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M olecular stud ies  of the  Escherichia coli  K5 capsule gene cluster.

F rederick  I E sum eh

G roup 11 K an tigens such  as the K5 are associated w ith  Escherichia coli 
causing  serious ex tra in testina l infections. G enes for the p ro d u c tio n  of 
g roup  11 capsules (kps ) are organised  into three functional regions 1, 1 and  
3. The central reg ion  2 encodes p ro te ins involved  in  the b iosynthesis of 
type specific polysaccharide. Proteins encoded by the flanking regions 1 and 
3 are in v o lv e d  in  the ex p o rt of p o ly sacch arid e  across the  bac te ria l 
m em branes un to  the cell surface. T ranslocation  of po lysaccharide across 
the inner m em brane is m ed iated  by tw o region 3 encoded p ro teins, KpsM  
and  KpsT w hich belong to the A T P-binding cassette (ABC) superfam ily  of 
transpo rte rs . Region 1 encodes six p ro te ins, KpsF-E-D-U-C-S. The KpsE 
p ro te in  w as show n  to localise in  the in n er m em brane and  m u ta n ts  
lacking the encoded p ro te in  w ere unable to export po lysaccharide to the 
cell surface. To u n d e rs ta n d  the export role of the KpsE, its m em brane 
topo logy  w as d e term ined  u sing  TnphoA  m utagenesis and  (3-lactam ase 
fusions. The topology w as confirm ed by accessibility of fusion  pro teins to 
proteinase K. These results ind icated  that the KpsE pro tein  adopts a type 11 
b itopic m em brane topology consisting of an N -term inus in  the cytoplasm  
fo llow ed by  a m em brane spann ing  dom ain , a large perip lasm ic segm ent 
and  a C -term inus tha t m ay  be associated w ith  the outer m em brane. O n the 
basis  of s tru c tu ra l s im ila rity , the KpsE p ro te in  is p ro p o se d  as the 
m em brane fusion p,rotein (MFP) com ponent in the KpsM  and  T -m ediated  
export of g roup 11 capsular polysaccharide and  it is postu la ted  to function 
in  the  late stages of export across the perip lasm ic space un to  the cell 
surface. The d e te rm in ed  m em brane  topo logy  con trad ic ts  a second  C- 
te rm in a l tran sm em b ran e  d o m a in  in  th e  p ro p o se d  m o d e l b a se d  on 
se co n d a ry  s tru c tu re  p red ic tio n s . This p o in ts  to the im p o rta n ce  of 
experim ental data  in  the estab lishm ent of m em brane topological m odels. 
In ad d itio n , the clon ing  and  analysis of a bac te rio p h ag e-b o rn e  lyase 
enzym e specific for the E. coli K5 capsular polysaccharide is described. The 
ac tiv ity  of the K5 lyase enzym e w as d em o n stra te d  in vitro  and  its 
applications are discussed.
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Chapter 1 

In troduction

The production  of an extracellular layer of polysaccharide term ed capsule is a 
com m on fea tu re  of m an y  bac te ria . E n ca p su la ted  bac te ria  of m ed ica l 
im portance are num erous and  have been  associated w ith  serious invasive 
in fec tions such  sep ticaem ia , m e n in g itis , p n eu m o n ia  an d  u r in a ry  tract 
infections. The capsule as a v irulence determ inant has been dem onstra ted  in 
experim ental m odels of infection in  w hich the rem oval of capsule resu lted  
in  loss or reduced  v iru lence of such bacteria. This acidic surface po lym er 
confers on bacteria the ability to evade the various facets of the host defence, 
in c lu d in g  c o m p lem en t-m e d ia ted  b ac te rio ly sis , u p ta k e  a n d  k illin g  by 
phagocy tes . This p ro tec tiv e  fu n c tio n  of the cap su le  can h o w ev e r be 
overcom e w ith  capsu le-specific  an tibody . It is due  th e re fo re  to the ir 
im p o rtan t role in  disease and  as likely vaccine candidates tha t capsules are 
being  s tud ied . In fact the enorm ous d iversity  of s tru c tu re  as w ell as the 
n a tu re  by w hich  these acidic po lym ers are syn thesised  and  transloca ted  
across the bac te ria l m em branes to the cell surface p re se n t in te re s tin g  
p rob lem s to researchers in  the field. This thesis com prises a s tru c tu re - 
function  s tu d y  of the KpsE p ro tein  and  an analysis of a cloned Escherichia  

coli K5 capsule-specific bacteriophage-borne lyase enzym e.

1.1 Bacterial Capsules

The m ajor surface an tigens of m any  G ram -negative bac te ria  of d iverse  
genera are the lipopolysaccharide (EPS) and  the capsular polysaccharide. The 
EPS or O an tigens consist of lip id  A covalently  linked  to the O -specific 
po lysaccharide (Jann and  Jann, 1987, 1990). D istinct from  the O antigens are 
the capsu lar polysaccharides w hich  are p resen t in an extracellu lar envelope 
w hich m ay cover the O antigen. These additional antigens on the surface of 
bacterial ou ter m em branes can be secreted into the su rro u n d in g  m ed ium  as 
ex trace llu la r slim e or m ay be o rgan ised  in to  d is tin c t s tru c tu re s  te rm ed  
capsules (0 rsk o v  et a l ., 1977, 1984; 0 rsk o v  and  0 rsk o v , 1992).

Slime polysaccharides are usually  released into the grow th m ed ium  probably  
due to lack of anchoring structu res to the bacterial outer m em brane (0 rsk o v



et a l ,  1984; W hitfield and  V alvano, 1993) and  are easily extracted by w ashing. 
Some of the w ell know n  exam ples of this type of po lysaccharide  are the 
a lg inates p ro d u ce d  by Pseudomonas,  the dextrans of Agrobacteriurn  and  
x an th an  gum  p ro d u ced  by Xanthamonas carnpestis (S u therland , 1985). O n 
the  o th e r  h a n d , ca p su la r  p o ly sa cc h a rid e s  ex ist as an  h y d ra te d  gel 
su rro u n d in g  each bac teria l cell an d  requ ires a m ore v igo rous ex traction  
p ro ced u re  by v irtu e  of the ir association  to the bacterial ou te r m em brane. 
H o w ev er, it h as  b een  n o te d  th a t e n c a p su la te d  b ac te ria  do  re lease  
polysaccharide into the g row th  m edium  (Hancock and  Cox, 1991). Troy et a l  
(1971) rep o rted  20% of the capsu lar po lysaccharide of Aerobacter aerogenes 
are easily  ex trac ted  by w ash ing . The loose b in d in g  of som e cap su la r 
polysaccharides to the bacterial w all is also exem plified by a p recip itin  halo 
su rro u n d in g  a colony g row n on serum  agar (Petrie, 1932; Kaijser, 1977). 
Thus, the d istinction  betw een  slim e and  capsule is som ew hat arb itra ry  and 
m ay be of no functional significance (Boulnois and  R oberts, 1990; 0 rsk o v  
and  0 rsk o v , 1990).

The concept of a bacteria l capsule w as derived  largely  from  earlier ligh t 
m icroscopic stud ies, w here  bacterial capsules w ere iden tified  by negative 
s ta in in g  w ith  In d ian  ink  as an exclusion  zone a ro u n d  in d iv id u a l cells 
(0 rsk o v  and  0 rsk o v , 1990). The in terp re ta tion  of light m icroscopic results is 
com plica ted  an d  am b iguous ow ing  to the d is to rtin g  effect to capsu la r 
p o ly sa cc h a rid e  s tru c tu re s  w h en e v e r fixation , d e h y d ra tio n  or s ta in in g  
p rocedures are em ployed (Kellenberger, 1987; Bayer, 1990). This d isto rtion  
effect is attribu ted  to the h igh w ater content of capsules, w hich is in excess of 
95% (S u therland , 1972). H ow ever, the p resence of capsu le  can now  be 
estab lished  in  a num ber of w ays inc lud ing  serology (0 rsk o v  and  0 rsk o v , 
1990, 1992), the use of D N A  p ro b es (R oberts et al., 1986), specific  
bacteriophages (Gross et. a l ,  1977; G upta et a l ,  1985) and  im proved  light and 
e lec tro n  m ic ro sco p y  (Bayer, 1990). The d ia m e te r  of ca p su le  varies  
co n s id erab ly  ran g in g  from  Ip m  to 10pm  in less and  h ig h ly  exp ressed  
conditions respectively  (Sutherland , 1977; Bayer, 1990). C apsu les su rro u n d  
the organism  totally and in  a m ore or less even layer (Bayer, 1990). C apsules 
are m a in ta in ed  on the cell su rface  of G ram -negative  b ac te ria  th ro u g h  
a ttach m en t to p h o sp h o lip id  (G ostschlich  et a l ,  1981; S chm idt and  Jann, 
1982) lip id  A (Jann and  Jann, 1990) or in  the case of G ram -positive bacteria 
th ro u g h  linkage to pep tidog lycan  (Yeung and  M attingly, 1986; Sorensen et 
a l ,  1990). In addition , ionic interactions m ay help the cell surface re ten tion  
(Jann and Jann, 1990).



C apsules are acidic po lym ers com posed of hom o- or heteropolysaccharides 
w hich  can be linear or branched . The repeating  m ono- or o ligosaccharide 
un its of the polysaccharide can be substitu ted  w ith short side chains. H ence 
changes in  substitu tion  and  com ponent m onosaccharide residues as well as 
the n a tu re  by  w hich these com ponents are linked together bring  about great 
d iversity  in  capsular polysaccharide. As a result, a w ide varie ty  of bacterial 
polysaccharides have been iden tified  (Kenne and  L indberg , 1983). Some of 
these polym er types are listed in  table 1.1. The com ponents include pentoses, 
hexoses, heptoses, am ino sugars, m ethy la ted  sugars and  uronic acids, and  in 
ad d itio n , n o n -su g a r su b s titu tio n s  such  as p h o sp h a te , fo rm a te , rib ito l, 
su cc in a te , p y ru v a te  an d  acetyl g ro u p s  (S u th e rlan d , 1977; K enne an d  
L indberg , 1983). A lso, m onom ers th a t w ere once th o u g h t to be un iq u e  to 
p a rticu la r cell s tructu res have been found  in several polysaccharides. For 
instance, 2-keto-3-deoxym annosoctonic acid (KDO) w idely  considered  to be 
solely associated  w ith  LPS is in  fact a d istinctive feature of several E. coli 

cap su le s  (Jann an d  Jann , 1983). The su g a r N -a ce ty ln e u ra m in ic  acid  
(N euN A c) th a t occurs m a in ly  in  g ly co lip id s  an d  g ly c o p ro te in s  is a 
p rom inen t feature of E. coli K1 and Neisseria ni.eriingif.idis g roup  B capsular 
polysaccharides (Kasper et al., 1973). The occurrence of am ino acids as m ajor 
constituen ts of po lysaccharides, such as threonine in the K54 an tigen  of E. 
coli (H ofm ann et a l ,  1985) and lysine in Proteus rnira.hilis O  polysaccharide 
(Grom ska and  M ayer, 1976) is equally  uncom m on.

C apsu lar po lysaccharide types do resu lt also from  differences in linkage of 
the repeating  units. For exam ple, the polysialic acid of E. coli K1 (Dew itt and  
R ow e, 1961; M cG uire an d  B inckley, 1964), N. ni.eningit.idis g ro u p  B 
(B hattacharjee et al .,1975; 0 r s k o v  et al ., 1979) and Pasturella haernolytica  

A 2  (Adlam  et a l ., 1987) have a(2-8) linkages, w hereas a(2-9) linkages are seen 
in  the polysialic acid of N. rneningitidis g roup C (Bhattacharjee et al ., 1975). 
O n the o ther hand , identical po lysaccharides can be expressed by d ifferent 
bacteria l species. The hom opolym er of N -acety lneuram inic acid is found  in 
b o th  E. coli K1 and  N . ni.eningiti.dis g roup  B capsules (Kaspar et a l ,  1973) 
an d  the en terobac teria l com m on an tigen  (EGA) is fo u n d  in  all en teric  
bac teria  except Enoinia chrysant.hen.ii (Kuhn et. a l ,  1988). The presence of 
identical polysaccharides in diverse bacteria does raise in teresting  questions 
concerning the evolution of polysaccharide types.



T able 1.1: C om position  of som e Bacterial C apsu lar Polysaccharide

Organism A ntigen/ Repeating unit Reference

Group

K30 -2)-Man-(l,3)-Gal-(l- Chakraborty et 
a/ . (1980)

3

1

P-C lcA -(l,3)-C al

K40 4)-p -G lcA -(l,4 )-a -G lcN A c-(l,6 )-a -G lcN A c-(l

1

CO.NH (serine)

D e n g le r  et al . 
(1986)

E. coli K1 -8)-a-N eu N A c-(2- M cG uire and  
Binckley (1964)

K5 -4)-(3-G lcA -(l,4)-a-G lcN A c-(l- V ann  et al . 
(1981)

KIO -3)-cx-Rha-( l,3 )-P -Q u i4N M al-(l - 

1

OAc

Sieberth et al . 
(1993)

K54 -3 )-p -G lcA -(l,3 )-a -R h a -(l-

1

CO.NH threonine (serine)

H ofmann et al . 
(1985)

A -6)-a-M an N A c-(l-P 0 4 B undle et al . 
(1974)

3

OAc

N .  B 

mening i t id is

W 135

-8)-a-N eu N A c-(2-  

-6)-a-G al-(] ,4 )-a -N eu N A c-(2 -

Bhattacharjee  
et 0/ . (1975)

Bhattacharjee  
et a/ . (1976)

H .  b 

in f luenzae

-3)-p -R ib f-(l,l)-R ib ito l-(5 -P0 4 Cri se l et al . 
(1975)

Abbreviations: Gal, galactose; GlcA, glucuronic acid; GlcNAc, hi -acetylglucosamine; Man, 
mannose; M anNAc, N  -acetylm annosam ine; N euN A c, N  -acetylneuraminic acid; OAc, 0  
-acetyl group; PO4, phosphate group; Qui4NM al, 4 ,6-dideoxy-4-m alonylam inoglucose; 
Rha, rhamnose; Ribf, ribofurose.



