusual sugars were the gift of Dr. R.V. Lemieux. The pili
preparatlons containing 1 - 2 mg of protein were. purified as follows:

A, acid prec1p1tation, pH 4.0; B, ' atmoniup; ul«fate precipitatlon,

C.’- PEG 6000, 0.5 N NaCl precipitation' D,
culture, medium}.. E, 30% sucrose, solid™&ul .
"pi1i"l preparation. . : ' E Wg‘;
. - ‘ ’ S : oy « ¢

hedium;  F, ;Hnll.F- L

«
T
-
fm



B



i3

-

Qf removing carbohyvdrate contamination. The F pili prepared without
blegdinu; i.e. by stirring in sucrose, pave no spots other than

flucose and some faint trailing {rom the origin indicating that blend-

-ing may give rise to membrane material, the most likely source of car-

r . N .
o -
bohvdrnte contamination Characteristically ]ate—devo]oping spots,
w‘. ( | .

flrst eoteéwbw Donelidn (1972), were 1dent1fle&xas deoxv— and deeoxy—

- . o

) hexose compounds, components of the E. coli membrane. The only supar

present in all hydrolvsates was D—g‘geose in a ratio of 1 - 2 molecules

of D-glucose/F pilin subunit, using the size of the spot to estimate

o
i .

the amount of glucose present and based on a molecular mass for F pi-
f . o ) "riﬁ‘
. _ , LI
lim-of 12,000 daltons. A preparation of "F pili" using HB1l F cells’
and acid precipitation at pH 4.07 contained the deoxy- and dideoxy-

sugars, and an unidentified pentose but had a less ‘intense glucose spot

. : + " L
(<5 ug compared to 10 - 20 ug for F prepardtions).

) . . N
[

) . o

C. CONCLUSION

.

K

On the basis of the foregoing studies, it has beé% found that the
purlflcatlon of F pili can be accompllshaﬁ most easilyaby removing the

pili from a concentrated solution of“f;tﬁlmﬁg*the presence of 30% suc-

s ‘ LS
rose. This minimizes the amount of celld Ty

r and membrane debris in the

F pilus preparation.  After removal'of the cells by centrifugation, and

R -
the sucrose by dialy51s, the F pili can be pelleted and further purified

by CsCl gradlent centrlfugatlon. The_yield was found to be 1 ~ 2 mg of

F p111 per 100 g wet weight of cells for the bacterial stralns used

here (HB1l, ED2687). o \

Thls is essentially the method reported by«Mlnkley et al (1976)

who bbtalned 5mg c” pureAF pili frdm 24 litres of Culture. Their high-

i

73
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" media.

er vield can be attributed to their use of o slightly multi-plliated
traD mutant bacterial strain, " Date et al. (1978) also used essentially.
this same method but included a 25 -~ 707 (w/v) sucrose gradient step

prior to CsCl gradient centrifugation. Their vield of 1.5 - 2.0 mg of

’ |
Fpili from 67 g (wet weight) is similar to the findings in this inves-

LN

tigation. Also, they used a solid medium to culture their cells and

achieved yields of F pili comparable to that of workers using liquid
|
<

!
! . Ars .
The sucrose~based method is also usefbl in - the purification of other

- types of pili. Besides using it in the purificatie%sff P. aeruginosa

K pili (see Chapter V and VI) it has been used in}ébe purification of
‘ o

pili from N, gonorrhoeae (Robertson et al., 1977). Two other reports
on amino dcid compecsition and N-terminal sequence of pilin used blénded

cells followed by precipitation with methanol in the cold’(M, nonlique-

faciens pili, Frgholm and Sletten, 1977) or ammonium sulfate (10% sat-

uratiop) precipitation (N. gonorrhoeae, Hermodson et al., 1978).

>

e ,
Thus while several methods including thet of Beard et al. (l972b)/)

which used ultrafiltratlon and isoelectric focusing to concentrate and

i

purify F~type R pili, have been used SUCCeSSfully to prepare relative-

ly @Mre F pili, the y1e1d of F pili using any. of the bacterial sé?ains
[}

studied to;date~i§ always fairly small, ranging from 1 - 5 mg of pure

material from approximately 40 - 60 ;g of cells (wet weight)e

§everal pitfalls in the ﬁﬂrification,of pili should be mentioned

. B} .
-at this time. Firstly, blending cells to remove the pili contributes

\/”[\

to the presence of vesicleflikevmgkerial in the preparation. This is

most likely derived from.the membrane of the cell Stirring the cells

_1nﬂ30/ sucrose gave the: least amount of this contamination as determined

! .
. - - ' B

1 ) ) .
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NN

tal

hy electron microscopy and carbohvdrate analysis,

Crowing, the cells on solid medium in large pans can be used to give

)

good yields of pili 1if care is taken to maintain the temperature of the

N

pans of agar at 37° after they have been inoculated with the cells.

Also, to prevent the disintegration of the.F pili into small vesicle-

shaped fragments, the cells must not be.%lﬁowed to remain iﬁﬁktation—
. ¥ e
bl

ary phase poo?ﬁ@ﬁéf;fTreating the cultures with formaldehygé¢@nd chill-

ST, N a0
ing them a§%§£§£Eiy as possible seems to help maintain th;@§giels of F
pili in the culture. " Allowing the célis g6 cool to room .temperature
without poisohing them results in F pilug loss as noted‘by Novotny and
Lavin (1971). o
Precipitation Pf the F pil% to ef%ect concentration from.the medi-~
um, during theppurification procedure, leads to a rather ingoluble pre-—

cipitate. The precipitating agents tried by this author resulted in

the co—precipgtatibn with tﬁe F.pili of large amounts of carbohydrate

.and proﬁein material which were extremely difficult to separate from the

F pili. This occurred regardless of whether’a rich or synthetic medium

was used although broth contributed much more of this material than syn-

o

thetic gedium. This.problem had been noted ﬁgﬁv'oust_b" frton “and

-

~ 7

.. R s T W e
Beer (1%67), Valentine et al. (1969) and Don n§§1972). Finally, -~
T e ~ : LR s 5 ‘ b
while CsCl density centrifugation was a valuabie' tool for separating

¥ pili\from cellular debris, long-term exposure of the F pili to CsCl

caused a loss of,pilus material. This had previously been noted by

Valentiné'gg_al. (1969). Because of this, a maximum of one CsCl gradi-

ent was employed in t purificétion of F pili in the lat er,ﬁtag%g ofv
] . . R .Léb R O""f

this investigation. Sucrose gradienss and CSZSOA dendsity gradients are

now used extensively in this lap to aiqid unnecessary loss of material.

I ' - ~ ~

I

/>
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The small amounts of F pili in A bacterial cultupe have been the
. . . . B v

est obstacle to sipiificant advances in the study of the chemistry

S

i1i. While interest has been high for over a\aecade and the ca-

»

years, prelimlnary re@or@* of chemical studies on F p111§have only re-
IRUIYY MHA1 Y
cently begun tﬁ”ﬁﬁpé&ﬁaln the literature (Date et al., 1978) No re-
ports have yet appearﬁd in which amino’ acid sequence data ate provided
ﬁ?esumably because amino acid sequence studies require substantial a-
mohnts &f material, i.e., approximagély 100 - 200 mg would be required
to establish the complete sequence of a protein such as F pilin. Since
nearly 3000 Jlyres of culture would be required to produce this amount

of F plli and L cause this volume of cells would be both costly and

time-consuming to process, progress has been very slow.
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CHAPTER TV

PHYSICOCHEMICAL PROPERTIES OF F PILI

[

A. INTRODUCTION

While the ultimate objective of a chemical anafysis of F pili was
never reached, several physical and chemical properties of F pili were
*studied includin§ the buoyaﬂt density in CéCl, the isoelectric point, '
the molecular weight as-deterpinea by SDS disé rel electropﬁoresis, and

the carbohydrate content as discussed in the previous chapter. In addi~

35

tion, F pili were successfully labelled with 32P‘éﬁd S and evidence

.éghat F pili contain a covalently-linked phosphate group was obtained,
B 5‘ “ :

4
Jfacells ﬁrown on trays of agar as described in Chapter TIT,.

L

The studies presented here used EN2687 or HB1L F pili isolated from

&

G

! +

;; :“’7}&’,%"' P

B. RESULTS AND DISCUSSION . . .
, 1. CsCl buoyant density gradient centrifugation ;. y o
v , - ‘ e . i
The density of F pili in_ésCl déhsity gradients appears to vary
» ; . .

depending on the plasmid and/or the hoét-strain used too@rodqg% the F -
. : ce .

pili;(Beard, cited by Tomoeda etval., 1975). The density of Fipili basﬁ
o & C . . : : o Y .v.' -
been determined as 1.257 (Brintom, 1971), 1.296-(Bgard et al., 1972a)§*

1.197 (Wendt et al., 1966) and 1.232 (Tomoeda et al.; 1975, Date et al.

o 1978), while F-like R pili have a demsity of 1.31 (Beard et al., 1972a)

g

and gonocéccal pili from N. gonorrhoeae have & density of 1.30 to 1.31

(Robertson et al., 1977). §

’

- . ST, C e . v . :
"Beard (1973) has r#ported that F.-pili specified by two indepen-

. , ( : o i ‘ )
dently maintained Flac plasmids in two strains of E. coli K12 induced
"heavy" (p = 1.296) and "light" (p = 1.257)/F pili in another étraih. *

) . X . N - , - B . ) )
- h . ~ - ) ) D . q ! ‘

. . 9
S S )
77




He also found thatione Flac pl-smid produced small amounts of pili at
. the alternate density w ile the other plasmid did not.
Essentially simila findings Sere found by this author for F
Pill derived from three differ—‘t‘F plasmids and F-like R pili from
three different R plasmids., Thege esults are presented in ?igure 9.
It may be seen that F pi14 enc\dEd by the F plasmld HBFLO,

banded in CsCl at a density of 1,26 g*cm : whlle the plasmid JCFLO
produced |F pili which banded predomlnanklv at 1.26 but also contained
a small mount of material which banded| at density 1.39. Neither the

host str in‘(EDZGOl for ED26N2 and ED2612 or HBll F~ for EN2687) nor a

o trang mutation in JCFLO (FDZ612) altered\this general distributfon of

F pili in the gradlent The F plasmld UA(LO iﬁ. coli K12, strain,,

\ L]
sed by Beard in his studies (Bea% 5@ 1., 1972a) and kindly

»

_ UBL105),

- e
donated ¥ him ﬁcr comparith to the other.F plaSmids, gave a single ,
P '
band at'd nsity lJ3O The derepressed F‘plasmids RlOO 1, Rl~19 ahd-

4- .
N

»
R538 1 in hoéﬁﬂ%train FD2601 (ED26073, ED2604 and. WP128) gave only "hea;y"w
pili at a density of l 31 which is in accordance w1th Beard's findings.

re- banded in CsGl and were found at the same’

e

al CsCl gradient‘u

<5 7

: small amount o - mate{ial at the highg& densitv (1 30) may

tdenSity

R}

represent a modified version?%&n vivo of the,lfghter F pili, or it e

': 2 m';lectric focusing of F pili !
L . Aeviously teportéd isoélectric ;j§§§ valagz for pili‘in—

bor F pili (Brinton, 1921), pH 3.5 for F—like R pili

972b); PH 3: 9 for type 1 pili (Brfnton, 1965) and PH

4.9 and 5 3 for gonococcal pili (Robertson et al,, 1977) : Am“aZitm;»m

-t . ; . Lo . Y4
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FIGURE 9. Profiles ofy CsCl gradients of ¥ pili isolated frqm‘eight
different strains of E. coli.