Such is the structu ra l d iversity  and  rela tedness of capsu lar polysaccharides 
am ong diverse bacterial genera th a t the focus w ill henceforth  be on those of 
m ed ica l im portance . A m ong  th is g ro u p  are the capsu les of K lebsie lla  

sp e c ie s . S t r e p t o c o c c u s  p n e u m o n i a e ,  H a e m o p h i lu s  in f l u e n z a e ,  N .  
m en in g it id is  and  E. coli. These o rgan ism s have been  assoc ia ted  w ith  
serious invasive infections such as septicaem ia, m eningitis and  u rinary  tract 
infections (Peltola, 1983; Jennings, 1990).

1.2 Functions of Bacterial Capsules

C apsules regardless of com position has been show n to affect dehydra tion , 
ion ic  exchange b e tw e en  b ac te ria  an d  en v iro n m en t, a d h e ren ce  an d  
colonisation of inert and  liv ing surfaces, infection by bacteriophages and 
the overall virulence of the bacterium  (Costerton et al ., 1981, 1987).

1.2.1 P reven tion  of D esiccation

The capsule form s a h y d ra te d  gel at the cell surface tha t m ay p rev en t 
desiccation and  thus increase the survival of the bacteria (C osterton et al ., 

1987). This pro tective effect w as recen tly  am ply  d em o n stra ted  w ith  the 
exopolysaccharide of Pseudomonas species (Roberson and  Firestone, 1992) 
an d  the  colanic acid of E. coli K12 (O phir an d  G utnick , 1994). M ucoid  
s tra ins of E. coli, Acinetobacter calcoaceticus and  Enoinia stezoartii have 
been show n to be m ore resis tan t to d ry ing  than  the isogenic non-m ucoid  
s tra in s  (O phir and  G utnick, 1994). In E. coli , the expression  of genes 
encod ing  enzym es for the b iosyn thesis of colanic acid  is increased  by 
desiccation (O phir and  G utnick, 1994). This apparen t regulation  of capsule 
expression by desiccation is no t fully understood . A possible explanation  is 
th a t desiccation increases the external osm olarity  w hich triggers increase 
in  capsule biosynthesis. Increased expression of the Vi po lysaccharide in 
Salmonella typhi (P ickard  et al ., 1994) and  a lg ina te  b io sy n th es is  in 
Pseudomonas aeruginosa (Berry et al ., 1989) are know n to be in d u ced  by 
h igh  external osm olarity.

1.2.2 A dherence to Surfaces

C ap su la r po lysaccharides m ay p rom ote  adherence an d  co lon isa tion  of 
in e rt and  liv ing surfaces and  thereby  facilitate the fo rm ation  of biofilm s 
(C osterton  et al ., 1981, 1987). This is a ttr ib u ted  to electrostatic attrac tion  
betw een  the polysaccharide and  surfaces and  the in tergeneric interactions



am ong the m icrobial popu la tion  th a t m ake the biofilm  (Jenkinson, 1994). 
E lec tro sta tic  a ttrac tio n  m ay  p a rticu la rly  benefit bac te ria  th a t in h a b it 
o ligo troph ic env ironm ents since n u trie n ts  are also a ttrac ted  to the cell 
su rfaces (C osterton  et al 1981). M icrobial b iofilm s m ay  p ro v id e  the 
ind iv idual bacteria pro tection  from  p reda tion  by phagocytic p ro tozoa and  
slim e m oulds and  from  infection by som e bacteriophages (D udm an, 1977).

The ability of bacteria to colonise surfaces and  form  biofilm s is im portan t 
in  the  d e v e lo p m e n t of d e n ta l ca ries an d  has o th e r  fa r-re a c h in g  
consequences. These inc lude  the co lon isa tion  of in d w ellin g  ca the ters 
w hich  m ay lead  to serious nosocom ial infection in  hosp ita lised  patien ts 
and  in  the fouling of p ipes in industria l processes (C osterton et al ., 1987). 
The fo rm a tio n  of b io film  d u e  to o v e re x p re ss io n  of a lg in a te  by 
P seudom onas  species w ith in  the lungs of cystic fib rosis p a tien ts  is 
b e liev ed  to p re se n t an im p e d im e n t to an tib io tics d u r in g  trea tm e n t 
(G ovan, 1988). W hilst the m ajo rity  of capsu la r p o ly sacch arid es m ay 
p ro m o te  adherence to surfaces, the cell surface p o ly saccharide  of P. 
mirabilis facilitates the sw arm ing  of cells over solid  surfaces by reducing  
friction (Gygi et a l ., 1995).

C apsu lar polysaccharides m ay also be involved in bacterial-p lant sym biotic 
in te ra c tio n s . T he fo rm a tio n  of n itro g e n -f ix in g  ro o t n o d u le s  on 
le g u m in o u s  p la n ts  by  R h iz o b iu m  sp e c ie s  in v o lv e s  b a c te r ia l  
polysaccharides (Gray and  Rolfe, 1990; N oel, 1992). The m ajor com ponent 
of capsu la r po lysaccharide  of R. meliloti is succinoglycan  an d  m u ta n t 
stra ins of R. rneliloti th a t do no t syn thesise  succinoglycan  do induce  
n o d u la tio n  in  alfalfa, bu t do n o t penetra te  or colonise the nodu le , w hich 
sh o w s th a t su c c in o g ly can  is re q u ire d  for n o d u le  in v a s io n  an d  
d evelopm ent (Noel, 1992).

1.2.3 V iru lence

There is considerable evidence that the capsular po lysaccharides of both 
G ram -negative and  G ram -positive bacteria p lay  a vital role in  virulence by 
conferring  se rum  resis tance and  inh ib iting  phagocytosis (H orw itz  and  
Silverstein, 1980; Kim et al ., 1986). The production  of alginate by strains of 
P. aeruginosa causing lung  infections is believed to be the m ajor cause of 
m orbid ity  and m ortality  am ong cystic fibrosis patients (Govan, 1988).



1.2.3.1 Resistance to N onspecific Host Immunity

C ap su la r p o lysaccharides often  confer resis tance to non-spec ific  host 
im m u n ity  th ro u g h  several m echanism s (Cross, 1990; M oxon and  Kroll, 
1990). D uring  bacteria infection, com plem ent can be activated by either the 
classical or alternative p a th w ay  and  in bo th  cases the final p ro d u c t is the 
activation  of the m em brane attack  com plex (MAC), w hich causes lysis of 
G ram -negative  bacteria  by p ierc ing  the ou ter m em brane (Joiner, 1985; 
Joiner et al ., 1984). The classical pathw ay  is activated  by b ind ing  of cell 
surface com ponents to antibodies, w hile the alternative p a th w ay  (AP) is 
im p o rtan t in  the pre-im m une state of infection w hen  specific antibodies 
are absent. The AP is in itia ted  by the non-specific b in d in g  of the serum  
pro tein  C3b to the bacterial cell surface. The bound  C3b is then activated by 
in teracting  w ith  factor B to form  the C3 convertase, C3bBb. This results in 
the deposition  of m ore C3b and  the form ation of MAC (Frank et ai ., 1987). 
B acterial capsules m ay resist com plem en t-m ed iated  k illing  by  m ask ing  
u nderly ing  cell surface structu res that are likely to activate the alternative 
p a thw ay  (Horw itz and  Silvers tein, 1980; Loos, 1985; Cross, 1990).

A lternatively , bound  C3b can be inactivated  by factor I to form  iC3b, w ith  
factor H  acting as a cofactor. Some capsular polysaccharides especially those 
con tain ing  sialic acid, inc lud ing  E. coli K1 and  K9 con tribu te to serum  
resistance by acting as poor activators of the alternative pathw ay  (Joiner et 
al ., 1984; M ichalek et al ., 1988). This is achieved by the ability of the sialic 
acid  con ta in in g  p o ly saccharides to b in d  fac to r H , w h ich  b reaks the 
am plification  loop of the AP and  thereby prevents the form ation  of MAC 
(M ichalek et al ., 1988). E. coli causing  serious invasive infections exhibit 
p articu la r com binations of O and  K antigens and  it is tho u g h t that these 
polysaccharides act in  concert to confer resistance to com plem ent-m ediated  
killing (Kim et a l ., 1986). In addition , the capsular polysaccharides of E. coli 
K1 and  K92, as w ell as the types b and  c capsular po lysaccharides of N .  
m eningit id is  exert their se rum  resistance by exhibiting  low  affin ity  for 
factor B w hich  inh ib its  the fo rm ation  of C3 convertase (Stevens et al ., 
1978; Joiner et a l ., 1984).

The bacterial capsule m ay confer pro tection  against com plem ent-m ediated  
opsonophagocytosis. Phagocytes generally have receptors for an tibody  and 
com plem ent on their surfaces, and  the b inding  of an tibody or com plem ent 
to the bacterial surface (opsonisation) does prom ote phagocytosis (Joiner, 
1985). C apsu le is th o u g h t to confer resistance to com plem en t-m ed iated  
phagocy tosis  th ro u g h  steric h ind rance, w hereby  the capsule m asks the
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u nd erly in g  C3b deposited  on the cell surface from  C3b recep tors on the 
phagocyte. The K1 antigen is a po ten t inhibitor of phagocytosis and  this is 
largely  a ttribu ted  to its inability  to activate com plem ent and  to b ind  C3b 
efficiently  (A llen et nl 1987; M ichalek et ni 1988). In contrast, the K5 
antigen does no t appear to confer protection  against phagocytosis (Cross et 
al ., 1986, Cross, 1990), desp ite  the frequen t isolation of the pathogenic E. 
coli K5 s tra in  fro m  cases of n e o n a ta l m e n in g itis , se p tic a e m ia , 
pyelonephritis and  u rinary  tract infections (0 rsk o v  and  0 rsk o v , 1992). The 
K5 serotypes involved  in this infections are often associated w ith  lim ited  
cell surface structu res (075;K5;H5, 06;K5;H1 and  018ac;K5;H"), and  their 
invasive  a ttr ib u tes  m ay reflect the function  of o ther surface an tigens, 
in c lu d in g  the O antigen . The n e t nega tive  charge an d  h y d ro p h o b ic ity  
conferred on the cell surface by capsular polysaccharide m ay also serve to 
in h ib it in te rac tio n  of phagocytes w ith  the bacteria  (A llen et al ., 1987; 
Roberts et a l ., 1989; Cross, 1990). H ighly charged K antigens tend to confer 
greater resistance to phagocytosis (Moxon and  Kroll, 1990).

In  certain  bacteria, the expression of cell surface po lysaccharide m ay be 
sw itched  on or off from  one generation  to the next, a term  referred  to as 
phase varia tion  (K im ura and  H ansen, 1986). This has been observed w ith  
the lipopolysaccharide of H. influenzae type b and has been suggested  as 
an  im p o rta n t m echanism  for the bacteria  to evade im m une responses 
(K im ura and  H ansen , 1986). Phase varia tion  has no t been observed  w ith  
the O and  K an tigens of E. coli (W hitfield  et al ., 1984), a lth o u g h  O- 
acetylation variants of the K1 polysaccharide have been observed (0 rsk o v  
et al ., 1979). The basis and  role of the K1 variation  is not known.

1.2.3.2 Resistance to Specific H ost Im m unity

In co n tra st to m o st po lysaccharide  capsu les w hich  can elicit im m une 
responses w ith  the developm ent of specific antibodies (Lee, 1987; Jennings, 
1990), certain  capsu lar po lysaccharides are poorly  im m unogenic . This is 
largely  a ttr ib u ted  to their sim ilarity  to particu la r m am m alian  struc tu res 
(Jann et al ., 1992). For instance, the poly  a-2,8-sialic acid found  in  E. coli 

K1 and  g roup  B m eningococcal polysaccharides is a struc tu re  sim ilar to 
the neu ra l cell adhesion  m olecule, n -CAM in m am m alian  cells (Finne et 
al ., 1983); and  the heteropo lym er of (3-1,4-linked g lucoronic acid and  N  

-ac e ty lg lu co sa m in e  of E. coli K5 is id en tical to the firs t po lym eric  
in te rm ed ia te  of m am m alian  hep a rin  (Vann et al ., 1983). Such s truc tu ra l 
m im icry by capsular polysaccharides to glycosam inoglycans found  on host 
tissues (F inne et al ., 1983; L indah l et al ., 1994) m eans th a t in fec ted



ind iv id u als  are unable to m o u n t a specific im m une response to bacterial 
strains carrying these capsules.