The F pil%¥ produced by each strain was purified from cells (approxi-
mately 125 g (wet weight)) followed treatment with 307 sucrose to |
separate the F pili from the cells. The conditjons for CsCl isopycnic
centrifugation are described in Chapter II. A 50 ul sample from each
fraction of the CsCl gradient was assayed for 32P-R17 phage attachment
using the filtration assay (A-A). Density of CsCl solution: (e-e).

ED2602 = JCFLO/ED2601; JC6449 - JCFLtraD8/JID3272; ED2612 = JCFLtraD8/

ED2601y ED2687 - JCFLO/HB1l F~; - UB1105 = UBFLO/UB1025 F~;  WP128 =
R538<1/HB11 F~;  ED2603 = R100-1/ED2601;  ED2604 = R1-19/ED2601. '
. 3 o
&
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i )
Fopili, purificd by two rounds of CsCl density centritupation,

1

vere dialvzed exhaustively acainat 17 plveine (w/v).  The procedure for

icoelectric focusing (Vesterbery and Svensson 19665 Reard et al.,
} ’ .

19726 {is *described in Materials and Methods.,  The column (110 ml LKB
8101 column) contained 2 mg of protein and 57 ampholvte (LKR ampholine)

pH range 3.5 - 10,

[2
A voltage of 350 volgs (10 ma) was, applied for 24 hours at

which time the current had dropped to -2 ma. The bands were sharpened

by increasing the voltage to 450 volts for five hours or until the
bands were distinct.

Two strains were used to give the pT of F pili, UR11 and
FD2687 (Fipure 10). The presence of F pili was assaved bv 32P—T

phage attachment and FM visualization. The pT of ED2687 pili was
: J

4.0 while HB11 F pili had a pT of 3,09, Secondary peaks at pll 4.8 and
4.4 in the FD2687 pH gradient contained small amounts of F pili but
were predominantly vesicle-like material. SDS-polvacrylamide gel e-
lectrophoresis of material from the major peak at pll 3.9 or 4.0 re~
vealed that high molecular weight contaminants had co-banded with the

F pili. Thus isoelectric focusing was not effective in reducing con-
tamination. Similar results have rzcently been published by Date gﬁ

7

al. (1978). !

3. SDS-Polyacrylamide gel electrophoresis

The molecular weight for pilin, the subunit of pili,.has been

reported on the basis of SDS gel electrophoresis to be 11,800 for F pi-
1i (Brinton, 1971; Date et al., 1978), 12,500 for F-like R pili (Beard
and Connally, 1974), 17,000 for type 1 pili (Brinton, 1965) and 18,000

to 20,007 “or gonococcal pili from several strains (Robertson et al.,
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FIGURE 10. Isoelectric focusing of E. coli HB1l and ED2687 F pili.

A 1.5- 2.0 mg of F pilus material was banded in_a 110 ml linear su-
crose gradient containing 2% ampholytes (w/v) pH<Iange 3.5 to 10 at

10° with an average voltage of 400 V as descriped in Chapter II. A

50 ul portion of each fraction was assayed for 32P-R17 phage attach-
ment using the filtration assay (@-0). pH (e-e).



19779,

SDS polvacrvliamide pol electrophore fis was performed according
IR ' ©
to the method of Weber and Oshorne (1969) and the gels were stained

using a madificd procedure of Fairbanks et al. (1971), as described in

Materials and: Methods.

Using the standards listed in Fiygure 11 o construct a curve
relating relative mobility to molecular weiy,bt, the molecular welight
was calculated as 11,900 £400 and was the same :or F pili derived from

MB11, EN2687 and the F-type R plasmid R1-19 (17,%00).

4. Studies with radioactivelv-labelled F pili

<

Brinton (1971) has reported that one F pilin moromer contains

one molecule of D-glucose and two phosphate groups covalently linked to.

the pilin protein. Beard and Connally (1974) have stated that R1. -d19
pilin contains one each of glucosaﬁine and galactose as well as one
molecule of D-glucose‘gnd two .phosphate groups.. Date et al. (1978)
have also dete;ted carbo! Jate and phosphate in F pili. -Robertson et
él;_(l977) have shown that’ gonococcal pili also contaiq 1 -~ 2 phosphate
groups, galactose and some glucose depending on the strain of N. gono-
coccus being studied. Several studiés (Brinton, 1971; Doneiian, 1972;
Beard et al., 1972b; Robertson et al., 1977) have shown that pili con-
tain no lipid nor nu;leic acid matefial.

A study employinz radioactive 32f’—labelled F pili was under-
taken to détefmine whetheé the phosphate Qés covalently béund to the
F pilin or was merely a contaminant arising from membrane debris.
32P-labelled_ F piii were prepared as follows. One liter of j&

lacCTMM + aa containing one tenth the usual amount of phosphate

(0.5 uM Na:

2HPOA)fplus 10 mCi 32? (as carrier—free phosphoric

o

83



FIGURE 11. Molecular weight determination of F pilin from E. coli
‘ HB1l and ED2687 using SDS polyacrylamide gel electrophore-
sis.

SR8 disc gel electrophoresis was performed according to the/$ethod of
Weber and Osborn (1969). A 10 - 15 ug amount of standard protein or F
pilin was run on a 10 cm gel containing 12.5% acrylamjde, 0.34% N,N'-
methylenebisacrylamide in 0.05 M sodium phosphate bu er, pH 7.2, 0.1%
SDS, at 5 ma/gel until the marker dye had migrated 8 ¢m down the gel.
The molecular weight of the standards was taken-as that reported bv
Weber and Oskorn (1969). The R1-19 pili (MW = 12,000) was kindly
donated by Dr. J.P. Beard.
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>
acid in water, neutralized with 0,1 N NaOll) was pre-warmed to 377 and
AN ~ .
inoculated with 10.ml of fresh standing overnipght culture of D87
' i

prown to N4 A(“O units in reduced phosphate minimal amedlium. The cul-
D] . I

1 |

. 0. b
ture was grown in a Brunswick shaking water bath to 1 x 10 Col]j/ml
’
| “}
(1.7 A(’O units). The culture was treated with 4.0 ml of formalin,
Y | N N
chilled in ice water and the cells were removed bv low speed centrifu-

4 L]
of 307 sucrose in SSC buffof. pH 8.5, and then gently stirred for three

- —— N b

hours in the cf§ld. The celjs were removed by low speed centrifugation

‘\\\\ gation at 10000 x g for one hour. The cells were resuspended in 30 ml

at 10000 x g for 15 min and the supernatant was dialyzed for three days

against 6. x 2 litres SSC buffer, pH 8.5. ThoF pili were pelleted at .

> H
27,000 x g for 90 min and the pellet was resuspended in 4.5 ml of SSC

buffer, pH 8.5, The pili were banded at pS = 1.26 g/cm3 in a Cgcl .

gradient and 50 ul from each fraction of the gradient was assayef for

R17 phage attachment usYﬁ@ 3H—guaﬁ3§ine R17. /
The profile of this!CsCl gradient is given in Figure 12A. 7¥n

addititm to the large F.pili peak at p5 .26 g/cm3 labelled with32P
. 1 ‘

the characteristic smaller pili peak at p{ = 1.30 g/cm3 was also lab-

— elled with 3LP. The presence of F ﬁili at these densities was confirm-

o

ed by electron microscopy. .
' . .32 o  5° 3

The possibility existed that the P fou at p =1.26 g/cm
(see Figure 12A) was associated with cellular or membrane material which

had co-banded with the F pili. To examine this possibility, 3H-—label—

- 3
led R17 was attached to F pili labelled with 'ZP and these complexes
were banded in a CsCl density gradientT R17 particles, by themselves,

] o

band at pS = l.éé.g/cm3 (Krahn et al., 1970) while F pili band at p

=1.26 g/cm3. R17 - F pili complexes band at an intermediate density



@

~—

FIGURE, 12. CsCl density gradients of E. coli EN2687 F pili labelled
with radioactive 32p op 353,

(A) 32T’-labelled F pili banded in a CsCl gradient o-o).

(B) 3/55—1abelled F pili in a TsCl gradient (0-0). ' 5
A 507yl sample of each fraction was assayed for R17 phage attachment
using “H-guanosine-labelled R17 (A-4),

>
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(i'.v.:n‘d et ad L, 1072)., ‘P-associnted with the F pili should band at

\\ -
S Rl .
the intermediate density vhile P associated with cellular gr membrane

) 3
1 00/nlem. A

debris should band at the top of the gradient at p

. LA 20N
sample containing 0.2 ml of | "P=Ilahel =l ?>@111 (5000 ¢pias

N

and 1 ul of

.

i 4

1 14
H=G-R17 (50,000 epm/7.0 x 170 " p) previously incubated in the presence

of 5 mM MpCl, and fixed with 17 formaldehvde was handed in a CsCl gra-

. 3 .. .
dient (median densityv 1.38 g¢/cm ) containing 5 mM MgCl? as pICVIOUQIV \J

2 v -
described. }00 ul portion of each frnctlon was assaved fOL\BN and 3 &,uﬁ\

radioactivity and the 1nproprlate corrections for overflow wére made hs \\\\

[
- ’:' / -
s L

—

described in Chapter II. Tdentical CsCl gradients Were\Tun con&amhing

\‘-'

2 .
only 3"P—lnbelled F pili or 3H—labelled R17. The remnlnrhg portlon\hf

each fractlon was used to establish its density at 5 The contents

of each peak were visualized by electron microscopy. The results are

Qzlven in “igure 13A. R1Y T pilus comnlgxes were found at psé —_1.42
g/cm3 while free R17 banded at 144 g/cm3 and free F pili floated at
‘ the'top of the gradient. A smali'portion of the 32P counts (10%) was
found at the top of the gradient), unassociated with 3H—R17. Since very
little F pilus material.waggfound‘at the latter position, this peak was
taken to represent either low density cellular debris, free 32?, or dis-
sociated pili. 7~
Similai}yvaigentical samples of either 32P—F pili‘complexed with

3H—Rl7 or free 32P-F pili or «ree 3H—Rl7-wer_e layered on a 5.0 ml1 5 -

[N

20% (w/v) continuous sucrose gradient in ssc, pH 8.5, containing 5 mM

9 The gradient was centrifuged at 45 000 rpm in a SW 50.1 rotor at
& .
5° for 6O\ﬁ1n and fractlons were collected as previously described.

. MgC1

The fractions were assayed for 3H and 32P radioactivity and the nature

of the peaks in each gradient was checked using electron microscopy.

e



A
. / .
FIGURE 13. CsCl and sucrose gradients of 32P-labelled F pili com-

plexed with 3H—guanosine R17.

(A) A composite of three different CsCl density gradients. One (o-0)
contained only 3H-guanosine R17, one contained only 32P-labelled F pi-
1i (o0-0) while a third contained a previously incubated mixture of 32pf
F pili and 3H—guanosine R17. The 32P cpm are represented as closed 2%?
squares (W-m), while the 3H cpm are closed triangles (A-A).

(B) A composite of three different sucrose sedimentation velocity
gradients containing the same samples as in (A). The symbols for both
types of gradients are the same.

e
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“down the gel (7.5 cm total length).-

.
s

: . . - 3.
Jhe results are shown in Figure 138, Only halt of the P counts de-

' S K _ ‘ : 3
rived from the P-Tabellced T pilf_proviouslv incubntod with H-R17

was found associated with a poak representing R17 - 17 pilus complexes.,
Q
\\

- The other hn%f of thQQQ countq was found in a peak co-banding w1th free

F' pili. No "7P counts were-found in anv peqks other than those repre-

senting free F'pili or F pili asgociated with R17 particles. This

suggested that' P was covalently linked to the F pilus molecule.