1.2.4 Im m unogen icity

M ost capsu lar polysaccharides are im m unogenic and m ay be u sed  for the 
generation  of vaccines (Lee, 1987; Jennings, 1990). The po ten tia l of capsular 
polysaccharides as vaccines has been dem onstra ted  w ith  a num ber of life- 
tre a te n in g  d iseases. The vaccine ag a in s t m en in g itis  cau sed  by N . 
meningitidis  consists of the purified  polysaccharides from  serogroups A, 
C, W135 and  Y, w hich constitute 90% of the serogroups encountered  in  all 
infections (Cadoz et al ., 1985). In H. influenzae  six serological types exist 
and  of these, the type b H. influenzae is the m ajor cause of m eningitis in 
m an (Jennings, 1990) and the type b polysaccharide vaccine was show n to 
offer p ro tec tion  against infections caused by this bacterial s tra in  (M oxon 
and  R appouli, 1990; Jennings et al ., 1993). The situation  is d ifferen t w ith  
the S. pneumoniae  w here 23-valent polysaccharide vaccine is needed  to 
p rov ide effective coverage (Jennings, 1990).

D espite the success obtained w ith  the use of polysaccharide vaccines, their 
age-re lated  im m unogen ic ity  p roved  a severe lim itation . Infan ts resp o n d  
very  poorly  to polysaccharide vaccines (Peltola et al ., 1977; Robbins, 1978; 
Jennings, 1983). P urified  polysaccharides are T-cell in d ep en d en t antigens, 
only  capable of induc ing  im m une responses that are m ain ly  of the IgM  
isotype w hich are not boostable by fu ther exposure (Gotschlich et al ., 1977). 
The conjugation  of po lysaccharides to p ro te ins has been em ployed  to 
circum ven t this p rob lem  (Jennings, 1990). A w ide range of an tibodies of 
the IgG isotype that can be boosted by repeated  exposures are p roduced  by 
in fan ts in  response to p o ly saccharide -p ro te in  conjugates (Robbins and  
Schneerson, 1990). The effectiveness of conjugate vaccines in reducing  the 
incidence of serious infections caused by H. influenzae type b has attracted  
its w id e  usage in  m any  coun tries (M oxon and  R appou li, 1990). The 
im m une response to po lysaccharide vaccines m ay also be im p ro v ed  by 
chem ical m odification  of the po lysaccharide (Jennings et al ., 1993). This 
ap p ro ach  has been  ad o p ted  w ith  som e success in the p ro d u c tio n  of N  

-p rop iony lated  B polysaccharide-te tanus toxoid conjugate from  the native 
po lysaccharide m oiety  (Jennings et al ., 1986). N either the rep lacem ent of 
the N  -acetyl g roups w ith  N  -p rop riony l residues nor the conjugation of 
this p ro d u c t to p ro te in  affected the polysaccharide-specific IgG an tibody  
responses to E. coli K1 and  group B m eningococci (Jennings, 1990). Thus, a 
p ro m is in g  area  of s tu d y  to ov erco m e the lim ita tio n s  of m an y



polysaccharide vaccines especially w ith  im m unogenicity  is the design of 
sem i-synthetic or m odified  polysaccharides for use as vaccines.

In  sum m ary , it is clear tha t bacterial capsules play im p o rtan t roles in  the 
onse t and  developm ent of disease. The cloning and  m olecu lar analysis of 
several of the capsule gene clusters w ill obviously be of g reat benefit in  the 
m odification of capsules for therapeutic use.

1.3 Escherichia coli Capsular (K) Antigens

E. coli is usua lly  a m em ber of the no rm al gu t flora of b o th  h u m an s and  
anim als. H ow ever, it is a com m on cause of opp o rtu n is tic  in fection  w ith  
certain  stra ins associated  w ith  severe and  life-treaten ing  diseases. W hilst, 
capsules are expressed by com m ensals and  in testinal etiologic E. coli of the 
gastro in testinal tract, specific E. coli K serotypes are frequen tly  associated  
w ith  extrain testinal isolates (Jann and  Jann, 1983; 0 rsk o v  et n i ,  1984). E. coli 
has been  show n  to p roduce  m ore than 70 chem ically  and  sero logically  
distinct capsular polysaccharides (0 rsk o v  et n i ,  1977). Ind iv idual isolates can 
on ly  p ro d u ce  one of these po lym ers, expression  of w hich  is stable , and  
sw itching of capsular type has no t been docum ented  (Boulnois and  Roberts, 
1990).

1.3 .1 C lassification of E. coU C apsular A ntigens

The capsules of E. coli w ere originally d iv ided  into two broad  groups, I and II 
on the basis of a num ber of criteria, includ ing  chemical structure , size, m ode 
of expression and  chrom osom al location of their genetic determ inan ts (Jann 
an d  Jann , 1987). The existence of a th ird  g roup  of ca p su la r an tigens, 
designated  g roup  I / I I  (Finke et nl ., 1990) or g roup  III (Pearce and  Roberts, 
1995) has now  been dem onstrated.

1.3.1.1 G roup I C apsules

The expression  of g roup  I capsu lar po lysaccharides is restric ted  to E. coli 
serotypes 0 8 , 0 9  and  occasionally 02 0  and  O lO l (Jann and  Jann, 1990). In 
general, g roup  I capsules are m ore stable to heating  at 100°C and  belong to 
the low  electrophoretic m obility capsular type (Jann and  Jann, 1983). G roup  I 
po lysaccharides have low  charge density , h igh  m olecu lar w eigh t and  are 
expressed at all g row th  tem perature (Table 1.2) (Jann and  Jann, 1983; 1990).
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They are com posed m ain ly  of g lucuronic acid, galacturonic acid and  their 
ketosid ic-pyruvate substitutions. Certain group  I capsules have am ino sugars 
as structu ra l com positions and  on this basis they have been fu rther d iv ided  
into groups la and  Ib, depend ing  on the absence or presence of am ino sugars 
in  the ir struc tu re  (Jann and  Jann, 1987, 1992). G roup la  K antigens do no t 
contain  am ino sugars, and they resem ble the K antigens fo und  in Klebsiella 
species. For exam ple, the E. coli K28 and  K55 an tigens are respectively  
iden tical to the K54 and  K5 antigens of Klebsiella (Jann an d  Jann, 1992). 
G roup  la K antigens show  som e sim ilarities in structu re to colanic acid and 
the genes for the b iosynthesis of colanic acid (cps ) and  g roup  la K antigens 
are allelic (Keenleyside ef al ., 1992). It is im portan t to note that colanic acid is 
loosely  associated  w ith  the cell surface and  therefore sho u ld  be term ed a 
slim e polysaccharide. G roup  Ib K antigens contain am ino sugars and  have 
no co u n te rp arts  in  o ther bacteria . S trains expressing  g ro u p  Ib capsu la r 
polysaccharide are also able to express colanic acid (Keenleyside et al ., 1992).

G roup  I capsu lar antigens are though t to be attached to the cell surface by 
core-lipid A and  therefore resem ble LPS (Jann et al ., 1992). It is now  know n 
tha t core-lipid A is not a universal feature of group I K antigens and  has been 
found  n o t to be essential for the surface expression of the K30 polysaccharide 
(M acLachlan et al ., 1993). A nalysis of the size of the £. coli K30 an tigen has 
revealed  a polysaccharide of p rim arily  h igh m olecular w eight tha t consists of 
one rep e a t u n it u n lin k ed  to co re-lip id  A (M acLachlan et al ., 1993). In 
add ition , E. coli K30 m utan ts w ith  truncated  lipid A core {rfa m utan ts) still 
m ake w ild-type capsule as seen on electron m icroscopy (M acLachlan et al .,
1993). This im plies tha t the cell surface expression  of such  capsu les is 
independen t of core-lipid A and such K antigens m ay be associated at the cell 
surface th rough  ionic interactions w ith  other attached m olecules. For the E. 
coli K40 g ro u p  Ib an tig en , b o th  low  an d  h ig h  m o le c u la r  w e ig h t 
po ly saccharide  chains exist. The m ajority  of the capsu lar p o lysaccharide  
exists as h igh m olecular w eight species tha t are linked to lip id  A-core w hich 
is typical of the LPS m olecule (D odgson et a l ., 1996). A part from  core-lipid A 
attachm ent, the effect of the w l  gene p roduct on the expression of g roup Ib K 
antigens suggests th a t the group  Ib K antigens should  be considered  as O 
a n tig e n s . T he rol gene  p ro d u c t m o d u la te s  the ch a in  le n g th  of 
h e te ro p o ly m e ric  LPS O an tig en s  in  a n u m b er of E n te ro b ac te riaceae  
(Batchelor et al ., 1992; Bas tin et al ., 1993; M orona et al ., 1995). The rol gene 
is p resen t on the chrom osom e of group  Ib K antigen expressing strains, and  
the in troduction  of a m ulticopy  rol gene w as show n to m odu la te  the chain 
leng th  of the K40 (group Ib) K an tigen  in  a m anner iden tical to the Rol-
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dependen t O antigen (D odgson et n l 1996). In the past, strains expressing the 
group  Ib K antigens have been said to possess two O antigens, one acidic (K 
antigen) an d  the o ther n eu tra l (LPS) (0 rsk o v  et nl ., 1977; Jann and  Jann, 
1990).

The genetic determ inants for g roup  I capsules have been show n to m ap at 44 
m inu tes on the E. coli chrom osom e near the his and  rfb loci (0 rsk o v  et al ., 
1977). S tudies using  the K27 an tigen  indicate that a second trp -linked (r/c ) 
locus is necessary for surface expression of a com plete capsule, a lthough this 
is no t seen in  the K30 an tigen  (Schm idt et al ., 1977; Laasko et al ., 1988) and 
has n o t been dem onstra ted  in  o ther g roup  la K an tigen  expressing  strains. 
The genes for the  b io syn thesis  of g roup  Ib capsu lar an tigens have been  
assum ed  to be located  at the sam e his and  rfb loci, bu t this has no t been 
show n.

1.3.1.2 G roup II C apsules

U nlike the group  I capsule, g roup  II capsu lar po lysaccharides have a h igh 
charge density  and  are no t expressed  at g row th  tem p era tu re  below  2QOC 
(0 rsk o v  et a l ,  1984; Jann and  Jann, 1987). G roup II K antigens are heat-labile, 
u su a lly  re leased  from  the cell d u rin g  hea ting  at 100° C. This has been 
a ttr ib u ted  to the labile linkage na tu re  betw een the group  II po lysaccharide 
an d  its anchor in  the ou ter m em brane (Jann and  Jann, 1983). G roup  II 
p o ly saccharides are associa ted  w ith  p h o sp h a tid ic  acid at the ir red u c in g  
term in i, and  this su b stitu tio n  is th o u g h t to serve as a m em brane anchor 
(Schm idt and  Jann, 1982; Jann and  Jann, 1990). They are of low  m olecular 
w eig h t an d  thus belong  to the h igh  e lectrophoretic  m obility  group . This 
g roup  of polysaccharides are co-expressed w ith  m any O antigens, excluding 
those associated w ith  group  I (Jann and  Jann, 1987). G roup II polysaccharides 
m ay contain  hexuronic acids, N  -acety lneuram inic acid, or KDO as their 
acidic com ponents (Jann and  Jann, 1987). An im portan t d istinguish ing  factor 
of g ro u p  II capsu le exp ressing  stra ins is the h igh  levels of CM P-KDO 
synthetase (CKS) activity show n at capsule perm issive tem peratu re  (Schm idt 
and  Jann,1982; Finke et a l ,  1989). Genetic determ inants for the expression of 
group  II capsules have been show n to m ap at 64 m inutes near serA on the E. 

coli ch rom osom e (0 rsk o v  et a l ,  1976; V im r, 1991) and  are te rm ed  k p s  
(Silver et a l ,  1984; Vimr et a l ,  1989). These distinction betw een groups I and  
II are sum m arised  in  table 1.2. In m any respect, the group  II K antigens are 
v e ry  s im ila r to c a p su la r  p o ly sa cc h a rid e s  of N. rneningitidis  and  H . 
in f lu enza e  (Jann and  Jann , 1987; 1990). This is qu ite  ev id en t in  the
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serological cross-reactivities of the respective encapsu lated  strains (Robbins 
et al., 1974; 0 rsk o v  and  0 rsk o v , 1990).

1.3.1.3 G roup III Capsules

The serA  locus w as originally  though t to encode a distinct g roup  II capsule 
gene cluster. R ecent s tu d ies  has show n  tha t som e capsu les p rev io u sly  
assigned  as m em bers of g roup  II possess features of g roup  I (Finke et a l ,  
1990; B oulnois et a l ,  1992; D rake et a l ,  1993). These cap su la r an tigens 
include the K2, K3, KIO, K l l ,  K19, K54 and  K98. It has been show n for the K3, 
KIO, K l l ,  K54 and  K98 antigens tha t desp ite  m app ing  near serA  they are 
expressed at all g row th  tem peratu res (0 rsk o v  et a l ,  1984). In add ition , the 
K2, K3, KIO, K l l ,  K19 and  K54 an tigen-expressing strains do not have the 
elevated  CKS activity  at 37°C characteristic of g roup  II capsu le -p roducing  
strains (Finke et al., 1990). These form er group  II capsules w ere tentatively  
classed as group I /I I  (Finke et a l ,  1990). I t  should  be noted, how ever that this 
classification does no th ing  to d istingu ish  these capsule gene clusters from  
those clearly assigned to groups I and II.