A

Fur%her evidence from SDS<polvacrylamide gel electrophoresis of
P-labelled’ F pili supported this' conclusion. A sample- containing
32

32

4
2 x 10" Cpm‘3ﬂ—aalez (8 x lOll pésnmplo) and 2 x lO3 cpm P-labelled

F pili wds run on 2 12.5% polvacrylamide gel and stained with Coomassie
: ~

blue as described in Chapter II. Other Eamples containing only “H-aa-

. 2 S . ‘
R17 or 3~P«l-‘abelled‘F ptli were also run on separate .gels. The posi- *

‘tioné of the R17 coat protein and A brotein as well as the F pilin pro-

tein. were measured relftive to the dye front which had travelled 6 cm

¢

.The gels were sliced into 2 mm sections and were incubated in

1-ml of 15% NHAOH in covered vials at 37° for 24 hours. The NHAOH.was

ey
evaporated in a 60°C oven placed in a fume "00d znd the samples were
e : 'ff .
cbunted in 5.0 ml Bray s scintillation fluiqfi

- N
Atgragh relating 32P or 3H cpm to position in the gel is given

5;1n Flgure 14 Thé-32P ‘radiocactivity was found exclusively a?,a posi-

"tloh in the gel con51stent with a molecular weight of 12,000, the mole-

3

cular weight_of F pilin:

_ _The 32P—labelléﬁ‘F pili were used in the estimation of the num-
ber of ghosphatelgrogps per F pilin monomer. The spec1f1c act1v1ty of

+

th 3?ggin the“F pilus preparatlon was calculated by determining the

- . . ’ - . R . \:'\



<

FIGURE 14. SDS polyacrylamide gel electrophoresis of 32p and 358~
labelled F pili. ‘

Geds containing 2 x 103 cpm of 32p of 35S—labelled F pili derived from
E. coli FD2687 or 2 x 104 cpm of R17 -labelled with a 3P-amino acid
mixture were sliced into 2 mm sections (for a'total of 30 sections)

and assayed for radioactivity as describéd in the text. The molecular
weight of the radioactive species in*the gels was estimated ysing stan-
dards as described in Figure 171.
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concentration of phosphate in the medium and relatins th:s to the P

' - . . - 173
cpm for 1.0 ml of medium. This gave a specific activity of 10 cpm/
. ' - 3 30
mole of phosphate. Usinj the relationship of 10 cpm/up of P-F pilin

as estimated from the intensity of the band stained with Coomassie bhlue,
there is approximately 2 - 2.5 phosphate groups per molecule of T pilin

. Y
whjf% is in accordance with values determined by other

workers.

Radioactivity was used to determine whe ~v phosphate-contain-

ing contiatinants could be effectively separated from F pili using the
. . 32 L

purification procedure described for P-labelled F pili. TIn this ex-

periment a one-litre culture of HBL1 F~ cells grown in glucose CTMM +

33? (H333PO in water neutralized with 0.1 N NaOH) was

4

, . 32
mixed with a one-litre culture of ED2687 containing 5 mCi of P. The

aa + 5 mCi of

F pili were purified using the 307 sucrose method to remove the F pili
from the cells. After the cells were removed by centrifugation and the
, . 32 33 .
sucrose dialyzed away, the P- and P-labelled material was pelleted
and banded on a CsCl density gradient. A 50 ul portion of each frac-

. . 32 33 . PO
tion from the CsCl gradient was assayed for P and P radiocactivity

12 3y cr17 particles/

as well as for R17 phage ggtachment using 10
sample. ‘As may be seen in Figure 15, all of the 33? radiocactivity de-
fived from the F culture wgs found at the bottom of the gradient with
contaminating cells. IAssuming that this method of purification could
givecrise to as much cellular debris and m%@brane contaminants in the
¥ cul;ure as the F+ culture, it can then. be concluded that very

few phosphate—containing contaminants are present in F pili prepara-

tions. The vesicle-like material found in some F pili preparations

probably does not contain cell-associated pﬁosphate.

N
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FIGURE 15. Separation of F pili p}eparations from F cellular debris.

A CsCl,density gradient of F pili prepared €rom a liquid culture of
32p-labelled ED2687 cells mixed with an equal volume of HB1l F~ cells
labelled with 33P was performed as described in the text. FEach frac-
tion was assayed for 33p (A-4) and 32p (0o-0) radiocactivity as well as
3H—guanosine R17 phage attachment using the filtration assay (A-4).
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Tt should also be noted that F pili can be easily ITabelled with

3 .
’).\"—moth'ionin(* (New Inpland Nuclear Lorp.). A, 100 ml volume of glucose

, '%r .
CTMM-aa was inoculated wi th'}-'.D."(»R7 and 1.25 mCi-~ )S—methionino (N.1 mM)

)

. . ; . 35 . :
was added at the time of inoculation. The S-F pili ,were purified as

described previously and banded on a (sCl isopvenic densitv gradient

§
c o

(Figure 12R). Two sharp peaks at p’ = 1.26 and 1.130 p,/cm3 were ob-
tained and the presence of F pili was checked bv electron microscopy.

3 . ]
This method gave SS—labelled pili with a specific activitv of 500 cpm/

yg of T pildi. This labelled F pili was used to confirm the position

of the 32P—]abe11ed F pili in SDS-polyacrylamide gels (see Figure 14).

C. CONCLUSION - T : s )

In 1971, Brinton described in a review article the amino acid compo-

sition, carbohydrate and phosphaye content of F pilin. Except for the =

protocol® for his purification ocedure for F pili published five vears

later (Minkley et al., 1976), no methodology for this data has been're—
ported to date. 1In 1972; Beard, Howe and Richmond published a differé\,<

.

ent purification procedure:for F-type R pili but insufficient amounts
of pure F pili materialtdiscouraged them from proceeding with a detail-

ed chemical analysis. :

Brinton's findings, reported in 1971, rhave very. recently been

.

corroborated by Date, Inuzuka and Tomoeda (1978). Thus it has taken
seven years for the préliminary chemical and physical characteristics

of F pili to be established. Brinton has not continued with the chemi-

»,

cal analysis of 'F pili and whether Date et al. will continue is yet to

be seen.

The results of our investigations which were completed in 1974

a7



O

confirmed Brinton's findings in 1071, Namelv, 1 pili had one prin-

o

'

cipal subunit, F pilin, of molecular wedight 11,900, which contained
small amounts of carbohvdrate and phosphate. - The isoo]ectrkf point of

o

5
F pili was pH 3.9 to 4.0. F pili band in (sCl at p = 1.26 and to

co

a lesser extent at o) = 1.30 depending on the plasmid the bacterial
. ) ;
strain is harboring. ~F tyvpe R pili band at p~ = 1.131 g/cm’,

In 1974 three options were available to us to achieve a more detail-

ed chemical analysis of F pili. - (1) The methodology and bacterial

'
Y

gtrains in use at that time could be used to stockpile éuf?icient quan-
tities of pure F pili. (2) Microtechniques in analysis and protein
sequencing could be used to characterize the small amounts of F pili
obtainable with short-term stock-piling. (3) A search for a bacterial
strain wﬁich‘produced pili in large quantities could be undertaken.

At about this time, D.E. Bradley (1974b) féported on a highly multi-

piliated strain of P, aeruginosa K, which he kindly donated to us.

Wigh this strain, pili could be purified in large quantitigs to Q}most
100% purity. Moreover, the wild type strain, K, produced sufficient !
pili to warrant a comparison of physical and chemical properties be-
tween the two strains: It was therefére evident that with Pseudomonas

‘ - . e
pili it would bq possible to undertake the complete sequencing of the X\
pilus _subunit with conventiondl sequencing tecﬁniqﬁes. Since an ulti;

mate objective was the comparative analysis of amino acid sequence data

from a variety of pilus types, the time seemed opportuge to begin work-

ing on P. aeruginosa pili while accumulating preparations of F pili
for eventual sequencing studies. The remainder of this thesis is
therefore concerned with the purification and partial characterization

r

of pili isolated from P. aeruginosa K.




“ CHAPTIR ¥V
COMPOSTTION AND MOLECULAR WEILCHT OF PILIN PURTFIID
S .

FROM PSEUDOMONAS ATRUGTNOSA K

A. TINTRODUCTION

Although the genetic origin of PSA pili is unknown (see Chaptgr 1)

and there is no evidence that thev are involved in conjugational pro-

cesses, they bear certain similarities to conjugative pild Pagi as the
- LA -

s

F pili of E. coli as discussed in Chapters 111 and IV. ﬁpxmémeple,
they act as receptors for a number of bacterio haées {ncluding both

RNA énd DNA-containing bacte;;;}hages and bactériophages with long non-~-
contractile tails (Bradley,'1977a). Since both polar pili‘and F pili
apparently_mediate phage infection th%bugh some type of pilus retrac-
tion mechanism (Bradley, 1972; Novotnv and Fives-Taylor, 1974; Paran-
chyéh, 1975), it is gf considerable interest to compare. the dig;;cal

~ .
and biochemical properties of these two pilus types.

As a f;§SE\stép in this direction, a study of P. aeruginosa K (PAK)
I'SA pili was undertaken. This stréin, which promotes infection by at
]

least six bacteriophages, was used by Bra@ley(l977a) to isolate a mu-

tant whiclii was resistant td these pilus-dependent bacteriophages. This
v

-

mutant (PAK/2PfS) (Bradley/ 1974b) was multi—biliated and was apparently
resistént to bacterio;hages by virtue of 1its*inability to retract its
pili. While the ~ild-tvpe strain,FPAK, was a relatively good producer
of pili in-its own right, vn: multi-piliated strain, PAK/2PfS, probab-
ly éontained at least 10-fold more pili than PAK.
fhe presént investigarior “:-ried out to establish tﬁe struc—
- !

. s
tural relatedness of PAK arn”’ ‘i 111 and to deteghine thedi



biochemical composition. A purification procedure for PAK and PAK/2TES
pili which attains preater than 00Y puritv is desctibed here as well as

a number of observations relating to their phvsical and chemical pro-

perties.

B. RESULTS AND DISCUSSTONe

1. Choice of producer strain

As shdwn in Yhe electron mgﬁiographs in-Figure 16, the wild-
' )

type P. aeruginosa strain K is itself a reasonablv good producer of

polar pili, while thefmutant (PAK/2PfS) is extremely heavily piliated.

PAK cells gpparently {do not produce the equivalent of the tvpe 1 pili

seen on E. coli (Bri‘ton,_1065), although ﬁumerous flagella are pro-

duced.