The cloning and  analysis of gene clusters for the expression of g roups II 
and  I / I I  capsules has helped  the distinction  of these capsules to be fu rther 
refined. D N A  probes from  group II capsule gene clusters do no t hybrid ise 
to D N A  from  group  I / I I  capsu le-expressing  strains (Drake et al ., 1993). 
Recently, the cloning and  prelim inary  genetic analysis of the KIO and K54 
capsule gene clusters, includ ing  hybrid isa tion  and com plem entation  stud ies 
w ith  the K5 (a g roup  II capsu lar antigen) have revealed  these g roup  I / I I  
capsule gene clusters are quite distinct from  the group II capsule gene clusters 
(Pearce an d  R oberts, 1995). T hus, d esp ite  m ap p in g  n ea r  serA  on the 
chrom osom e as the group II gene clusters, Pearce and  Roberts (1995) show ed 
th a t these capsule gene clusters h ith e rto  referred  to as g ro u p  I / I I  w ere 
su ffic ien tly  d iffe ren t and  w ere  classed as g roup  III. This c lassification  
elim inates any am biguity  su rro u n d in g  the group  I / I I  nom encla tu re, w hich 
does suggest tha t these capsule gene clusters are in fact hybrid  of the clearly 
classified groups I and  II K an tigen clusters. H ybrid isation  stud ies w ith  the 
K l l  and  K19 strains suggest that these capsule gene clusters are not m em bers 
of g roup  III and  m ay rep resen t a new  class of capsule gene clusters (Pearce 
and  Roberts, 1995).
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Table 1.2: D ifferences A m ong G roups I, II and III C apsular Polysaccharides
oèE.coU

G roup

Property I II 111

M olecular w eigh t >100Kd <50Kd <50Kd

State of lip id  linkage at 
lOQOC

Stable Labile Labile

A cidic com ponent GlcA
G alA

P yruvate

GlcA
N eu N A c

KDO
M anN A c

P hosphate

GlcA
N eu N A c

KDO
M anN A c

P hosphate

Expression below  20°C Yes N 0 Yes

C oexpression w ith  O 
an tigens

0 8 ,0 9 ,  020 M any O antigens N S

Lipid at reducing end Core lip id  A PA PA

Elevated CKS activity at 
37°C

N o Yes N o

G enetic determ inan t on 
the E. coli chrom osom e 

located near

rfb (his ), rfc (trp ) kps {SerA ) kps (SerA )

In tergeneric  
re la tionsh ip  w ith

Klebsiella H. influenzae  

N . rneningitidis
N S

Abbreviation: GalA, galacturonic acid; GlcA, glucuronic acid; KDO, 2-keto-3-deoxy-manno- 

octulosonic acid; M anNAc, N-acetylinannosaminuronic acid; NeuN A c, N-acetylneuraminic 

acid; PA, phosphatidic acid; NS, not stated; CKS, CMP-KDO synthetase
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1.4 E. c o l i  Group II Capsule Gene Clusters

The gene clusters of all g roup  II K an tigens s tu d ied  so far rev ea led  a 
conserved  o rgan isa tion  consisting  of th ree  functional reg ions term ed 1, 2 
and  3 (Figure 1.1).

M olecu lar s tu d ies  on the genes re q u ired  for the exp ression  of £. coli 
serotypes K1 (Silver et al 1981), K5, K7, K l2, and  K92 (Roberts et al 1986) 
and  K4 (Drake et a l ., 1993) show  a sim ilar genetic organisation consisting of a 
central reg ion  2 flanked  by reg ions 1 and  3. M utations in  regions 1 and  3 
resu lt in  the accum ulation  of polysaccharide inside the cell, suggesting  that 
the encoded products are needed  for translocation  of the capsu lar antigen to 
the cell surface (Boulnois et al ., 1987; K rôncke et al ., 1990a,b; Bronner et al ., 
1993a,b). Regions 1 and  3 are conserved am ong group II capsule gene clusters 
and  can be in terchanged (Roberts et a l ., 1986). M utations in either region 1 or 
3 can be com plem ented  in trans by the co rrespond ing  reg ion  from  o ther 
g roup  II capsule gene clusters (Roberts et al ., 1986), w hich  ind icates tha t 
reg ions 1 and  3 encode a conserved  se t of p ro te ins capable of exporting  
chem ically distinct polysaccharides to the cell surface. Thus, genes in regions
I  and  3 are designated  kps in  keeping w ith  their conservation am ong group
II capsule gene cluster.

The central region 2 is serotype specific and  contains genes tha t encode the 
proteins necessary for capsule biosynthesis (Boulnois and  Jann, 1989; Vimr et 

a l ., 1989; Silver and  Vimr, 1990). Thus, the region 2 genes encode products 
th a t are specific for su g a r syn thesis , ac tivation  and  po ly m erisa tio n  of a 
p articu la r po lysaccharide (Roberts et al ., 1986; Vimr et al ., 1989). Region 2 
varies in sizes (Figure 1.1) am ong E. coli serotypes and  these sizes correlate 
w ith  the com plexity of the encoded polysaccharide (Boulnois and  Jann, 1989; 
D rake et al ., 1993). For instance, the com plex heteropo lym er of K4 antigen 
has a 14 kb region 2 (Drake et a l ., 1993) in contrast to the 5.8 kb region 2 of the 
K1 an tigen  (Silver et a l ., 1981, 1984; A nnunziato  et a l ., 1995), and  the 8.0 kb 
region 2 of the K5 antigen (Petit et a l ., 1995) (Figure 1.1).
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Regions

Kl

K5

K4

Figure 1.1: G enetic Organisation of E. co li Group II Capsule Gene Clusters. 
The three functional regions of the K1 gene cluster are show n. Size 
variation in region 2 of the K l, K5 and K4 are represented.Regions 1 and 3 
are conserved among group II capsule gene clusters.

Am ong the group II capsules, the most extensively studied to date are the E. 
coli K l and K5 capsule gene clusters. The K5 antigen is of primary interest 
and w ill serve as a paradigm for other group II capsules.

1.4.1 The E. co li K5 Capsule Gene Cluster

The nucleotide sequence of the entire E. coli K5 capsule gene cluster has 

been determ ined (Smith cf nl ., 1990; Pazzani ct al ., 1993a; Petit et nl 1995) 
and show n to consist of all genes necessary to direct the biosynthesis and 
export of the K5 capsular polysaccharide (Figure 1.2).

Region 2 of the K5 capsule gene cluster spans an 8.0 kb D N A  fragment with  
an overall G+C content of 33.4% (Petit ct nl ., 1995). This G+C content is 
lower than the 50% G+C ratio usually observed for E. coli (0rsk ov , 1984) and 
also low er than the G+C contents of both region 1 (50.6%) (Pazzani ct nl ., 
1993a) and region 3 w ith 42.3% (Smith ct nl ., 1990) of the K5 capsule gene 
cluster. In other G ram -negative capsule gene clusters low er G+C contents 
have been reported (Steenbergen ct nl ., 1992; Edwards ct nl 1994; Ganguli ct 

al 1994; Van Eldere ct al ., 1995) and w as suggested  to reflect a com m on  
origin of these capsule gene clusters (Frosch ct nl ., 1991). The observed  
differences in G+C content between region 2 and those of regions 1 and 3
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w hich  are conserved  in  d iffe ren t g ro u p  II capsu les m ay  in d ica te  the 
acqu isition  of d iffe ren t reg ion  2 sequences p erhaps th rough  hom ologous 
recom bination  betw een  the flanking  reg ions 1 and  3 of an incom ing  and  
resid en t capsule gene cluster. This view  is augm ented  by the find ings of a 
m arked  divergence in  the am ino acid sequences at the C -term ini of region 2 
flanking KpsS and  KpsT proteins from  different capsule gene clusters (Drake, 
1991; Pavelka et al ., 1994). The 3' end  of these genes encoding both  KpsS and 
KpsT pro teins are located at the junction  sites betw een regions 1 /2  and  2 /3  
respectively. Thus, recom bination  events m ay explain the source of capsular 
d iversity  in  group II capsule gene clusters.

Recent analysis of the K5 capsule gene cluster show s that region 2 contains 
fo u r genes d es ig n a ted  k f iA  -D {kfi , for K five an tigen) w ith  tw o large 
in tergen ic spaces (Petit ct al ., 1995) (Figure 1.2). The in  ter genic regions are 
b e tw e en  kfiA  and  B genes and  kfi.B and  C genes. N o rth e rn  b lo tting , 
p ro m o ter p robe analysis and  transcrip t m app ing  revealed  the p resence of 
th ree  p ro m o te rs  loca ted  u p s tre a m  of k f iA  , B and  C an d  th ree m ajor 
overlapp ing  transcrip ts of 8.0, 6.5 and  3.0 kb (Petit et al ., 1995). The 8.0 kb 
transcrip t o rig inating  upstream  of kfiA  gene is a large polycistronic m essage 
th a t overlaps the other two m essages and  spans the entire reg ion  2. Sim ilar 
single polycistronic units have been described for the region 2 capsule gene 
cluster from  E. coli K l (Silver ct al ., 1993) and N. inciting it id is (Edw ards et  
of., 1994).

The genes described  w ith in  reg ion  2 encode four p ro te ins KfiA-D that are 
requ ired  for the b iosynthesis of the E. coli K5 capsular polysaccharide (Petit 
et al ., 1995). The role of tw o of the encoded  p ro te in s in  po lysaccharide  
b iosynthesis have been confirm ed. The KfiC pro tein  is a g lycosyltransferase 
enzym e th a t adds bo th  g lucuron ic acid (GlcA) and  N -ace ty lg lucosam ine 
(GlcNAc) in  an a lternating  m anner at the non-reducing  end  of the grow ing 
po ly saccharide  (Petit et al ., 1995). Searches of the p ro te in  databases and  
CLUSTER-V alignm ent of the p red ic ted  am ino acid sequences of KfiC have 
id e n tif ie d  resp ec tiv e ly  ex tensive  sequence  hom ology  to a n u m b e r of 
g lycosyltransferase enzym es and  three conserved regions tha t m igh t be of 
im p o rta n ce  in  fu n c tio n  of these enzym es (P e tit et al ., 1995). T hese 
hom ologous glycosyltransferase enzym es are involved in the biosynthesis of 
chem ically unrela ted  polysaccharides. The Exo proteins (ExoM, ExoU, ExoO 
and  ExoW) of R. ineliloti are requ ired  for the biosynthesis of succinoglycan 
(G luksm ann et a l ., 1993; Reuber and  W alker, 1993). Lsg, the enzym e encoded 
by  the lsg locus of H. influenzae  is req u ired  for the syn thesis  of an N-
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acety lg lucosam ine-contain ing  ep itope of lipooligosaccharides (LOS) on the 
cell surface (M cLauchlin et nl 1992) and  N odC  is a g lycosy ltransferase 
involved  in  the b iosynthesis of D -glucosam ine-contain ing LOS essential for 
nodu la tion  by Rhizobium  species (Debelle et n l 1992). O thers include H etA  
w h ich  is in v o lv e d  in  the  sy n th e s is  of h e te ro cy st-sp e c ific  e n v e lo p e  
polysaccharide in Anaebenn species (H olland and W olk, 1990) and  the H asA  
p ro te in  w hich  is req u ired  for hyalu ro n ic  acid syn thesis in  S trep to coccu s  
pyogenes  (D ougherty  an d  van  de Reijn, 1993). It is b e liev ed  th a t a 
p o ly sa cc h a rid e  b io sy n th e tic  com plex  ex ists in  the in n e r-face  of the 
cy toplasm ic m em brane and  W estern  b lo t analysis using  an tibod ies to the 
KfiC p ro te in  show s its association  w ith  the inner-face of the cy toplasm ic 
m em brane (G. Rigg, G. G riffiths and  I.S. Roberts unpu b lish ed ). P ro te ins 
encoded  by regions 1 and  3 are also requ ired  for KfiC association w ith  the 
in n e r-face  of the cy to p lasm ic  m em b ran e  (G. R igg an d  I.S. R oberts, 
unpub lished). The KfiD p ro te in  is a U D P-glucose dehyd rogenase  enzym e, 
w hich  catalyses the conversion of U D P-glucose to U D P-glucuronic acid, a 
co m p o n en t su g a r of the K5 po ly sacch arid e  (S ieberth et nl ., 1995). The 
nucleo tide  sequence of the kflD  gene shares significant id en tity  to NAD- 
dependen t sugar dehydrogenase encoding genes in other bacteria (Petit et a l .,
1995). It is 60% identical to the capSA  gene that encode a U D P-glucose 
dehydrogenase enzym e involved in the expression of the type 3 capsule of S. 
pneumoniae  (A rrecubieta et al ., 1994) and  also shares 59% iden tity  to the 
hasB gene requ ired  for the synthesis of hyaluronic acid capsule of g roup  A 
streptococci (D ougherty  and  Van de Rijn, 1993). The overexpression  of the 
KfiD p ro te in  results in elevated U DP-glucose dehydrogenase activity (Petit et 
al ., 1995; Sieberth et al ., 1995), w hich lends further evidence that the KfiD is 
a U D P-glucose dehydrogenase enzym e. The exact roles of bo th  KfiA and  B 
p ro teins in  the biosynthesis of the K5 polysaccharide are still unknow n. The 
kfiA  and  kfiB genes encode proteins of 27 kDa and 66 kDa respectively  and 
are believed to be located in the cytoplasm  (Petit ct al ., 1995). The p red ic ted  
am ino acid sequences of both proteins do no t share any significant hom ology 
to o ther pro teins deposited  in  the database. A m u tan t of the kfiA  gene has 
been found  to exhibit a low  endogenous transferase activity in vitro , bu t can 
ex tend exogenous po lysaccharide (Sieberth, 1994). This evidence suggests a 
ro le  for the en co d ed  KfiA p ro te in  in  the in itia tio n  of p o ly sacch arid e  
b iosyn thesis , or possib ly  req u ired  for the attachm en t of the endogenous 
acceptor on the m em brane, onto w hich polym erisation  catalysed by the KfiC 
occurs. The expression of K5 capsule at 370C as determ ined  by sensitiv ity  to 
the capsule-specific bacteriophage w as abolished w hen TnphoA  w as inserted 
w ith in  the kfiB gene (Stevens, 1995), w hich  also su g g ests  a ro le in
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biosynthesis of the K5 antigen. The po larity  effects of this insertion  on the 
expression of the dow nstream  genes kfiC and  D are unlikely as a separate 
transc rip t for the kfiC  and  D genes has been iden tified  (Petit et al 1995). 
D etail analysis of bo th  the KfiA and  KfiB are cu rren tly  going on to define 
their exact role in the biosynthesis of the K5 capsular polysaccharide.