2. Pili purification procedure

PAK or PAK/2PfS bacteria were grown on solid TSB in shallow
pans (27 cm x 38 cmvx 1.25 ecm), and were harvested by scraping the _sur-
face of the agar and suspending’ghe cells from 36 trays (v160 grams
wet weight) in 500 ml 15% sucrose in SSC buffer pH 7.0. The cells were
then stirred with a magnetic stirrer at 5° for a minimum of 24 hours,
after which they were passed through a sieve to rerove the bits of ag-
ar; and then blended for 2 min in the cold in 200 ml portions at 2000
rpm with a Sorvall Omnimixer. The cells were removed from the solution
by centiifdgation at 10,000 x g.for 15 min{ after whicﬁ the supernatant
solutions Qé; dialy;ea for 72 hours in 2-foot lengths of dialysis tub-
ing against constantly running tap water at 15° t6‘17° in a cold room._
:ﬁmmonium sulfate was t'en added tQ:thevdialysate to 507 saturation,

and the solution was allowed to stand overnight at 5° during which time

1nn
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N~

the protein precipitate floated to the top. Most of the clear portion
of the solution was removed by svphoning, while the precipitate was
pelleted by centrifuging for 1 h;ur at 27,000 x g in a Sorvall Centri-
fuge. THe precipitate was dissolved in approximétely 200 ml of SsC

buffer a¥d was then clarified by centrifugation at 3,000 x g for 10
.min., Tt was importanﬁ at this stage to iﬁsure that no pili were sedi-
mented along with the cellular debfié. Tf a whiée opalescent pellet
formed, the pellet and supernatant solutions were recombined and ﬁi‘

luted with 50 ml portions of SSC buffer until only cellular debris was
pelleted in the low speed centrifugation step. _

To remove flagella, the principal'contaminant of. the pf}i pre-
paration, the supernatant solution containing 1 to- 2 A280 units per ml,
was brought to approximately 297 saturation with ammonium' sulfate (10%
w/v) and kept at 5° for 2 hours. The pili precipitated out, wﬁile the
flagella remained in solution. A 20% saturated solufion of ammonium
sulfate removes pili readily at this stage of the purification proce-
dure but a 50% saturated solution is required to precipitate bili out
of the crude cultureemedium. The reasons for this afe not entirely
clear but may be related to the fact that the pili at this stage are
usually in large aggregates whereas they are in a mgre dissociated
state and less concentrated in the growth med{um.‘ Since the ratio of
PAK/2PfS pili to flagella was much greater than that of PAK pili to
flégella, PAK/éPfS pili preparations required only one cycle of remov—
al of flagella, while PAK required two cycles of ammonium sulfate pre-
cipitation (10% w/v).

The pili were redissolved in SSC buffer at a concentration of

approximately 1 mg/ml and 15 ml was placed on a 20 ml discontinuous



sucrose pradient consisti?ﬁt(wf 5 ml portions of 40, 50, 60 and 707 suc-
rose in SSC buffer, pll 7.0, The gradients were centrifuped tor 20
hours at 5° using a SW 27.1 rotor at 20,000 rpm. The cv]lulosé nitrate
tube was punctured with a 20 gauge needle just below the prominent band
of pili material. After removal froQ the gradient, the pili suspensio;
was dialyzed against SSC buffer to remove sucrose and was then rebanded
.in CsCl as described in Materials awﬂ Methods. The pili band was again
retrieved with a svringe,; dialyzed &ga{nst SSC buffer to remove CsCll
and then stored in a frozen state at -20°. This procedure yields. about
10 mg purified PAK/2PfS pili per 100 g (wet weight) of cells and about
dne tenth of this amoﬁnt of pili using the wild-type stfain,'PAK.

‘When salt-free pili were required for certain chemical studies,
the pili were-pelleted by centrifuging for 1 hour at 27,000 x g and re-
dissolved in distilled~déioniz¢d water. After two gyclés of centrifu-
gation,:the bili suspension was. further dialyzed fbr 24 hours against
deionized water and then lyophilized. The dried powder was stored at
—205.

v :
3. Criteria of purity

The purity of the pili at various stages of the purification
propedure was monitored by means of electron micrpstopy and SDS disc
gel glectrqphoresis. Figure 17 shows electron micrographs of a PAKR/-
2Pfs pili prepafation before and after the removal of flagella with
émmonium sulfate treatmént, while Figure 18 shows typical gel patterns
before and after‘the rembval of flagella and after subjecting the pili
preparation to CsCl densi y‘graaient centrifugatién. It is evident
from Figures 17 and 18 that a high degree of pili purity was achieved

with the fdregoing purification procedure.” When polyacrylamide gels

~

113

o



104

"000°TTIX ‘@ fQ0S‘LTX ‘V

$UOTIEBOTITUBE ‘eI[98B[J OU paujelU0D (d) uor3earedaad yT11d juelineai a8yl ‘uojInjos ug eI198eT3 °ay3
3327 pue IT1Td @yl pejesjdyosad YOTym 83jejINns umjuoume (A/M) 20T Y3ITm poaesiy sem eTT93e13y Surleujumezuod
3uTuIR3UOD (V) 83IBIIUSOUOCO FITd @pnad y  °3xa83 ayjy Ul ueald s ainpadsoad UoTIBdI3Fand payye3lap ayg

n

*?2anpadoad uoriedTyyand ayy Zuganp §13d $3d¢/AVd 3o sydeaBoadojw uoizdary .NH TIAOTA




‘o

22

‘9NT( P[SSPWOO) YITM paujels

919n puUE UTW (p 103 9d/BW ¢ 3B UNI Piam

ST®3 UL *Sus 41°yv ‘T, Hd ‘1933nq @3eydsoyd
WUnipos W Su°(Q Sem 1333nq Mue3j pue is3zjng 193

Yl 2anpadogd Aamo] 3y3 £q pajeu}lilse se 3n
US - UZ ST 199 yoes uft ug=3o0id 30 3unoue ayg
‘BiueUlwelUOD Jy319m ieIndajow afiev woxy frid
3ieaedas o031 () UOT3IB3AJTaJU dFudAdosy

108D 13833e pue e[7a3e]3 woil 11}d ajleiredes

03 UoT3elTdioai1d 233 INS umjuoume (a/n)

40T (4) 2833® pue (y) a10jaq sdais %e TT¥d
S3dZ/3Vd Jo uor3eaedaad e wo13j uaxqel soldues
jussaadaz ‘gqs %1°Q pue 3PTWBTAIDE yG'71 Buft
-UTB3uOd ‘sTa8 ayl ‘3Ixa33 8yl uy sieadde aanp
—-3%01d uor3edT3yTand B8yj 3O Junodde pajyjelsp v

. . *@anpadoad
Uor3edT3jrand ayj Juranp Ti1d
$3dZ/MVd 30 stsaioydoi3oara
133 osTp apjuelkidsedod-5(s *81 dHnNvld




“Were nvvrlo;ldvd_ with pilin (30 ug), a second, faint band with a rela-
tive mobility cnrrospondiny_ro a mol-cular weight of 32,000 consistent-
v .'mpc;lrod;j;\élmvo Lllt".".;;i_l‘irx hnnd, To determine whether this material

,roprosonté@ a4 minor protein compbnont of pili or a dimer of pilin, ap-
proximately 100 ug was extracted from each of 10 preparative SDS-polv-
acrylamide gels as described in cﬁo preparation of pilin as an antigen.
(see Chnptgr T1). The eluted perein was treated with 0.05 N acetic
acid in acetone to removo‘SDé, thenbhyqfolyzed ind N HC1 in vacuo and
subjected to an amino acid co#posgitional analysis using a Durrum D500

-amino acid analvser. The analysi§jéhowed that‘the 32,000 molecular
weight component had the same amino acid cowposition as pilin (data not
shown). 1t was therefore concluded that the 32,000 molecular weight
band was a dimer of pilin. N

Tt is to be noted that the amino acid composition analvsis
vielded nearly integral values for the moles of‘amino acid/mole of pi-*
lin. Moreover, the N~terminal amino acid analisis showved only one
émino acid residue per mole of protein (see Chaﬂter VI). These obser-

. vations provide an additional indication of the high level of purity

of_the pili preparations. Purified pili solutions (suspended irn-water)

were found td‘ﬁé§é an absorbance at 280 nm of 0.78 ml/mg. Protein es-

timations were done using the Lowry procedure (Eowny et al., 1951).

4. Buoyant density in cesium chlor9de and sucrose

)
To determine the buoyant density of pili in CsCl, gradients

containing either PAqur PAK/2PfS pili were run as described in Mate-—i-
aks and Methods. The refractive index readings were converted to den-
sity vAlues at 5°¢. 'ssc buffer (1.0 ml) was added to each fractién and
the absprbance at 286 nm was determined in a Beckman DBG spectrophoto-

/~

~
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meter.  Figure 19 shows that the densitv in CsCl of pili from both PAK

e . : 3
and PAK/2PFS strains was 1,205 ¢/cm .
) N
The buovant density of PAK or PAI/2PTIS pili in a sucrose pradi-
ent was determined as described in Materials and Methods. The absor-

bance at 280 nm was recorded on everv other fraction and the resulting
distribution of absorbance versus density is shown in Figure 20 . Tt
may be scen that the densitv in sucrose of both PAK and PAK/2PfS pili

was 1.221.

5. Tso?lectric facusing
Isoelectric focusing of purified pili material was performed

as described in Materials and Methods. The résults of the experiment
are shown in Figure 21 where it mav be seen that the pl of intact PAK
or PAK/2PfS pili was found to be ?.é. It is to be noted that pfoblems
of pili precipitation were encountered if ampholytes of a pH range nar-
rower than 3- 10 were emploved. The pI of the pili remained unchanged
if the polarity of the electrodes was reversed, indicating that preci-
pitation effects were negligible for the conditions used.

6. Molecular weight determination of pilin subunits

The molecular weight of pilin subunits was estimated usiné SDS
gel electrdﬁ%oresis ag described by Weber and Osborn (1969). As men-
tioned above, a small amount 6f pilin was always found in dimer form,
even after prolonged heating with higher concentrations of SDS. A‘com—
parison of the relative mobility of pilin with that of a number of pro-
teins of known molecular weight is shown in Figure 22 . It may be seen

at a plot of the relative mobilities of the various proteins versus
.he log of the molecular weigth yielded a molecular weight value for

PAK/2PfS pilin of 17,800 # 300. The same molecular weight value was
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19 Absorbance at 280 nm of PAK and PAK/2PfS pili in CsCl gradient.
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FIGURE 21 . Isoelectric focusing of purified PAK/2PfS pili,

Isoelectric focusing of 1.0 mg of purified PAK/2PfS pili was Performed
using an ampholyte solution PH range 3 - 1Q in a 110 ml linear sucrose
gradient for 40 hours at an average voltagé of 400 v, (m~m), pH;
(0o-0), absorbance at 280 nm.
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also obtained for PAK pilin (not shown). The molecular welicht value
obtained for PAY pilin is much Tarper than the molecular weight value

of 11,400 reported for T pilin (Minklev et al., 19703 or 11,800, Date

t al., 1978), but aprees well with the value of 18,400 for I'AK pilin

obtained on the basis of amino acid cédmposition data (see Tahle 6).
This molecular weight agrees closely with that of pilin from N. gonor--

rhoeae (183,300, Hermodson et al., 1978; 18,000 - 19,500, Robertson et

N a

al., 1977), pilin from Moraxella nonliquefaciens (17,000, Froholm and

Sletten, 1977) and tyvpe 1 pilin from E. coli (Brinton, 1965), which were
all determined from amino acid compositidnal data. .

7. Amino acid composition of PAK pilin

The procedure used for subjecting PAK pili to acid hydrolysis in vacuo
is described in Materials and Methods., The amiho acid compositional val-

ues reported are averaged values for 28, 48 and 72 hour hydrolysis peri-

ods. Serine and threonine were estimated bv.extrapolating to zero tihe.