R egion 3 of the K5 capsule gene cluster consists of two genes kpsM  and  T 
o rgan ised  in  a single tran sc rip tio n a l u n it (Smith et nl 1990). A sim ilar 
o rgan isa tion  w as described  for the reg ion  3 of K l capsu le gene cluster 
(Pavelka et al 1991). The p rom oter for region 3 of K5 an tigen  gene cluster 
has been  m a p p ed  to 741 bp  u p strea m  of the in itia tion  codon  for k p s M  
(S tevens, 1995). T ran scrip t o rig in a tin g  from  the reg ion  3 p ro m o te r w as 
te m p e ra tu re  re g u la te d , o n ly  b e in g  d e te c te d  a t c a p su le -p e rm iss iv e  
tem p era tu re  of 370C (Stevens, 1995). In bo th  the K l and  K5 capsule gene 
clusters, tran sc rip tion  of reg ion  3 is in the sam e d irection  as in reg ion  2 
tran sc rip t. For the K5 capsu le  gene cluster, reg ion  2 w as show n to be 
regu la ted  by RfaH and  a recently  described JU M P-start (Hobbs and  Reezes,
1994) sequence in  reg ion  3 is im p o rtan t for this regu la tion  (Stevens et al .,
1995). A nalysis of the p red ic ted  am ino acid com position  of the encoded  
pro teins indicated  that the KpsM  and T probably  exist as hom odim ers (Smith 
et al ., 1990; Pavelka et. al ., 1991, 1994) that m ay function  in  a polysaccharide 
ex p o rt system  analogous to the  p erip lasm ic  b in d in g  p ro te in -d e p e n d e n t 
tra n sp o r t system  of g ram -n eg a tiv e  bac teria  (H iggins et al ., 1985). The 
functions of these two proteins w ill be d iscussed below  under the section on 
polysaccharide export.

The nucleotide sequence for the entire region 1 of the K5 capsule gene cluster 
has been  determ ined  (Pazzani et al ., 1993a,b). Region 1 consists of six genes 
kp sF E D U C S  (Figure 1.2) o rgan ised  as a single tran sc rip tio n a l un it. By 
N o rth ern  b lo tting  an d  transcrip t m app ing , this transcrip tiona l o rgan isa tion  
has been confirm ed and the prom oter identified to 225 bp upstream  from  the 
sta rt codon of the first gene kpsF  (Sim pson et nl ., 1996). The p rom oter had  
-35 and  -10 consensus sequence sim ilar to an E. coli a70 prom oter. Region 1 
is transcribed as an 8.0 kb polycistronic m RNA w hich was processed to form  
a separate 1.3 kb transcrip t encoding the last gene, kpsS . The generation  of a 
sep ara te  kpsS  tran sc rip t has been  p o stu la te d  to bring  ab o u t d ifferen tia l 
expression of KpsS from  the other region 1 encoded proteins (Sim pson et a l .,
1996) and  thereby enable regu la tion  of capsu lar po lysaccharide expression 
th ro u g h  a role for KpsS in the m odification  of the polysaccharide p rio r to 
export (Roberts, 1996). Two b ind ing  site consensus sequences for in tegration
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host factor (IHF) w ere identified 110 bp upstream  and 130 bp dow nstream  of 
the  reg ion  1 transcrip tion  s ta rt site. B inding of IHF w hich  is a histone-like 
D N A -bend ing  p ro te in  a t these sites w as suggested  to change the D N A  
conform ation and  therefore m ay alter the efficiency of transcrip tion  a n d /o r  
m ed ia te  the action of o ther regu la to rs on the kps genes (S im pson et al
1996). By using  strains w ith  m u ta tions in  hirnA and  h in iD ,  w h ich  encode 
the tw o subun its of IHF, fivefold and  sixfold reductions respectively  in the 
ex p re ss io n  of K psE p ro te in  a t cap su le  p erm iss iv e  te m p e ra tu re  w as 
dem o n stra ted  (Sim pson et al ., 1996). A lthough, p revious results has show n 
tha t a functional IHF is no t essential for g roup II capsule expression (Stevens 
et al ., 1995), the reduced  expression of KpsE does suggest a role for IHF in 
m e d ia tin g  the ac tion  of o th er re g u la to ry  p ro te in s . A R h o -d ep e n d en t 
tran sc rip tio n a l te rm in a to r w as located  w ith in  the kpsF  gene, and  w as 
p o stu la te d  to m o d u la te  the tran sc rip tio n  of reg ion  1 in  resp o n se  to the 
physio logical state of the cell such that u n d e r conditions of physio logical 
stress expression of region 1 is reduced  (Sim pson et a l ., 1996). Like region 3, 
th e  reg io n  1 tran sc rip t is te m p era tu re  reg u la ted  w ith  no tran sc rip tio n  
detectab le at non-capsu le perm issive tem pera tu re  (18°C). The nucleo tide  
sequence of kpsF  in the K5 and  K l antigen gene clusters is 98.8% identical, 
confirm ing th a t this gene is conserved  betw een d iffe ren t g roup  II capsule 
gene clusters (Sim pson et al ., 1996) A nalysis of the p red ic ted  am ino acid 
sequence of the KpsF pro tein  has revealed  significant hom ology to the G utQ  
p ro tein , a hypothetical ORF 328 p ro tein  of E. coli and a KpsF hom ologue in
H. influenzae  (Sim pson et al ., 1996). Based on the p roposed  role of the G utQ  
pro tein  as a regula tor of the glucitol operon in E. coli (Yamada et al ., 1990), it 
has been suggested  that the KpsF pro tein  m ay play a role in the regulation  of 
capsule expression in  g roup  II capsule p roducing  E. coli (Cielewicz et al .,
1993). It w as observed how ever, that m u tan ts lacking a functional IqisF gene 
are still able to express the K5 capsule in a tem pera tu re -dependen t m anner 
(Pazzani et a l ., 1993a,b). The possibility that G utQ  could be acting in trans to 
com plem ent the deleted  kpsF w as ru led  ou t by the observation  of capsule 
expression  w hen  a p lasm id  w hich  contains the K5 capsu le gene cluster 
m inus the kpsF  gene w as in tro d u ced  into a strain  w ith  a m u ta tio n  in the 
g u tQ  gene (Sim pson et al ., 1996). Therefore, KpsF does no t appear to have 
an essential role in the expression of group II capsules.

The kpsE  and  D genes encode proteins of 43 and 60 kDa respectively. In E. 
coli K l, the kpsE  gene is rep o rted  to encode a p ro te in  of 39 kDa, and  the 
p ro p o sed  transla tional s ta rt site of the kpsE  gene in E. coli K5 has been 
d isp u ted  (Cieslewicz et al ., 1993). The translational sta rt of the kpsE  gene in
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E. coli K5 w as confirm ed by purification  and  N -term inal sequencing of the 
encoded p ro te in  (Rosenow ct al 1995a). The KpsE p ro tein  hyd ro p ath y  plot 
(Kyte and  D oolittle, 1982) w hich  is sim ilar to bo th  the BexC pro te in  of H .  
in f luenzae  and  CtrB p ro te in  of N . m ening it id is  rev e a le d  a re la tiv e ly  
hyd roph ilic  p ro te in  w ith  N- and  C -term inal hydrophob ic  dom ains (Kroll et 
al ., 1990; Frosch et al ., 1991; Pazzani, 1992). These three p ro teins also share 
extensive hom ology. The KpsD p ro te in  is a perip lasm ic p ro te in  w ith  a 
typical N -term inal signal sequence (Pazzani et al ., 1993a,b). Both KpsE and  D 
p ro teins are sim ilar in  the K l and  K5 capsule gene cluster (Cieslewicz et a l ., 
1993; Pazzani et al ., 1993a,b; W under et al .,1994) and have been suggested  to 
p lay  a role in polysaccharide export (see below).

The K psU  pro tein  is a functional CM P-KDO synthetase enzym e (Rosenow et 
al ., 1995b) and the protein  is hom ologous (44.3% identity  and  70% sim ilarity) 
to the KdsB enzym e of E. coli (Pazzani et al ., 1993a,b). The KdsB enzym e is 
also a CM P-KDO syn thetase enzym e that catalyses the activation  of KDO 
p rio r  to its linkage to lip id  A (M unson  et al ., 1978; G o ld m a n  an d  
K ohlbrenner, 1985). The K psU  enzym e is suggested  to function  in the sam e 
m anner in  generating  activated KDO before linkage of KDO to phospho lip id  
in  g roup  II capsules (Jann and  Jann, 1983). The identification  of a functional 
CM P-KDO synthetase structu ra l gene w ith in  region 1 accounts for the h igh 
level of this enzym e activity  observed at capsule perm issive tem peratu re  in 
g roup  II capsule-expressing E. coli (Finke et al ., 1990). M utations in  the kp sU  
gene of the K5 capsule gene cluster do n o t abolish capsule p ro d u c tio n  as 
determ ined  by sensitivity to K5-specific bacteriophage(Pazzani, 1992) and  this 
is though t to be as a resu lt of the com pensatory effect of the enzym e encoded 
by the kdsB gene. A n im m unoelectron  m icroscopy of this m u ta n t revealed  
patches of polysaccharide at the cell surface and polysaccharide accum ulated  
as e lec tron  dense  agg regates in  the cy top lasm  (B ronner et al ., 1993a). 
Polysaccharide aggregate is a phenotype associated w ith  both KpsC and  KpsS 
m u ta n ts  (B ronner et al ., 1993a), and  it is possible tha t the o ligonucleo tide 
linker tha t contains a stop codon w hich is inserted  in the kps l l  gene in this 
m u ta n t has resu lted  in  a po la rity  effect on the expression  of kpsC  and  
p e rh a p s  kpsS  genes. The tran sla tio n a l s ta rt codon for the kpsC  gene 
o v erlap s  the en d  of kp sU  , w h ich  sh o w s th a t these genes m ay  be 
translationally  coupled (Pazzani, 1992).

By m inicell analysis, the kpsC  and  kpsS  genes have been show n to encode 
p ro te ins of 76 kDa and  46 kDa respectively  in  the K5 capsule gene cluster 
(Pazzani et al ., 1993a). In region 1 of E. coli K l antigen gene cluster, proteins
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of sim ilar sizes are encoded  (Silver et nl 1984; Roberts et al 1986). The 
KpsC and  KpsS proteins are predicted  to be located in the cytoplasm  in E. coli 
K l an d  K5 (Silver et al ., 1984; P azzani ct al 1993a). M utations in bo th  kpsC  

an d  kpsS  genes re su lt in the accum ulation  of full len g th  in trace llu la r 
polysaccharide th a t lack KDO or phospho lip id  substitu tion  in  the cytoplasm  
as electron dense aggregates (Bronner et al 1993a,b). It has been repo rted  in 
bo th  E. coli K l and  K5, tha t m em branes from  kpsC and  kpsS  m u tan ts have 
re d u c e d  en d o g e n o u s  tran sfe ra se  ac tiv itie s in vitro  (V im r et al 1989; 
B ronner et al 1993a,b). In the case of E. coli K5, the add ition  of exogenous 
K5 po lysaccharide  to m em brane p rep a ra tio n s of kpsC and  kpsS  m u tan ts  
resu lted  in  increased transferase activity from  about 2% to 25% of the w ild- 
type (Bronner et al 1993b). It is therefore likely that kpsC and  kpsS m u tan ts 
m ay reduce the am ount of existing endogenous acceptor on the m em brane. 
In su p p o rt of this notion , is the suggestion  that KpsC and  KpsS m ay form  a 
com plex w ith  the enzym es for polysaccharide biosynthesis at the cytoplasm ic 
face of the inner m em brane (Vimr et nl ., 1989; Bronner et nl ., 1993a,b). It has 
been postu la ted  that the b iosynthetic com plex at the cytoplasm ic face of the 
in n er m em brane is linked  to enzym es req u ired  for the transloca tion  of 
capsular polysaccharide to the cell surface (Roberts, 1995, 1996). The possible 
role p lay ed  by the KpsC and  KpsS in the export of po lysaccharide w ill be 
discussed (see section 1.6.2.2 below).