-

Tryptophan wqéﬁggtiﬁated bv hydrolyzing the pilin sample in p-toluene sul-
fonic acid and 0.2% 3-(2-aminoethyl) indole (kindly suppiied by L.B. Smillie)
according to the method of Liu and Chang (1971). Spectrophoéometric deter-
mination of tryptophan (Goodwin and Morton, 1946) confirmed the value of th
tryptophan residues per pili; subunit. Oxidizing‘the PAK pilin with per-
formic acid according to the method of Hirs (1967b) gave an estimate of
cysteine and methionine residues as cyst%ic acid and methionine 'sulfone.
Cleavage with cyanogen bromide (see Chapter VI) gave the number of methionine
residues as homoserine. The number of methionine residues increased to j
when treated with these agents. The amino acid composition of PAK and

PAK{ZPfS pilin is given in Table 5. The PAK pilin analyses usually con-

tained 0.1- 0.2 histidine residues which were disregarded. .The molecule



TABLI 5

Amino Acid Compositions of PAK and PAK/2PES Pilin

Residues per 17,800 daltons

Am’imc id PAK PAX/2P(S

Lvs - 14.7 14.8
His 0 0
Arg 3.4 4.0
Asx B 14.9 14,9
Thr : 14.7 15.0
Ser 10.0 - .0.0
Glx 14.7 14.9
3 Pro 9.4 9.7
Cly 18.2 17.7
Ala - 2°%.1 23.8
1/2 cys L N.p. L 3.9
Val 9.2 . ‘ , 9.0
* : o
Met . N.D. 2.1
Ile 11.8 ) ‘11.7
Leu A 14,4 14.0
Tyr 2.3 2.2
/\\ Phe | 2.3 2.3
Trp : 1.9 2.0

The samples were hvdrolyzed in vacuo ‘at 110° in 6 N
HCl containing 0.1% phenol for 24, 48 and 72 h. The
analy{es are normalized to a total of 173 residues.




contains a relativelv lTarge number of proline residues when compared to

“peN
' pilin which Jecontains none.

Recently Dngg et al. (1978) analyzed F pilin and found the amino acid
composition was similar to that reported by Brinton (1971). Further-
more circular dichroism studies suggested that nearly 707 of F pilin
was helical in structure. This is probably not the case‘with PAK:pilin,
however? since the latter contains many more proline residues. As’
shown in Table 6, PAK and tvpe 1 pilin contain a relatively large pro-
portion of non-polar amino acids, i.e., about 43%, but the proportion
of non-polar amino acids in F pilin is higher still at 53?. This may
account for our experience that PAK pili are much easiér to dissociate
from each other and from cell debris than F pili. Consequently, PAK

pili aré€ <onsiderably easier to purify than F pili. This is also ap-

parently true for type 1 pili (Brinton, 1965) and pili of N. ponorrhoeae

(Robertson et al., 1977; Hermodson et al., 1978).

8. Immunological relatednes: of PAK and PAK/foS pili

It is evident from the amino acid composition data in Table 5
that the pilin subunits of PAK and PAK/2PfS pili are probably identical
or closely related polypeptides. Howéver, the possibility existed that
PAK and PAK/2PfS pili might be antigenically dissimilar. The immuno-
logical relatedness of these two types of pili was therefore examined
by performing microimmunodiffusion analyses on the purified pili and
the corresponding antisera. The results of the experiment are shown
in Figure 23. |

It is to be noted that although the antisera were prepared'by
challenging rabbits with pilin preparaéions suspended in pulverised

SPS-polyacrylamide gel material (see Materials and Methods), similar
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TABLE 6 ‘ ;

Polar and Nonpolar Amino Acid Residues
~ 7 s . .
of heﬁoral Fvpes of Pilin

Per Cent
N. gonor-
PAK - F Tvpe 1 rhoeae .,
pilin! pilin? pilin?3 pilin®

Amino Acid Character {174)5 (126)5 (163)° (208)°
Acidic (Asp, Glu) 17.3 Q.7 20.3 13
Basic (Lys, His, Arg) 11.0 8.0 4.9 25
Uncharged Polar (Ser, Thr,

Tyr, Glv, Cys) 28.3 29.0 31.3 26
Nonpolar (Ala, Leu, Tle,

Val, Pro, Phe, Trp, Met) 43,4 53.2 43.6 36

lcalculated from the data éhown in Table 5.

2calculated from data reported by Brinton (1971).
3Célculated from data reported by Brinton (1965).
4Calculated from data reported by Robertson et al. (1977).

5Total amino acid residues per pilin subunit.



precipitation bands were fmr}mvd with either intact or hiphlv denatured
piltin. Moreover, the specificitvy of the antiserum towards PAK/2Vfg
'pjli is shown by the absence of Anv reaction-wiTh pur%fiod F-type pili
(Figure 23A), Figure 231 shows reagtions of identity betwecn anti-PAFa
antiserum and purified PAK and PAR)EPFS pilin. Similar results were
;

obtained when anti-PAK/2PfS angiserum was used (Figure 23C). Tt was
concluded that PAK and PAK/ZﬂfS pili are antiéonically similar and that
the multi-piliated state of the PAK/2PfS strain is due to the overpro-
duction of PAK polaf pili rather than the formation of a new type of

surface structure.

9. Phosphate analvsis

Since Brinton (1971) has reported that F pili contain two phos-
phate residues and one residue of D-glucose covalently linked to each
pilin subunit, phosphate and sugar analyses were performed on PAK and
PAK/2PfS pilin.

To assay for total inorganic phosphate, separate 1 -2 mg sam-
ples of pure pili were hydrolyzed in acid and base as described in Mat-
erials and Methods, n;utralized aﬁd subjected to the TFiske and Subba-
Row (1925) method of phosphate estimation. Similar samples were ashed
in sulfuric and perchloric acid and assayed for phosphorus using the
microdetermination method of Chen éE_gi; (1956). * No phosphorus was
found undér any- of these conditions where one molecule of phosphate
per pilin subunit”would have beén detectable accofding to the sensiti-
vities of the methods employed.

Similarly, no phosphate was detected in association with pilin

bands in SDS-polyacrylamide gels. Pure pilin was subjected to SDS-

polyacrylamide gel electrophoresis as previously described, then stain- '

T1n
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cd for phosphoprotein using methvl preen as reported by Cutting and

Roth (197%1), Since this method 1. hle of detecting one nmole of
’ i

phosphate, 20 up of pilin would !} oxtocted to produce ; ositive

B

stained band if pilin monomers contained 1 mole phosphate/mole protein.
Althouﬁh‘SO pg of pilin were subjected‘to this procedure, no ﬁositive

reaction for phosphate couid be identified.‘ It was concludcd from the
foregoing observations that PAK and PAK/2PfS pilin does!not contaln co-

valently bound phosphate residues.

10. Carbohvdrate analysis

Séparate'1 mg samples of pufified pili were hydrolyzed in acid
and in base as described in Materials and Methods, neutralized and
dried at 110°. The residues were dissolved in 0.1 ml 50% ethanol and
subjected to paper chromatography as described in Materials and Methods.
A ratio of 1 glucose equivalent of caf%ohydrate/molecule of pilin ‘ N
should yield approximately 10 ug carbohydrate/mg pilin. This amount

would easily be detected using the AgNOa—NaOH or the ariisaldehyde—HZSO4
spray systems employed on the chromatograms. No carbohydrate was de-
tected in PAK or PAK/2PfS piii after acid or alkaline hydrolysis at
protein concentrations which would have allowed the detecgion of one
glucose residue per 10 pilin molecules.

'Purified‘pili were also testéd fortsarbohydrate.uéing anthrone
reagent (Ashwell, 1957), orcinol reagent (Ashwell, 1957) and the phenol-
sulfuric acid assay for glycoproteins (Hirs, 1967). No carbohydrate
was detected with any of these procedures at protein concentrations
which would have given positive results at a level of one'glucose equi-
valent per two molecules of pilim.

Finally, 50 ug amounts of purified pilin were subjected to SDS-



polvacryvlamide gel electrophoresis and t?'ﬁvn s:t.:]in't'(l hv the periodice
acid=Se 7 (PAS) reaction (flnrk, TOAZY Tor ¢glveoprotein. No .
positively staining bands contnin{nx carbohvdrate material wofo detect-
ed in the gels.®

Tt was concluded from the forepoing studies that PAKinnd PAR/ -
2PfS pili do not contain Carbohydrate residues.

S

'11. Lipid analysis

The possible existence of lipid material in PAK or PAK/ZVfS pi-
11 wns\te;ted by staining SDS-polyacrvlamide gels of purified pili (50'
ug) with saturated oil red-0 in 60% ethanol for 18 - 24 hours (Abodeely
§£.§l;, 1971) . Tﬁe pels were destained in 507 ethanol and rehvdrated.

Roth PAK and PAK/2PfS pili were found to be negative with respect to

the oil red-0 staining process, indicating that the P. aeruginosa pili

are probably lipid-free. 2

I )

The use of these specific stains for phosphoproteins, glyco-
b}
5

proteins and lipoproteiné was checked by using appropriate standards.

RS

The pho;phOprotein a-casein was stained positively using the methyi
bgreen stain while albumin gave a‘whiteﬁgrecipitate. Rabbit serum (1
ul)‘was used as a source of glycoproteins and lipoproteins ﬁnq gave
red:bands in both instances. Albumin on the other hand failed to re-
act with either stain,

Recently Robertson et al. (1977) have detected phosphate and

‘glucose in pili of N. gonorrhoeae and Date et al. (1978) have found

phosphate and carbohydrate in F pili of E. coli.. Thus, type 1 pili

bare the only other pili afalyzed to the author's knowledge that are

free of carbohydrate and phosphatg.

2N
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A} .
12, {Conditions for dissociating PAK pili to vilin
. .
A search tor conditions which ~d PAK pili to dissociate to

"

the mgnomer, pilin, twithout resorti cave evidence that PAK

pili Wwre similar to F pili of E. coli i ...cir rosig&nnce to dissociat-

;
ing conditions (Tomoeda et al., 1975; Date et al.,; 1978). Conditions

which caused the dissociation of flagella to flag#llin (DePamphilis and

Adler "1) gave varving results for PAK pili. Heating a suspension
of pili (0.5 mg) at 55° for 10 m» n . 1 hour gave n& discernible dis-
sociation as :Jetermined by elect: nicroscopy. Treating similar sus-

pensions qf pili with 0.05 N HCl or 0.05 N NaOH resulted in the produc-
tion of smél]:discé which were easilv di@gern1b1e~in the electron micro- -
.scopé. Pili solutions adjusted to pH 1, 3,‘5,i§, 11 and 13 showed a
gradual dissociatio? from pili to these discs with the pili remaining
intact at pF 5 - 9, partiall& dissoéiated at pH 3 and 11 and fullv dis-
sociated at pH -1 and 13, }Tomoedé et al. (1975) reported that F pili,
when treated with 0.05 N HCl, dissociated into filameénts of 1/2 dia-
meter of intact F pili. Recently, Date gé_gl;.(1978) repigfed that F
3

pili are dissociated into vesicles by acid but are unaffected by equi-

valent concentrations of base, - y
PAK pili were not dissociated in 8 M urea or 6 M guanidine-HC1.
However, 10 M urea ang,heat at 60° for 1 h produced shortened pili with
. '« :

many small discs whgn)checked by electron microscopy. .Samples run in a

4
: 3

, v
Spinco Model E analytical ultracentrifuge equipped with UV optics showed

,acﬁat treatment with 0.1% SDS préduced one component with a sedimentation
coefficient of 3 - 4 S, Treatment with 10 M urea or 6 M guanidine-HCl
resulted in a small amount of 3 - 4 S material with a larger amount of

material of higher S value. Treatment with acid or base gave 6 S mat-

, | N



erial in one distinet species. TIntact pili had a scedfmentation value
of 23 ¢ although the band was fairlv diffuse.
These results were similar to those of T o~ et al, (1978) who
3 N L

found that' ¥ pili lost phage-attachment capability when exposed to heat
and were depolvmerized by 0,17 SPS and 30 mM Sarkosvl and exposure to

« “
acid at pH 1.0.