1 .5  Genetic Organisation of H .  i n f l u e n z a e  and N .  m e n i n g i t i d i s  
Capsule Gene Clusters

H. influenzae p roduces six serologically  d istinct capsu lar po lysaccharides 
designated  a th rough  f. Of these six serotypes, only the type b strains are 
associated  w ith  invasive d iseases in h u m an  (M oxon and  Kroll, 1990). The 
genes for the p roduction  of H. influenzae type b an tigen have been cloned 
and  the cluster show s a sim ilar o rganisation  to that of g roup  II capsule gene 
clusters of E. coli (Kroll et al ., 1989) (Figure 1.3). The central region 2 of the
H. influenzae  type b capsule gene ica.p ) c luster is se ro type specific and  
encodes p ro teins necessary for polysaccharide biosynthesis (Ely et al ., 1989; 
Van Eldere et al ., 1995). The flanking regions 1 and 3 are com m on to all of H. 
influenzae  serotypes and  like the E. coli g roup II capsule genes are involved 
in  the export of po lysaccharide to the cell surface (Kroll et al ., 1989, 1990). 
R egion 1 of the H. influenzae  type b cap locus has been  sequenced  and  
show n to contain  four genes, bexA B C D  p robab ly  o rgan ised  in  a single 
transcrip tional un it (Kroll et al ., 1990).

23



A strik ing  feature of the m ajority  of type b strains is the dup lication  of the 
cap  locus, w h ich  com prises tw o d irectly  rep ea ted  17 kb copies of DNA 
se p a ra te d  by a 1.2 kb 'b rid g e  segm ent' (Kroll an d  M oxon, 1988). The 
dup lication  is no t perfect, since the cap locus contains only one functional 
copy of bexA  (Kroll et al ., 1989). The bexA  gene is located  in the b ridge 
region and  is required  for polysaccharide export (Kroll et a I ., 1990). Strains of
H. influenzae  type b revert to an  acapsu lar pheno type at h igh  frequency. 
This instab ility  is a ttr ib u ted  to recom bination  events betw een  hom ologous 
sites in  each repeat w hich reduce the cap to a single copy and  thereby resu lt 
in  the loss of bexA (Kroll and  M oxon, 1988).

Strains of H. influenzae  type b m ay contain m ultip le copies of the cap genes 
(Kroll and  M oxon, 1988). Recom bination events m ediated  by d irect repeats of 
an  in se rtion  sequence-like elem ent, IS1016 w hich flank  the cap locus are 
responsib le for this am plification (Kroll et al ., 1991). The am plification of cap 
is accom panied by an increase in capsule synthesis (Kroll and  M oxon, 1988). 
The advantages of the ca.p instab ility  and  gene-dosage phenom ena in vivo  
are n o t clear. O n the o ther hand , it has been suggested  th a t the dow n- 
reg u la tio n  of capsu le  expression  m ay p ro m o te  bac te ria l ad h esio n  and  
invasion of host cells m ed iated  by outer m em brane opacity  p ro teins (Virji et 

1994).

The N. meningitidis  g roup  B capsule gene cluster {cps ) has been analysed  
and  it revealed  five regions A-E (Frosch et a l ., 1989). In all, genes requ ired  for 
the b iosynthesis and  export of capsular polysaccharide are located in three 
reg ions o rgan ised  in a sim ilar m anner to those of g roup  II capsule gene 
clusters (Frosch et al ., 1989, 1991; F lam m erschm idt et al ., 1994) (Figure 1.3). A 
central region A encodes all enzym es necessary for biosynthesis of the a-2,8- 
po lysialic  acid po lym er (E dw ards et al ., 1994; G anguli et al ., 1994). This 
reg ion  is flanked  by reg ion  B w hich encodes tw o pro teins, LipA  and  LipB 
needed  for phospho lip id  substitu tion  of the polysaccharide a t the reducing  
end p rio r to transporta tion  (Frosch and  M uller, 1993). S ubsequent cell surface 
translocation is directed by region C encoded proteins on the other side of the 
central reg ion  A. Region C encodes pro teins that share strong  features w ith 
m em bers of the ABC superfam ily  of transporte rs (Frosch et al ., 1991). The 
additional two regions, D and E w ith in  the cps gene cluster w ere originally  
th o u g h t to be involved  in regu la tion  of capsule expression  (Frosch et al ., 
1989). H ow ever, recen t stud ies (H am m erschm id t et al ., 1994) have show n 
that region D contains genes no t required  for capsule expression, bu t encodes 
enzym es in v o lv ed  in  m eningococcal lip o -o lig o sacch a rid e  b io syn thesis .
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Regions analogous to regions D and  E have no t been iden tified  in  E, coli 
group  II capsule gene clusters.

The capsular polysaccharide of N. rneningitidis group B is identical to the E. 
coli K l an tig en  (B hattacharjee et al 1975). A lth o u g h  in itia l s tu d ie s  
in d ica ted  th a t little  hom ology  exists betw een  DNA of these two capsu le 
genes (Echarti et a l 1983), subsequen t analysis has show n that the pro teins 
involved  in  the synthesis of the polysaccharide are sim ilar. For instance, the 
N euB  p ro te in  of E. coli K l, w h ich  is p o s tu la te d  to encode  an  N - 
acety lneuram inic acid syn thetase, is 57% sim ilar to the CpsB pro te in  of N .  
m ening it id is  (A nnunz ia to  et al ., 1995). In these bac teria , the p red ic ted  
am ino acid  sequences of the C M P-N -acetylneuram inic acid syn thetase and  
the sialy transferase enzym es also share significant hom ologies (Frosch et al ., 
1991; G anguli et a l ., 1994).

The hom ologous genetic organisation  of the capsule genes of H. influenzae  , 
N . meningitidis and  E. coli expressing group  II K antigens suggests that they 
h av e  a com m on e v o lu tio n a ry  o rig in . S u p p o rt fo r th is com es from  
d em o n s tra tio n  of D N A  and  p ro te in  hom ology  b e tw een  the fu n ctio n al 
regions of the capsule gene clusters of these bacteria. For exam ple, the kp sM  
and  kpsT  genes of region 3 in  E. coli share extensive sequence hom ology  
w ith  the H. influenzae bexB and  bexA  genes (Kroll et al ., 1990; Sm ith et al ., 
1990; Pavelka et al ., 1991), and  w ith  the N . mimiyigitidis ctrC and ctrD  genes 
(Frosch et al ., 1991) respectively. In addition , the kpsE gene is hom ologous 
to the bexC  and  ctrB genes of H. in fluenzae  and  N. m e n in g i t i d i s  

respectively (Cieslewicz et al ., 1993; Pazzani et a l ., 1993). These genes encode 
p ro te in s  th a t are in v o lv ed  in  the cell surface exp ressio n  of ca p su la r 
polysaccharide in these bacteria (see section 1.6.2.2).
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F igure  1.3: G enetic o rg an isa tio n  of the H. influenzae  type b, and  N . 
m eningit id is  g roup  B capsule gene clusters and  the E. coli K5 g roup  II 
capsule gene cluster. For clarity, a single copy of the H. influenzae  capsule 
gene cluster is show n (see text). The large boxes deno te the conserved  
functional reg ions and  sm all boxes the specific genes tha t have been 
iden tified  w ith in  each cluster.
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1.6 Polysaccharide and Protein Export in Gram-negative Bacteria

The export of m olecules in G ram -negative bacteria has been  a subject of 
in tensive research  for the pas t few  decades, and the processes involved  are 
yet to be fully  elucidated. The m ajority of w hat is know n today comes from  
stud ies of the p ro te in  export system s. Some of these system s invo lved  in 
p ro te in  export have been iden tified  in  the export of po lysaccharide , and  
therefore rep resen t a com m on them e in the export of m olecules in G ram - 
negative bacteria. It is also likely tha t desp ite  the com m on them e, export 
p rocesses m ay differ especially  to accom m odate d ifferences in  substra tes  
being translocated.

P olysaccharides, pro teins and  m any other m olecules are syn thesised  in  the 
bac teria l cytop lasm  and  som e of these m olecules are located  partia lly  or 
com pletely  ou tside  the cytoplasm . To reach their final des tina tion , these 
m olecules m u st often cross one or m ore m em branes. For m olecules destined  
for the surface or external m ilieu  of the bacterial cell, they m u st cross the 
cytoplasm ic m em brane in  G ram -positive bacteria and  bo th  cytoplasm ic and  
o u te r  m em b ran es in  G ram -n eg a tiv e  bac teria . M any secre ted  bac te ria l 
p ro te in s reach the external m ilieu  or perip lasm  (in case of G ram -negative 
bacteria) via the secretory (Sec) pathw ay  (Schatz and Beckwith, 1990; W ickner 
et a l ., 1991; Pugsley, 1993). Sec-dependent secretion requires that the protein 
to be secreted  contains an N -term inal signal sequence (Pugsley, 1993). This 
absolute requ irem en t for N -term inal signal sequences, thus severely  lim its 
the  n u m b e r of su b stra tes  th a t can be tran slo ca ted  in  this w ay, Some 
ex tracellu lar p ro teins and  n o np ro te in  p roducts tha t are translocated  across 
bo th  inner and  ou ter m em branes of G ram -negative bacteria cannot use the 
Sec pa thw ay  (Kenny et al ., 1991; Path and  Kolter, 1993). For these products, 
som e dedicated  export system s generally  g rouped  as ABC transporte rs exist 
th a t facilita te  m em brane transloca tions w ith  a large degree of su b stra te  
specificity (H iggins, 1992; Lory, 1992; W andersm an, 1992). C ertain  pro teins 
are also capable of self-prom oting their secretion (Lory, 1992; Pugsley, 1993).

1.6.1 P ro te in  Export

1.6.1.1 Sec-dependent T ranslocation

P ro te ins tran sp o rted  by the Sec p a th w ay  are called secretory  p ro te in s or 
p resecreto ry  p ro teins if they are m ade as precursors. Secretory p ro teins are
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d istingu ished  from  o ther p ro te ins by the presence of a cleavable secretory  
signal sequence. Signal sequences are exclusively am ino term inal and  their 
characteristic features include a positively  charged am ino-term inal dom ain  
(N) of 1 to 5 residues, a central hydrophob ic  region (H dom ain) of 7 to 15 
res id u es  an d  a carboxy l-term inal reg ion  (C dom ain) con ta in in g  5 to 7 
residues that ends at the signal pep tidase  cleavage site (von H eijne, 1984; 
P ugsley  and  Schw artz, 1985; W andersm an, 1989; Pugsley, 1993). Shortening 
or in tro d u c in g  charged  or stro n g  po la r residues into the H  dom ain , or 
elim ina ting  the basic am ino acids from  the N  dom ain  u su a lly  resu lts  in 
reduced  export efficiency (Pugsley, 1993). In the m ajority of cases identified so 
far, exchange of signal sequences betw een  p resecreto ry  p ro te in s does no t 
affect the translocation  of such pro teins (von Heijne, 1984, 1986; D elepelaire 
and  W andersm an, 1990). On translocation of presecretory proteins, the signal 
p rocessing  site is recogn ised  an d  cleaved by signal pep tidase . Thus the 
p rim a ry  function  of the signal sequence is to in itia te  in se rtion  in to  the 
cy top lasm ic m em brane and  transloca te  an o therw ise cytop lasm ic p ro te in  
across the inner m em brane.