4

Since PAK pili also require SDS to affect complete depolymeri-
’ N\
zation while remaining intact in the presence of denaturing agents such
as guanidine-NCl or uyea, it seems likelv that hydrophobic bonds are
important in subunit interactions which stabilize the filamentous struc-—
ture of pili. This is not surprising considering the hydrophobic nature

of pili themselves regarding amino acid composition and behavior in

aqueous solutions:

C. CONCLUSION /

This chapter describes the purification procedure developed for PAK
and PAK/2PfS pili. The method involves growing the bacteria on a4 solid
medium in largé pans, suspending the»cells in SSC buffer containing 15%
(w/v) sucrose and Blenaing the cell; to shear off the pili. After the
cells are removed by centrifugation and the sucrose diaiyzed away, the
pili are subjecfed to one or two cycles of (NHA)ZSOA precipitaéion fol-
lowed by centrifugation in sucrose and CsCl density gradierts. This
procedure yields about 10 mg of pure pili per iOO g- (wet weight) of
ﬁiK/ZPfS cells while PAK cells yield one tenth of this amount. -

i ’ i

As far as égn be determined, PAK and PAK/2PfS pili contain a single

. polypeptide subunit of molecular weight 17,800 by SDS polyacrylamide

-
) -

_gel electrophoresis, and appear to be free from moieties such as phos—
: I .

4.

1™
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phate, carbohvdrate and Tipid. Tsopvenic centrifupation studies veveal-
cd that PAK and PAK/21H 111 have the same buovant densitv in sucrose

3 e 108 3 H 1
(1.221 g/cm ) and CsC1 (1,295 g/cm ) density gradients. Both types of
pili have an isoelectric pH of 3.9 as determined by isoeclectric focus-
ing. Of particular interest were the findings that the amino acid com-

positions of PAK and PAK/2PfS are the same and that the two types of

pili appear to be serologically identical.

vy

On the basis of the foregoiggf,it was concTuded that there are no
chemical or physical differences ween PAK and PAK/2PfS pili. The
mutation responsible fof producing the multi-piliated state in PAK/2PfS
is probably located in a rene other than the structural gene for PAK
bpilin.

One possible explanation for this multi-piliation could be that the
mutation affects the gene product that controls retraction. Thus the i
equilibrium that has Eéen hypothesi;ed to exist bhetween pilus elonga-
tion and retraction (Fivéé—Taylor and Novotny, 107é).zould be disturbed
in favor of elongation since tge mutation causes the loss of the re-

A3

traction mechanism.

N



CHAT'TER V1

PARTIAL CHEMICAL CHARACTERTIATION OF PAY/2008 PILIY

A, INTRODUCTTON
This chapter concerns the ideﬁtificqtion of the N-terminal residue,
an unusual amimo acid,‘N—methylphcny]alaninc, and the sequencing of tée
first twenty-two amino acid§ at the N-terminal of PAK/2PfS pilin bv se- .
quential Fdman degradation. Tn addition, the first two amjno‘ncids at
the C-terminal were identified by ‘digestion with carboxypeptidase A.
The protein was cleaved by cyanogen bromide into at least three fragments

which were separated by column chromatography.

Only PAK/2PfS pili have been used in these studies since insuffi-

‘cient quantities of PAK pili material were available.

B. RESULTS AND DISCUSSTION . :

1. Automated N-terminal sequence analysis'

Automated Edman degradations were performed on
tein with a Beckman Model 890B Sequencer, utilizing either the standard
1 M Quadrol buffer system of Edman and Begg (1967) or the 0.1 M Quadrol
system of Brauer gﬁ_gl;_(10752. Ail feagenfs uéed were "Sequanal"
grade (Pierce Chemical Co.) and all solvents were "distilled in glass"
grade (Burdick and Jackson Laboratories Iﬁc., Muskegon, Michigan).
Reslidues were identified by a combination‘of three methods. Portions
of the sequencer products, the anilinothiazolinone derivatives, were
converted to the corresponding phenylthiohydéntoin (PTH) by exposure

to 1 M HC1l at 80°C for 10 min (Edman and Begg, 1967) to permit identi-

R

fication by gas-liquid chromatography on a 1.2 m x 2 mm column of 10Y%
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SP-400 on 100/120 Supelcoport (Su%elco, Tnc., Bellefonte, PA.) using a
Beckﬁan GC-45 gas chromatograph (Pisano and Bronzert; 1969). Thin lay-
er chromatograph; of these PTH derivatives on silica gel plates (F254,
Merck and Co., Inc., Rathaway, N.Y.) uFiliking the solvent s?stems
chloroform:ethanol, 98:2 (v/v) and chloroform:ethanol:methanol, 88.2:
1.8:10 (V/VS was also employea (Bridgen et al., 1975). In-.addition,
amino acid analysis by a Durrum D-500 hnalyzer following hydroly;is of
the thiazolinone deriv;tives-with H1 ("Ultrapure'" grade, Alfa Chemicals
Ltd., Nontfeal, Quebec) at 127° for 20 h ;as used (Smithies et al.,

1971).

The first twenty~two amino.acid residues were quantitated (nmol) and

identified as:
1 4

NHZ—X——Thr—Leu-Ileu—Glu—-Leu—Met—Ileu—Val;Val—Ala—Ileu—
143 125 139 75 91 74 116 68 85 98 61

—Ileu—Gly—Ile—Leu—Ala—Ala—Ileu—Ala—Tleu—Pro....COOH
61 67 46 54 54 55 42 46 25 15

Further sequencing determination at the N-terminal gave poor resolu-
tion of the residues since the protein was slightly soluble fIn the

organic solvents used leading to a critical loss of material.

The N—terminal amino acid residue, and the phenYl—

thiohydantoin derivatives (PTH-X), could not be identified by using
' ' -

standard PTH-amino acid derivatives either by gas-liquid chromatography
or thin layer chromatography. Attempts to regenerate and detect by am-
ino acid analysis the amino acid, X, either by acidic ﬁydrolysis (5.7 M

HCl at 110° for 24 h or 57% HI at 127° for 20 h) or alkaline hydrolysis

(0.2 M NaOH/0.1 M Na SOO at 127° for 4 h) failed. -
2 ?

2°2°4

2. Identification of thelN—terminal residue

To obtain sufficient PTH-X for identification using spectroscopic



techniques (0.2 mg), a combined total of 35 mp (2 pmol) of pilin were
sghjoctcd to one Fdman degradative cvcle.

Preliminaryvproton magnetic spectra (PMR) of PTH-X and several
PTH-amino acids (Pfﬂ—phenyl&lanine, PTH-leucine) and the mass spectrum
(MS) of PTH-X indicated that PTH-X was probably PTH-N-methylphenylala-

.

nine (results not shown). ;
© N-m 1yjnheny1alanine was synthesized by methylation of.tcrti—‘
ary butyloxycarﬂbnyl—phenylalanine dicyclohexylamine salt with metﬁyl
iodide in tetrahydrofuran in the prescﬁce of sodium hydride for 24 h at
21° (McDermott and Benoitom, 1973), with subsequent removal of the car-
boxyl- and amino-protecting groups by treatment with aqueous citric
acid pH 3.M0 and SOZI(V/V) trifluoroacetic acid/dichloromethane respec-
tively. Reaction of N-methylphenylalanine (90 mg) wiﬁh 5% (v/v) phenyl-
isothiocyanate in pyridine (2.4 ml) at 55° for 1 h gave the phgnylthio—
carbamyl derivative, which éfter drying ig_xgggg_waé converted to the
PTH derivative by reaction with 1 N HC1l (1 ml) at 80° for 10 min, the

crude product being obtained by extraction with eth§1 acetate (3 'x

1 ml). Recrystallization from diethyl ether afforded colorless crys—

tals (m.p. 113°).

-

Since the synthesized PTH-N-methylphenylalanine co-eluted as a
singlé peak on a gas liquid chromatograph with PTH-X (Figure 24) and‘
co—chromafogrgphed'as‘a sinéle spot on silica gel thin layer chromato-
grams (E. Merck, precoated) using two éokvent systems: Rf 0.94 with
1,2-ethanedichloride:acetic acid, 30:7 (v/v) (Edman, 1970) and Re 0.33
with chloroform:ethanol, 98:2 (v/v)(Bridgen et al., 1975), MS, PMR and
ultraviolet absorption spectroscopy were performed to compare the two

compounds further. The MS of the synthetic PTH-N-methylphenylalanine



FIGURE 24. Gas liquid chromatogram of PTH-N-methylphenylalanine from
PAK pilin.

GLC of (A) PTH-X; 2% of the product from the first Edman degradation
of 5 mg (280 nmol) pilin and (B) PTH—N—me;Pylphenylalanine together
with a number of standard PTH-amino acids (5 nmol of each). Separa-
tions were made on a Beckman GC-45 gas chromatograph fitted with a
1.2 m x2 mm 1.d. column of 10% SP-400 on 100 - 120 mesh Supelcoport
(Supelco Inc:) using helium car:ier gas at 40 ml min—1l.
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FIGUKE 25. MS of.PTH—X and PTH-N-methylphenylalanine.

Both spectra were obtained on 10 ug or less of sample by direct probe,
70 eV electron impact ionization at an initial ion source temperature
of 150°, using an AEI MS50 high resolution mass spectrometer in con-
junction with a DS50 computer. '
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FIGUERE 26.  PMR spectra of PTH-X and PTH-N~methylphenylalanine.

Both samples, 0.2 and 1.0 mg respectively, were washed with 99.8% D0
and dried in vacuo (2X) before being dissolved in 0.4 ml CDxCly - ds.
The spectra were recorded with a Bruker HX270 super-conducting NMR
spectrometer at 270 MHz and ambient temperature. Comparative peaks
were adjusted to similar height. Chemical shiftscare reported in ppm
downfield from tetramethylsilane.



’ ‘ 131

PTH-X
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and PTH-X is shown in Figure 25. A molecular ion of m/e = 296 and
major fragments of m/e = 205, 91 and 77 are evident in both spectra.
The fragmentation pattern can be correlated to the structure of N-methyl-

phenylalanine as shown in the following diagram:

5 | S | b ‘
| ! I | | N
| 0 g | |
e
" B SN |
HO | NH : : \ / | — |
< | | I ¢— o ———1Cl |
C~-C-CH?2 I oy \ i \ H
77 ! L ! |
O | | i | !
| | | | |
;é~m/e = 77> :é—m/e = 9l<—>:
| ‘ | |
N-methyl- i< m/e = 205 ————> !
phenylalénine PTH-N-methylphenylalanine

. Similarly, Figure 26 provides a compafison of the compounds' PMR spec—
tra. The p%;ks downfield from 6.7 to 7.4 ppm répresgnt the two phenyl
rings in the PTH-derivatives and are typical of all the PTH-amino acids
used in this study. The peak at 4.45 ppm is due to.the a~carbon pro-
ton while the peak at 3.33 ppm is due to fhe B8-carbon protons. The
singlet at 3.42 ppm is indicative of the N-methyl protons éince Cfméth—
yl protons usualiy peak upfield from this value. The ratio of protons
in the peaks reading from downfield to upfield, as detepmined by plani—
metry of the 10X expanded peaks, waé 5:3:2:1:3:2.

Ultraviolet absorption spectra of the compountds showed that

>

both have a high € ratio of 0.64 compared with values around

2457269

O.A.for PTH derivatives of other amino acids (Figure 27), with the ex-
ceptions of 0.72 for PTH—NE—phenylthiocarbamyl—lysine and 0.67 for PTH-

-line (Edman, 1970). 1In addition the €969 molar absorption coefficienc

v

X
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for the svnthetlc. compound is lgwer at 173,500 than the usual -value of
around 16,000 for these amino acid derivatives (Idman, 1970),

N—methylphenyla]nnine is difficult to doteét under ngéusunl_
c&nditions employed in amino acid analyvsis. . However using‘tﬁe method
of Copgins and Benoiton (1970) in which a halved buffer and ninhydrin
flow through the reaction coil, resulting in a doubled reaction tike
with ninhydrim, 1 molecule of N-methylphenylalanine was detected for
every 12.6 molecules of 1soleuc1ne which is close to the predicted val-
ue of 1/14 (see ChapCer V).

Prior.to sequencing the.first twenty~two amino acids at the N-
terminus using the automated sequenator, atteﬁpts-to identify the N~
terminal amino acid using the dansyl chloride procedure of Gray (1?72)
failed. EWhile O-DNS-tyrosine and €-DNS-lysine could be visualized af-
ter thih layer chrémgtography of the hydrolyzed, dansylated protein,
indicating the reaction h;d occurred, no spot corresponding to a pos-
sible dansylated N~terminu;:§%sidue could be found. On hindsight, this
fesult is not surprising since DNS—N~methylphenylalanine~is probably
destroyed durlng acid hydrolysis in much the same way that’N>methylphe—

nylalanlne cannot be regenerated. from the PTH-derivative under*ﬁc&dic

or basic conditions.

3. C-terminal-analysis . ) : , Mﬁ

Carboxypéptidase A tr =d with DFP (d11sopr0pylfluoropho§phaﬁf)
N

(CPA) was obtained from Worthlngton Blochemicals and prepared as de- <
scribed by Ambler (1967). A 25 ul suspension (1.25 mg protein) was di-
luted with 1.0 ml water in a 3-ml conical centrifuge tube and centri-
fuged for 5 min at 2000 x g. The supernatant was discarded and the pé1~

let was suspended in 0.1 ml 1% (w/v) sodium bicarbonate and chilled in



134

Absorbance

T T T T T Y T
0.8 -
RiTH - Phe

0.6 N

' - 3

LY

o4l Mephe | |
0.2L ”» N
0.0 1 1 1 : 1 1

240 270 ‘ 300

Wavelength (nm)

FIGURE 27. UV absorption spectrum of PTH-phenylalanine and PTH-N-
£ ° methylphenylalanine.

The spectrum of PTH-pheny.. . inine and PTH- N—mechylphenyialanlne dis-~
solved in absolute ethanol was recorded between wavelengths 240 -

300 nm using a Cary 15 recording spectrophotometqb¥

P
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an ice bath. Sodium hydroxide (0.1 N) was added with thorough mixing
tg dissolve the protein. The pl was adjusted to 8.5 with 0,1 N HCl and
the volume was adjusted .to l.ES ml (1 mg protein/ml) with 0.2 M &—ethyl-
moEpholine acetate pH 8.5. The enzvme preparation was used immediately.
Salt—free PAK/2PfS pili was dissolved in 1.0 ml 0.2 M N-ethvlmorpholine,
;
pH 8.5 and 0.1% SDS. The solution was heated to 100° for S5 min and was
cooled to room temperature. CPA (2.5 mmol or 80 pl-of prepared enzyme
solution) was .added to give a substrate to enzyme ratio of 40, and the
hixture was incubated at room temperature. Appropriate enzyme controls
were dor~ simultaneously. At yarious time intervals (0.25; 0.5, 1.0,
2.0 and 4.0 h) 0.2 ml of sample were acidified to pH 2.0 with acetic
acid and clarified by low speed centrifugation. The supernatant was
lyophilized and analyzed for amino acid content on a Durrum D500 acid
analyzer. The.results are shown in Figure 28,

From the relative rates of amino acids released it can be seen
that serine is probably the C-terminus and lvsine is the penultimate
amino acid. Since the initial rates of release for both amino acid
are nearly the same,'the order of these amino acids could be reversed
or there may be two populations of pilin molecﬁle with either serine or
lysine at the C-terminal. Adjusting the substrate to-enzgme ratio to 10
or 200 or carrying out the reéction at 37° gave ideﬂtical results. Pro-
longed exposure of pilin to CPA (16 h) failed to yield an antipenultimate
amino. acid {ﬁdicating the presence of a non-reactive amino acid.

F2

4. Cleavage with cyanogen bromide

Purified PAK/2PfS pilin was cleaved into as many as 4 peptides
by cyanogen bromide according to the method of Steers et al. (1965).

50 mg of dry PAK/2PfS pili (64 A units) were dissolved in 14 ml of

280
100% formic acid which was diluted to 70% by the addition of 6 mlof water .
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FIGURE 28. Treatment of PAK pilin with carboxypeptidase A.

The substrate/enzyme ratio was 40. The reaction took place at room

temperature in the presgnce of 0.1% SDS at pH 8.5.
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Crvstalline cvanogsen hromide (Fastman 0i's::mic (’hvmir.ll:‘:\ was .I\Mm‘( to
give methionine :CNBY ratio of 1:300 based on three methionine residues/
pitin molecule. The flask was tightlv stoppered and the rencti5n wis
allowed to proceed at room temperature for 24 hours. The reaction was
stopped bv diluting the reaction mixture toe IO& formic acid with water
and the solution was shell frozen and lyophilized to complete drvness.,
Triplicate samples containing 0.5 mg of cleaved protein each were hvd-
rolyzed for amino acid analvsis. Prior to analvsis, the homoserine
lActone residues were converted to homoserine by incubating the previ-
ous]y hydrolyzed samples in sealed tubes in 0.5 ml of pvridine acetate
Euffer, pH 6.5, at 105° for one hour. The samples were dried by lyo-
philization and analvzed for amino acids using a Durrum D5NN amino acid
analvzer programmed to detect homoserine. While no methionine could be
. ' ¢
detected, 2.9 homoserine residues were present per pilin molecule, in-
_dicating the reaction was close to completion. A 25 ug sample of the
reaction products was run on a 12.5% polyacrylamide gel (0.1% SDS). A
N .

second gel contained 25 ug of unreacted PAK pilin. The gels are shown
in Fig. 29, where it may be seen that the CNBr reaction produced omne
principal fragment of molecular weight 12,000 daltons, and smaller a-
mounts of material at 13,000, 14,000 and 16,000 daltons. These smaller
bands represent incompletely cleaved intermediates in the CNBr reaction.
The smaller peptides produced by this reaction were not detectable on
the gei.

The CNBr fragments were separated by gel filtration using a
Sephadex G-50 superfine (Pharmacia, Sweden) column. A portion of react-

ed material (30 mg)ywas dissolved in a minimum volume of 50% formic acid

and was diluted to 5% formic acid to give a total volume of 20 ml. The



B

I

FIGURE 29. Separation of CNBr fragments of PAK pilin by gel
filtration. .

5 of PAK pilin treated with cyanogen bromide at a ratio of 300:1
ii_//zggmgzggolved in 20 ml 5% formic acid and run on a Sephadex G-50 super-
fine column (2.5 cm x 100 cm) at 20°. The eluant was 5% formic acid,

the flow rate 25 ml/h and the void volume was 60 ml. Each of the re-
sultant 5 ml fractions was assayed for absorbance at 280 om (w-m) and

ninhydrin positive material ©-0. A gel of 25 ug of material
before (B) and after (A) treatment with cyanogen bromide is shown in
the inset. ’
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(
sample was applied directly to a 2.5 x 100 cm column of Sephadex G-50
/

superfine equilibrated with 5% formic Jcid which was also uéed to elute
the CNBr frégments ffom the column. TQF flow rate was 25 mi/h. The
absorbance at 280 nm was measured using;a Beckman DBG spectrophotometer.
The small peptides were barely identifiable by absorbance at 280 nm bel
cause of a probable lack of aromatic amino acids in them and the sam-
ples were assayed for protein using the ninhydrin colorimetric assay
(Hirs, 1967c). The results are shown in Figure 29, Whére it may be
seen that the CNBr reéction products separated into three peaks. The
fractions in each of the thfee peaks were pooled and lyophili%bd to

/7

“dryness: 0.3 mg of peaks I and II and 0.2 mg of peak III were'hydro—
1lyzed for analysis hsing the Dur;um D500 amino acid analyzer. The re-
sults are shown in Table-7 and are calculafed on the bas;s of a common
denominator fop each of the values for the amino acids found in each
sample. No determination for tryptophan or cysteine was done at this 7
time. The total for any amino acid from peaks I; IT and IIT approxi-
mates very closely the previously determined number/piiin_molecule, in-
dicéting that cvanogen bromide cleaves the pilin molecule into at least
thrgg fragments. Because the‘éample size was very small due to the ina
solubitiy of freeze-dried fractions of‘peak IT and III; these results
are to be considered as very preliminaryt -

Inspecéion'of the sequence at the N-terminus indicates that a
peptide containing 7 amiﬁo acids should result from cyanogen broﬁide
- /
cleavage, namely N—méthyl—Phe—Thr—Leu—Ile—Glu—Leu—Met (as homoser-
ine). N-methylphenylalanine, when special conditions for its detectiop

were employed (Coggins and Benoiton, 1970), was barely detectable in

peak TII indicating that a mixture of two small peptides probably existed,

/j
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TARLE 7

Amino Acid Analvsis of CNBr Fragments of PAK/EP(S Pilin

Peak Peak Peak) N~ C-

3 Amino Pilin I - IT , III termi- termi-
Acid (18,620)  (11,900)  (4000) (1900) nusl nus?
Asp 15 9-1p 4 2 0 2
Thr | 15 9 4 1 1 0
Ser 10’ 8 2 1 0 1
Glx 15 11 - 3-4 2-3 - 1 1-2
Pro 10 6-7 n.d. n.d. 0 ?
Gly " 18 10-12 6 3 0 3
Ala C24 15 4-5 2 0 2
Val 9 9 0 N 0 0
Ile 12 ) -8 2-3 . 1 0
Leu ’ 14 9-10 2-3 1-1.5 2 0
Tyr 3 3 0 0 0 0
Phe T3 g 1 0 0 0
Lys 15 8 o 6-7 - 1 0 1
Arg 4 3 1 0 0 0
N-MePhe 1 0 n.d. +4 1 0

' HS (et) 3 1 1.0 7 1 0
Trp 2 n.d.> n.d. n.d. 0 0

. Cys 4 n.d. n.d. n.d. 0 0

1The N-terminus amino acid composition is deduced from the Sequence
of the first seven amino acid residues (HN-N-MePhe-Thr-Leu-Ile~Glu~
Leu-Met-), &

2The C-terminus amino acid composition is tentatively determined by
-subtracting the amino acid residues for the N-terminus from the amino
acid residues.found in peak III. ‘

3Not determined (n.d.). .

+, identified but not quantitated.
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one corresponding to the N-terminal peptide above and one contalning 2
Asp, 1 Ser, 1 Glu, 3 Gtv, 2 Ala and 1 Lys. The absence of methionine
(homoserine) and the presence of lysine and’ serine, the amino acids de-
tected at the C-terminus, indicates that this’could be the C-terminal
pegtide. The amounts of homoserine detected in peaks IT and TII were

difficult to determine because of the small sample size.