In  the Sec pa thw ay , p ro te in  secretion  across the inner m em brane requ ires 
in te ra c tio n  w ith  p ro d u c ts  of the sec {pri ) genes. Six Sec p ro te in s  
(SecABDEFY) have been iden tified  as com ponents of the secretory  pathw ay  
(G ardel et nl ., 1990; de Cock and  Tom m assen, 1991, 1992; K um am oto, 1991; 
Ito, 1992). SecB and  A are bo th  cytoplasm ic proteins. It has been suggested  
tha t SecB exists probably  as a te tram er and  m ay be part of a p ro tein  com plex 
th a t b in d s  to p re se c re to ry  p ro te in s  (W atanabe an d  Blobel, 1989a,b; 
K um am oto, 1991). A m ajor role of the SecB p ro te in  is to p ilo t presecretory  
p ro teins to the cytoplasm ic m em brane (de Cock and Tom m assen, 1992). The 
SecB proteins are also referred  to as secretory chaperonins and  are in m any 
w ays sim ilar to the general m olecular chaperonins, w hich b ind  to exposed 
po lypep tide  segm ents (Pugsley, 1993). The SecA pro tein  is found  associated 
w ith  the ribosom es as w ell as the m em brane (Cabelli et al ., 1991). Thus, it 
cou ld  in te rac t w ith  the nascen t secreto ry  p ro te in s as they  em erge from  
ribosom es w hile it is free in the cytosol or w hen  it b inds to the inner face of 
the cytoplasm ic m em brane (Pugsley, 1993). SecA is essential for cell viability 
as m uta tions in the secA  gene are lethal (M atsuyam a et al ., 1990; A kim ura 
et al ., 1991; Jarosik  and  O liver, 1991). SecA b inds and  hyd ro lyses ATP 
(M atsuyam a et al ., 1990), and  it has a sequence w ith  an am ino-term inal 
reg ion  th a t is identical to nucleo tide b ind ing  (W alker box A) dom ain  found  
in  p ro teins such as ATPase and  kinases (Schm idt et nl ., 1988) and has been 
referred  to as secretory ATPase because of the ATP b inding capability.
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The o ther four Sec com ponents. Sec D, E, F and Y are in teg ral m em brane 
p ro te in s  w ith  several long  stre tches of h y d ro p h o b ic  am ino  acids th a t 
p robably  span  the cytoplasm ic m em brane (Gardel et al 1990; Schatz et al 
1991; Ito, 1992) and  are collectively term ed translocases (Pugsley, 1993). The 
m em brane organisation  of the SecY pro te in  show s tha t it p robab ly  has 10 
m em brane spann ing  dom ains w ith  the N - and  C -term ini in the cy toplasm  
(A kiyam a an d  Ito, 1987), a topo logy  th a t is sim ilar to the LacY lactose 
perm ease involved in  solu te transport in G ram -negative bacteria (Ito, 1992). 
The SecE p ro te in  has th ree m em brane  sp a n n in g  segm ents, an d  the C- 
term inal dom ain  w as show n to be sufficient for SecE activity  (Schatz et al ., 
1991). Ito  (1992) h o w ev e r re p o r te d  a sing le  tra n sm e m b ra n e  d o m a in  
organ isa tion  for the SecE p ro te in  from  Bacillus subtilis  . M utations in both  
SecY and  E block pro tein  translocation (Ito, 1992). The functions of SecD and 
SecE p ro te in s  have no t been fu lly  e lucida ted . Each ap p e ar to sp an  the 
m em brane six tim es (G ardel et al ., 1990). The SecD and  SecE p ro te ins are 
charac terised  by a large perip lasm ic  d om ain  and  m u ta n ts  lacking bo th  
p ro te in s  e ith er red u ce  or block p ro te in  transloca tion  w here  m o lecu lar 
chaperones th a t in te ract w ith  new ly  translocated  p ro te ins are absent. Both 
pro teins have been suggested  to perform  rela ted  functions at a late stage in 
ex p o rt (Pugsley , 1993). As p ro p o sed  by  Sim on and  Blobel (1992), the 
translocases are th o u g h t to function  in  the fo rm ation  of a transloca tion  
channel by one or m ore of the integral m em brane com ponents. This in effect 
w ill resu lt in sh ie ld ing  of hydroph ilic  segm ents of the p resecreto ry  p ro te in  
from  the hydrophobic environm ent of the lip id  bilayer.

P ro te in s  m ay  reach  th e ir  final lo ca tio n  on tran s lo ca tio n  across the  
cytoplasm ic m em brane via the Sec pathw ay  or m ay rely on the participation  
of o ther assem bly  p ro te in s or com plexes like the chaperon  and  general 
secretory  p ro teins. The general m echanism  involved in the S ec-dependent 
export process is represen ted  in figure 1.4.
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Figure 1.4: General export process in Cram-negative bacteria, showing the Sec-dependent 
insertion and translocation. The model represented shows from left to right; SecB bound to 
proteinX (I), which then interact with SecA at the inner face of cytoplasmic membrane (II). 
The proteinX-SecAB com plex then interacts with the integral membrane translocases 
SecDEFY (IIl).Both SecAB proteins are released (IV) before the signal peptide shown in 
thick lines is cleaved, leading to the export of the protein across the cytoplasmic membrane 
(V).Abbreviation: OMP, outer membrane protein; CA, chaperone assembly; GSP, general 
secretory pathway.
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1.6.1.2 Membrane Topology: Determinants of Protein Secretion

In G ram -negative bacteria the envelope is com posed  of two m em branes 
(inner and  outer) separated  by the perip lasm , and pro teins destined  for the 
cell surface u p o n  translocation  across the inner m em brane m u st transverse 
b o th  the  pe rip lasm ic  space and  ou te r m em brane. W ith in  the b ac teria l 
m em brane, p ro te ins ad o p t a varie ty  of topological states tha t m ay expose 
d ifferent dom ains of such pro teins for in teraction  w ith  o ther com ponents of 
the expo rt system  a n d /o r  the su b stra te  being  expo rted . The d iffe ren t 
topological states exhibited by integral m em brane proteins have been classed 
as m onotopic, bitopic and  polytopic (Blobel, 1980; Pugsley, 1993). The bitopic 
m em brane p ro te ins have a t least one transm em brane segm ent m ain ly  of 
hyd rophob ic  am ino acids em bedded  in the lip id  b ilayer w ith  one extrem ity 
exposed  on each side of the m em brane (Blobel, 1980). Bitopic m em brane 
p ro te ins are d iv ided  into th ree classes depend ing  on their o rien ta tion  and  
w hether they are m ade as precursors. Type la bitopic m em brane proteins are 
m ade as signal p ep tide-bearing  p recurso rs p rocessed  by signal pep tidases  
(Pugsley, 1993) and  a second  h y d rophob ic  dom ain  tha t acts as the stop  
transfer anchors them  in the cytoplasm ic m em brane. The type Ib m em brane 
p ro te ins have a single, unprocessed  stretch  of hydrophob ic  am ino acids at 
their am ino term inus w hich acts to in se rt the pro teins in  the lip id  bilayer 
(Blobel, 1980; von Heijne and  Gavel, 1988). Both types la and  b m em brane 
p ro te in s  have a C -term inus in  the cytoplasm . Type II b itop ic m em brane 
p ro te in s  are sim ilar to p erip lasm ic  p ro te in s  except th a t the m em brane  
sp an n in g  signal-like sequence at the N -term inus is no t cleaved. They are 
u sua lly  anchored  by the N -term inal region w ith  the rem ain ing  bulk  of the 
pro tein  in the perip lasm  (von Heijne, 1986; Pugsley, 1993).

P olytopic in tegral m em brane pro teins span  the m em brane at least twice via 
dom ains of m ainly , b u t n o t exclusively, hyd rophob ic  am ino acid residues 
(Blobel, 1980). Each of the transm em brane dom ain  is po ten tia lly  capable of 
ta rge ting  the nascen t po lypep tide  to the cytoplasm ic m em brane (Lee et al ., 
1992; Traxler et al ., 1992; G avel and  von H eijne, 1994) and  the 'positive  
in side  ru le ' of von  H eijne (1986b) p ro p o sed  that the positive ly  charged  
am ino  ac ids d e te rm in e d  the o rie n ta tio n  of ad jacen t tra n sm e m b ra n e  
d o m ain s. O n the o th e r h a n d , m ono top ic p ro te in s  are o n ly  p a r tia lly  
em bedded  in  the lip id  bilayer by either the N- or C -term ini (Pugsley, 1993). 
T hey  do n o t have signal sequence-like  reg ions and  th e ir  m em b ran e  
association is though t to be streng thened  by in teraction  w ith  other integral 
m em brane proteins (U lbrandt ct al ., 1992).
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Som e p ro te in s  re ly  for secre tion  on in fo rm atio n  en c o d ed  w ith in  the 
ex p o rte d  p o ly p e p tid e  (K uhn, 1988; K oronak is et al ., 1989; Boyd and  
Beckw ith, 1990; Schatz and  Beckw ith, 1990; Svirsky et al ., 1995). In these 
pro teins determ inants of localisation m u st be p a rt of the m atu re  po lypep tide  
and  they can be located in any p art of the po lypeptide chain (Lory, 1992). Both 
N - and  C-term inal dom ains have been im plicated as export signals capable of 
se lf-prom oting  the translocation  of several bacterial p ro te ins (Koronakis et 
al., 1989; C alam ia and  M anoil, 1992; Lory, 1992) and  the topology of the 
p ro te in  w ith in  the bacteria l m em brane is im p o rtan t in the d isposition  of 
these export signals.

M any  in te g ra l m em b ran e  p ro te in s  con tain  an am ino  te rm in al reg ion  
consisting of a short hydrophilic dom ain  w ith  a net positive charge, follow ed 
by a stretch  of hydrophob ic m em brane spann ing  a-helical dom ain  w ith  no 
signal processing site. Such N -term inal regions have been show n to prom ote 
p ro te in  in sertion  and  translocation  of the hydroph ilic  dom ains across the 
in n e r  m em brane , and  th u s constitu te  expo rt signals (Roof et al ., 1991; 
C alam ia an d  B eckw ith, 1992; K arlsson  et al ., 1993; U h lan d  et al ., 1994; 
V ian n ey  et al ., 1994). The p o sitiv e ly  ch arg ed  am ino  te rm in a l reg io n  
fu n c tio n s  as cy to p lasm ic  an ch o r, d e te rm in in g  the o rie n ta tio n  of the  
transm em brane dom ains and  the entire po lypep tide (von H eijne, 1986; Boyd 
an d  B eckw ith , 1990; N ilsso n  an d  v o n  H eijne, 1990). The N -te rm in a l 
sequences that constitute such export signals in the Toi A and  TonB proteins 
have been show n to be functionally  hom ologous (Karlsson et al 1993).

E vidence of C -term inal dom ains acting as export signals is best exem plified 
by th e  h em olysin  (HlyA) export. In fo rm atio n  su ffic ien t fo r m em b ran e  
ta rge ting  and  export of w ild-type hem olysin  into the su rro u n d in g  m ed ium  
has been show n to be located  in  the C -term inal 113 am ino acid residues 
(K oronakis et al ., 1987; M ackm an et al ., 1987). F urther analysis of Lily A 
p ro te in  from  E. coli , Proteus vulgaris  and  Morganella inorganii id en tif ied  
three conserved features w ith in  this C-term inal region that are necessary for 
the  ex p o rt role. These fea tu res  are the am ph iph ilic  a -h e lix  se c o n d a ry  
s t r u c tu re ,  fo llo w e d  by  a c lu s te r  of c h a rg e d  re s id u e s  a n d  th e  
h y d ro p h o b ic /h y d ro x y la te d  tail (K oronakis et al ., 1989). These three H lyA  
pro teins do no t show  any p rim ary  sequence hom ology w ith in  the C -term ini 
(Koronakis et al ., 1987), underly ing  the im portance of secondary  consensus 
features in  export functions.
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The analysis of p ro tein  topology is therefore a step in the s tudy  of structure- 
function  rela tionsh ip .

1.6.1.3 Bacterial ABC T ransporters

The A T P -b in d in g  cassette (ABC) tran sp o rte rs  constitu te  a superfam ily  of 
p ro te in s  in v o lv ed  in  the tra n sp o rt of d ive rse  m olecu les fo u n d  in  bo th  
p rokaryo tes and  eukaryotes. In prokaryotes, the bacterial ABC transporters 
function  as im porters and  exporters and  respectively constitutes two families 
w ith in  the superfam ily  (Am es et al ., 1990; H iggins, 1992; Path and  Kolter,
1993). A th ird  fam ily  is the eukaryotic  ABC transpo rte rs invo lved  in the 
expo rt of m u ltid ru g  resis tance (MDR) p ro te in  (Endicott and  Ling, 1989), 
in c lu d in g  an tim alaria l d ru g s  from  Plasni.oduiin falciparum  (Foote et al .,
1989).