C. CONCLUSION

-

Preiiminnry chemcial analyses on PAK pilin have established the se-
quence.of the first twentv-two amino acids at the amino terminus as well
as thelidentity of the N—terminal amino acid, N-methylphenylalanine.
This sequence was very similar to the sequence at tHeAN—terminus of pi-

lin derived from Moraxella nonliquefaciens (Froholm and Sletten, 1977)

and Neiserria gonorrhoeae (llermodson et al., 1978). As shown in Figure

30, all three amino terminal sequences are highly homologous. The only
differences are Val-Tle exchanges at positions 10, 13 and 19, and an
Ile -Leu exchange in position 21. VWhile Fréholm and Sletten (1974@ did

not identify the N-terminal residue, their evidence suggests that it is

N-methylphenylalanine. In the case pf M. nonliqueféciens and P. aeru-
ginosa K pilin, a single N-terminal residue was found while 65;\§£\§L
gonorrhoeae pilin subunits lacked the N-methylphenylalanine aming_ter—
minal residue.

N—methylphenylaianine has not yet beeq detected ;n non-pilus pro-
{éips althotgh it has been shown to be a constituent of the peptide an-
ﬁibiotic Staphloﬁycin S (Vanderhaeghe and Parmentier, 19605. Pettigrew

P .

And'Smith (1977) have reported finding dimethylproline at the amino

terminus ofi Crithidia oncopelti cytochrome C557, while Chen et al.

1473
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(1977) have shown that certain ribosomal proteins of FE. coli contain
N-monomethylalanine or N-monomethvlmethionine as amino terminal
residues. The biological significance of g-methylated N-terminal amino
acid residues is not clear at this time. The N-methylphenylalanine in
PAK pilin does not act as a blocking group to sequence analvsis since
the Edman degradation in, subsequent cycles proceedgd normally with no
obvious drop in efficiency between the first and second cycles. The
other common secondary amino in sequence work, proline, does not inter-
fere withlthe process. .

The occurrence of a highly hydrophobic, common sequence at the ami-
no terminus of pilin provided by three relafively unrelated microorgan-.
isms suggests thﬁs common sequence may be important to pilus function.
These hydrophobic amino‘términal sequeﬁces are reminiscent of the hydro-
phobic extensions found on pfecﬁrsors of secretory proteins in mammal-
fan cells (Devillers-Thiery et al., 1975). According to the signal
hypothesis.of Blobel and Dobberstein (1975) this hydrophobic extension
facilitated transfer of the protein through the membrane in the process
of which, it was cleaved off the protein. Thus the hydrophobic amino
terminal poftion of‘the pilin molecule may provide a pilot function
which facilitates the transport of pilin subunits from the cell inter-’
ior to the outer membrane. Once the-pilin subunits are assembled into .
pili, the highly hydrophobié amino terminal sequence would presumably
be buried within the subunit or involved in subunit-subunit interac-
tions.

Evidence»already exists that pilin pools are located in the outer
membrane of bacteria. Beard and Connally (1974) have detected F—Eype

R pilin molecules in the outer membrane of L. coli and suggested that



this is the site for pilus assembly. Recently Olsen et al. (1977) have
speculated on the presénce of pilin molecules in the outer membrane of

P, aeruginosa which act as receptor sites for PRD-1 phage particles.

Although ic is tempting to suggest that a hydrophobic amino termi-
‘Aus is a universal feature of pilus systems, thé amino terminal se-

quence of type 1 pilin of E. coli (Hermodson et al., 1978) bears no ho-
molopy to the three sequences previously discussed nor does it contain

N-methylphenylalanine.

Thus the structure-function relationships of pili are probably far

more complicated than a system such as flagella whose structure and

P SRS

chemistry is fairly cdnsféh£$§ *g microbial world (Iino,

L)

2

.1968). The study of the chgmgét f@r of different types of

¥ 6f various pilus functioms.

PAK\bggus is an interesting

9

system in its own right and ought not to take a second place to a bet-

ter defined system such as the V pilus of E. coli. The finding that

PAK pilin is similar in amino acid composition and N-terminal seqﬁence
\ : '

to a pilin isolated from a pathological strain (N. gonorrhoeae) is very

_Interesting. The gonococcal pilus contributes to the pathogenicity of
this strain by being‘fnvolved in the adhesionof the bacterial cell to mam-
malian cells (Punsalung and Sawyer, 1973). While the sequencing of PAK
pilin is in progress at this time, inforéatidﬁ is needed concerning the
geﬁetic origin of‘PAK pili, its involvement, if any, in adhesion;to

mammalian cells or in bacterial conjugation, and the mechanism of pilus

assembly both in vitro and in vivo. Since PAK pili are both abundant

and easily purified and techniques for handling Pseudomonas aeruginosa
are almost as advanced as those for E. coli, progress in this area

should be forthcoming.
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. APPENDIX A
) \ 25°
Table for the Conversion of Refractive Indgx (n )
to Density in CsCl, SSC, pH 7.0 (p3 )
.25 Z ps .25 ps .25 ps 25 | p5

1.3750  1.444 05 1.397 1.3660  1.349 15 1.302

49 1.443 04 1.396 59 1.348 14 1.301

48  1.442 03  1.395 58 1,347 13 1.300

47 1.441 02  1.394 57  .1.346 - 12 1.299

46 1.440 01 1.393 56  1.345 - 11 " 1.298

45  1.439 1.3700 1.391 55  1.344 1.3610 1.297

“44 1,438 99 1,390 S4  1.343 09. 1.296

43 1.437 98  1.389 53 1.342 08  1.295

42 1.436 97 1.388 52 1.341 07 1.294

41 - 1.435 96 1.387 “. 51. 1.340, 06 1.293

1.3740  1.434° py 95  1.386 1.3650  1.339 05 1.292

39 1.433 94  1.385 49  1.338 04" 1.291

38 1.432 93  1.384 48  1.337 03  1.290

37 1.431 92  1.383 47  1.336 02 1.289

~ 36 1.430 » 91  1.382 46 1,335 01 1.288

35 1.428 1.3690 . 1.381 45 1.334 '1.3600 1.286

©34 0 1,427 89 1.380 44 1,333 99 1.285
33 1.426 88 1.379 43 1.332 98  1.28% .

32 1.425 87 _1.378 42 1.331 97  1.283

31 1.424 86 1.376 41 71.330 96  1.282

1.3730  1.423 85 .1.375 1.3640  1.328 95 1.281

29 1.422 84 1.374 39 1.327 94  1.280

28 1.421 83 1.373 38  1.326 93  1.279

27 1.420 82" 1.372 37 1.325 92 1.278

26 1.419 8L . 1.371 36 1.324 91 - 1.277%
25  1.417 1.3680 1.370 35  1.323 1.3590 1.275

24 1,416 79 1.369 34 1.322 89 1.274

23 1.415 + 78  1.368 . 33 1.321 88 1.273.

22 1.414 77 1.367 32 1.320 - 87 1.272

21 1.413 76 1.366 31 1.319 S 86 1.271
1.3720 1,412 75 1.365 1.3630- 1.318 85 1.270°
19 1.411 74 1.364 - 29 1.317 84 1.269

18  1.410 73 1.363 28 1.316 83" 1.268

17: 1.409 72 1.362 27 1.315 © 82 1.267

16 1.408 71 1.361 26 1.31%4 © 81 1.266

15 1.407 1.3670  1.360 <25 1.312 1.3529,/ 1.265

14 1.406 69 1.359 24 1,311 9  1.264

13 1.405 68 1.358 23 1.310 78 1.263

12 1.404 67 1.357. 22 1.309 277 1.262

11 1.403 66  1.356.. 21, 1.308 . 76 1.261

1.3710  1.402 “65 . 1.355° 1.3620 1.307 75 1.260

09  1.401 64  1.354 19 1.306 74 1.259

08 1.400 63 1.353 18 1.305 73 1.258

07 “1.399 62 1.352 L7 1.304 72 1.257

06 1.398 61  1.351 16  1.303 71 1.256
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25° 5° 25° 5° 25° 5° 25° 5°
n n n n p
1.3570 1.255 52 1.236 34 1.217 16 1.198
69 ... 1.254 51 1.235° 33 1.216 15 1.197
68  1.253 1.3550 1.233 32 1.215 14 1.196
67 1.252 49  1.232 31 1.214 13 1.195
66 1.251 48  1.231 1.3530  1.213 12 1.194
65 1.250 47 1.230 £29  1.212 11 1.193
64  1.249 46  1.229 28 1.211 1.3510 1.192
63 1.248 45  1.228 27 1.210 09 1.191
62  1.247 44 1,227 26  1.209 N8 1.190
61 1.246 43 1.226 25 1.208 07 1.189
1.3560  1.244 42 1.225 24 1.207 06 1.188
59 1.243 , 41 1.224 23 1.206 05 1.187
58  1.242 1.3540 1.223 22 1.205 04  1.186
57  1.241 39 1.222 21 1.204 03 1.185
56  1.240 38 1.221 1.3520 1.202 02 1.184
55 1.239 37 1.220 19 1.201 01 1.183
54 1.238 36 1.219 18  1.200 1.3500  1.182
53  1.237 35 1.218 17 1.199
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APPENDIX B
Table for the Conversion of Refractive Index (n25 X
to Density in Sucrose, SSC, ph 7.0 (050)
25° 5° 25° 5° 25° 5° 25° 5°
n p n p n p n p
1.450 1.372 1.421 1.276 1.392 1.182 1.303 1.087
1.449 ° 1.369 1.420 1.273 1.391 1.178 1.362 - 1.084
1.448  1.366 1.419  1.267 1.390. 1.175 1.361 . 1.080
1.447 1.362 1.418 1.267 1.389 1.171 1.360 1.077
1.446 1.359 1.417 1.264 1.388 1.168 1.359 1.074
1.445 1.356 1.416 1.260 1.387 1.165 1.358 1.071
1.444 1.353 1.415 1.257 1.386 1.161 1.357 1.068
1.443 1.350 1.414 1.254 1.385 1.158 1.356 1.064 -
1.442 1.346 1.413 1.251 1.384 1.155 1.355 1.061
1.441 1.343 1.412 1.248 1.383 1.152 1.354 - 1.057
1.440 1.339 1.411 1.244 1.382 | 1.149 1.353 1.054
1.439 1.336 1.410 1.241 1.381 1.145 1.352 1.051
1.438 '1.332 1.409 1.237 1.380 1.142 1.351 . 1.047
1.437 1.329 1.408 1.234 1.379 1.139 1.350 1.044
1.436 1.326 1.407 1.231 1.378 1.136 . 1.349 1.041
1.435 1.322 1.406 1.227 1.377 1.133 . 1.348 1.038
1.434 1.319 1.405 1.224 1.376 1.129 1.347 1.035
1.433 1.316 ¥.404 1.221 1.375 1.126 1.346 1.031
1.432 1.312 1.403 +'1.218 1.374 1.123 1.345 1.028
-1.431 1.309 1.402  1.215 1.373 1.120 1.344 1.025
1.430 1. 306 1.401 1.211 1.372 1.117 1.343 1.022
1.429 1.303 1.400 1.208 1.371 1.113 1.342 1.019
1.428 1.300 1.399 1.204 1.370 1.110 1.341 1.015
1.427 1.296 1.398 1.201 1.369 1.106 1. 340 1.012
1.426 1.293 1.397 1.198 1.368 1.103
1.425 1.290 1.396 1.194 '1.367 1.100
1.424 .1.286 1.395 1.191 1.366 1.096
1.423 1.283 1.394 1.188 1.365 1.093
1.422 1.280 1.393 1.185 1.364 .1.090
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