The fam ily  of bacteria l ABC exporters  is the la rgest and  fastest-g row ing  
am ong the ABC superfam ily  of transporte rs . O ver 40 system s have been 
id en tified  (Path and  K olter, 1993). In general, ABC tran sp o rte rs  have a 
p ro te in  w ith  a conserved A TP-binding m otif or 'W alker' m otif (W alker et 
al., 1982) and  another w ith  m em brane spann ing  dom ains (MSDs). The ATP- 
b ind ing  com ponent can be p resen t on the sam e polypep tide as the MSDs (as 
in  the eukaryotic exporters) or on a po lypep tide separate from  the m em brane 
spann ing  un it (as in  the ABC im porters) (Path and Kolter, 1993). M any of the 
bacterial ABC exporters involved in p ro tein  export require in add ition  to the 
A TP-binding cassette and  MSDs units, o ther protein(s) to form  a functional 
export complex. These additional com ponents include proteins belonging to 
the new ly  described  m em brane fusion  p ro te in  (MFP) fam ily (D inh et al .,

1994), also referred  to as accessory factors (Path and  K olter, 1993) and  the 
o u te r  m e m b ran e  p ro te in s  (G ilson  et al ., 1987; Letoffe et al ., 1990; 
W a n d ersm an  and  D elepelaire , 1990). The accessory p ro te in s  have been 
sh o w n  to frac tio n ate  m ostly  to the in n e r m em b ran e  (D elepela ire  an d  
W andersm an , 1991). The CvaA p ro te in  involved  in the export of colicin V 
belongs to this class of accessory p ro teins (Path and K olter, 1993) or MFP 
fam ily (Dinh et a l ., 1994) and  it has a topological organisation  w hich consists 
of a single transm em brane  dom ain  near its N -term in u s and  a la rge C- 
te rm inal reg ion  ex tend ing  in to  the perip lasm  (Skvirsky ct al ., 1995). The 
accessory factors or m em brane fusion  pro teins are though t to connect the 
in n e r an d  ou te r m em branes an d  thus fu n ctio n  to fac ilita te  ex p o rt of 
substra tes  th ro u g h  bo th  m em branes of G ram -negative bacteria (Path and  
K olter, 1993; D inh et al ., 1994). Some system s require the outer m em brane

33



com ponents and  in  such system s they in teract w ith  the MFP com ponents, 
resu lting  in  the fusion of inner and  outer m em branes or the form ation of an 
o ligom eric p ro te in  pore in  the ou te r m em brane (D inh ct at ., 1994). The 
processes involved in the A BC-m ediated export of a-haem olysin  in E. coli is 
show n in figure 1.5. Genes coding for the ou ter m em brane p ro te ins can be 
closely linked  to the other export genes (Delepelaire and  W andersm an, 1990; 
Letoffe et al ., 1990) or physically  d is tan t (W andersm an  an d  D elepelaire ,
1990). Som e of the  co m p o n en ts  of ABC ex p o rte rs  are fu n c tio n a lly  
interchangeable. For instance, the H asD  and  HasE pro teins w hich norm ally  
export the H asA  pro tein  (a haem  acquisition protein) of Scrrctia rnarcescens 

are capable of secreting  the m etallop ro tease  C (PrtC p ro te in ) of E n u in ia  

chrysanthemi (Binet and  W andersm an , 1995). H ow ever, the H asA  p ro te in  is 
secreted  only by its specific transporte rs . A sum m ary of p ro to type bacterial 
ABC exporters are listed  in  table 1.3 and  they include system s involved  in 
the export of p ro te ins (Felmlee et al ., 1985; K oronakis ct al ., 1987, 1988), 
p ep tid es  (G ilson et al ., 1990) an d  po lysaccharides (S tanfield  et al ., 1988; 
Sm ith et al ., 1990; Pavelka et al ., 1991; Bronner et al ., 1994).
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othaemolysin
HlyA

To!

outer membrane

HlyD HlyD

HlyB HlyB inner membrane

ATP ATP

ADPADP

Figure 1.5: Structural m odel of A BC -m ediated export of £, coli a -  
haem olysin  (H lyA ). HlyB is the m em brane spanning (MS) and ATP- 
binding polypeptide, H lyD  the accessory protein (AF) and TolC the outer 
m em brane com ponent, w hich is not encoded  w ith in  the haem olysin  
operon. The M S/A T P polyp ep tid e and AF are represented as dim ers, 
consistent w ith the m odel of H iggins (1992). The figure is from Fath and 
Kolter (1993).
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Table 1.3: Some Members of Bacterial ABC Transporters

ABC
homologue

MFP/Apa OMpl» Transported
substrate

Organism Reference

CvaB C vaA TolC Colicin V 
(CvaC)

E. coli G ilson et al . 
(1990)

HlyB HlyD TolC a -h e m o ly s in
(HlyA)

E. coli Felm lee et al . 
(1985)

HlyB HlyD TolC a -h e m o ly s in
(HlyA)

P ro teus
v u lg a r is

K oronakis et 
oi. (1988)

HlyB HlyD _c a -h e m o ly s in
(HlyA

M o rg a n e l la
in o rg a n i i

K oronakis et 
oi. (1987)

PrtD PrtE PrtF Protease C 
(PrtC)

E.
c h r y s a n th e m i

Letoffe et al . 
(1990)

HasD HasE TolC H aem
acquisition
p ro te in
(HasA)

Serratia  
mar ces cens

Letoffe et al . 
(1993,1994)

KpsM T ?d ? C apsular
polysaccharide

E. co/i K5 Sm ith et al . 
(1990)

K psM T ? ? C apsular
polysaccharide

E. coli K l Pavelka et al . 
(1991)

BexAB ? ? C apsular
polysaccharide

El. influenzae Kroll et al . 
(1990)

CtrCD ? ? C apsular N . 
polysaccharide me n i ngi t id is

Frosch et al . 
(1991)

RfbAB ? ? O -antigen side 
cha in

Klebsiella  
p n e u m o n i a e

o i

B ronner et al . 
(1994)

N d v A ? ? (3-1,2-glucan R. rneliloti Stanfield et al . 
(1988)

C h v A 7 ? P-l,2-glucan A .

tu m e fa c ic rn s
C angelosi et al. 

(1989)

a: M F P/A F , m em brane fusion pro tein  and  accessory factor respectively 
b: ou ter m em brane pro tein  
c: no t required  
d: u n know n
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1.6.2 Polysaccharide Export

A lthough  the export of po lysaccharide m ay differ significantly  from  pro tein  
export, conserved system s involved  in  their export processes do exist. The 
use of m olecular genetic and  biochem ical techniques has begun to shed  som e 
ligh t on the m echanism s involved  in the export of polysaccharide.

It is g en e ra lly  assu m ed  th a t assem bly  or p o ly m e risa tio n  of ca p su la r 
polysaccharide and  som e O antigen repeating  units occurs at the inner face of 
the cy top lasm ic m em brane, u s in g  p recu rso rs  sy n th esised  in  the cytosol 
(Boulnois and  Jann, 1989; K roncke et al ., 1990a,b; W hitfield  and  V alvano, 
1993; R oberts, 1996). For o ther O an tigens, po lym erisation  of the repeating  
u n it is tho u g h t to be at the perip lasm ic face of the cytoplasm ic m em brane. 
This assem bly com plex is equally believed to be closely linked to the system s 
involved in the export of d istinct polysaccharides (Roberts, 1996).

1.6.2.1 Export of L ipopolysaccharide (O-antigen)

T he lip o p o ly sa c c h a rid e  of G ra m -n eg a tiv e  b ac te ria  co n sis ts  of th ree  
com ponents: the lip id  A, core oligosaccharide and the O antigen. The lip id  A 
and  core o ligosaccharide are syn thesised  together, w hile the O an tigen  is 
independen tly  synthesised  (Jann and  Jann, 1984). The O an tigen  com ponent 
of the LPS consists of sh o rt o ligosaccharide , O u n it repeats.T w o know n 
m echanism s have been identified  in the assem bly of O antigens, w hich differ 
in  the cellular location of their polym erisation  steps and in the d irection  of 
chain elongation  (W hitfield, 1995), and  hence distinct export pathw ays. For 
each export pa thw ay , after translocation  across the cytoplasm ic m em brane, 
the cell surface expression  of com pleted  lipopo lysaccharide  is by a yet 
un iden tified  m echanism  (W hitfield and V alvano, 1993).

In the chain length , Rol (Cld)- and  R fc-dependent po lym erisation  pathw ay , 
add ition  of the O units occurs at the reducing  term inus (Brown et al ., 1992; 
Klena and  Schnaitm an, 1993; W ang and  Reeves, 1994). The first m echanism  
invo lves the syn thesis  of the O un its  on a lip id  carrier, u n d erc ap ren o l 
phospha te  (und-P) at the inner face of the cytoplasm ic m em brane (Jann and  
Jann, 1984). The galactosyl transferase RfbP enzym e catalyses the in itiation  
reaction  th rough  in teraction  w ith  und -P  acceptor, and  o ther Rfb enzym es 
catalyse the transfer of successive sugars to form  lip id-linked O units (Klena 
and  Schnaitm an, 1993; M orona et al ., 1994; Liu et al ., 1995). L ip id-linked  O 
un its  are then po lym erised  en block in a reaction requ iring  the Rfc p ro te in
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(Collins and  H ackett, 1991; Schnaitm an and  Klena, 1993). The d istribu tion  of 
O an tigen  chain length  in  the R fc-dependent po lym erisation  is controlled  by 
the reg u la to r  of O -chain  leng th , Rol (Batchelor et nl ., 1991) som etim es 
re fe rre d  to as the cha in -leng th  dé term ina  tor, C ld  (Bastin et al ., 1993). 
P o lym erisa tion  reactions occur a t the perip lasm ic face of the cytoplasm ic 
m em brane (M cGrath and  O sborn, 1991), thus raising the question  as to how  
the lip id -linked  O units are tran sp o rted  across the inner m em brane. Based 
on stud ies involving m utan ts in  the rfb gene cluster, it has been suggested  
th a t RfbP, in  add ition  to its galactosyl transferase role, m ay be acting  as a 
'flippase ' tran sp o rtin g  O un its  across the m em brane (W ang an d  Reeves,
1994), w here ligation of the O units to the lip id  A-core oligosaccharide occurs.

The second pathw ay , Rol- and  R fc-independent po lym erisation  is curren tly  
only know n to be involved in the synthesis of hom opolym er O antigens of 
E. coli 0 8  and  0 9 , and  Klebsiella pneumoniae  O l (W hitfield, 1995). In  this 
p a th w ay  Rfe and  RfbP function  only in in itiating  O an tigen syn thesis and  
this involves the transfer of a non-O -antigen  residue to und-P  to form  the 
acceptor for m onom ers of the O an tigen  (Bronner et al ., 1994; Rick et al ., 
1994; C larke et al ., 1995). In the E. coli 0 8 , the acceptor is und-P-P-G lcpN A c 
and  G lcN A c is n o t a com ponen t of this O an tigen  (Rick et al ., 1994). 
P o lym erisa tion  in  the R fc-independent pathw ay  occurs at the inner face of 
the cytoplasm ic m em brane and  it involves the sequential add ition  of sugar 
m onom ers to the  n o n -red u c in g  end  of the g row ing  p o ly p e p tid e  cha in  
(Zhang et al ., 1993; Bronner et al ., 1994). Subsequent translocation  of the O 
an tigen to the ligation site at the perip lasm ic face has been show n to require 
p ro te in s th a t belong  to the ABC tran sp o rte r fam ily described  by H iggins 
(1992). In the rfb gene cluster of K. pneurnoniae , two p ro te ins Rfb A and  B 
have been identified  as m em bers of the ABC fam ily of exporters involved in 
the  tran s lo ca tio n  of the p o ly m e rised  O u n it across the cy top lasm ic  
m em b ran e  (B ronner et al ., 1994). A sim ilar m echan ism  invo lv in g  ABC 
transporters is seen in the export of g roup II polysaccharide (see below).

1.6.2.2 Export of G roup II C apsular Polysaccharide (K antigen)

M uch of w h a t is know n abou t the b iosynthesis and  export of g roup  II K 
an tigens com es from  stud ies of g roup  II capsule genes, p articu la rly  those 
from  E. coli K l an d  K5 se ro types. The ex p o rt of g ro u p  II cap su la r 
po lysaccharide is p resen ted  therefore in the light of w h a t is know n  from
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these tw o gene clusters and w here necessary the export m echanism  in other 
bacteria w ill be m entioned.

P roteins encoded by regions 1 and  3 are involved in the export of g roup  II 
capsu lar po lysaccharides in  E. coli (Smith et al 1990; Pavelka et al 1991; 
P azzan i et al 1993; W under et al 1994). M utations w ith in  region 3 genes 
resu lt in  cytoplasm ic polysaccharide of low er m olecular w eigh t than  the cell 
surface expressed polym er, w hich are associated w ith  the inner face of the 
cytoplasm ic m em brane (Boulnois et al ., 1987; Kroncke ct al ., 1990; Sm ith et 
al ., 1990; Pavelka et al ., 1994; P igeon and  Silver, 1994). This observation  is 
consistent w ith  the synthesis of polysaccharide occurring on the inner face of 
the cy toplasm ic m em brane and  the role of encoded  p ro te in s  in  export of 
po lysaccharide across the cytoplasm ic m em brane (Boulnois and  Jann, 1989; 
Boulnois and  Roberts, 1990). A nalysis of the pred ic ted  am ino acid sequence 
of the encoded KpsM  and  T proteins revealed  that they are m em bers of the 
A T P-binding cassette (ABC) transporte rs  (Smith et al ., 1990; Pavelka et al .,
1991) (Tablel.3). The two p ro te in s  are hom ologous to BexAB p ro te in s  
encoded  in  H. influenzae cap locus and  the CtrC D  p ro te in s  of the N .  
m en in g it id is  capsu le  gene c lu ste r an d  co n stitu te  an in n e r m em b ran e  
polysaccharide export system  in these bacteria (Kroll et a l ., 1990; Sm ith et al ., 
1990; F rosch et al ., 1991; P avelka et al ., 1991, 1994; Reizer et al ., 1992). 
M utations in  region 3 of the K5 capsule gene cluster can be com plem ented by 
cloned  genes from  Actinobacil lus  plcuropneumoniae  (W ard  and  Inzana,
1995), suggesting  that there is conservation  in the ABC tran sp o rt system s 
involved in group  II polysaccharide export in G ram -negative bacteria.

In  the A BC -m ediated export of g roup II polysaccharide in E. c o l i , the KpsT 
p ro te in  is the A T P-binding  com ponen t w hile  the K psM  is the in teg ra l 
m e m b ra n e -sp a n n in g  u n it. In te ra c tio n  b e tw e en  K psT  a n d  ATP w as 
dem onstra ted  in structu re-function  stud ies of KpsT m u tan ts and  b ind ing  of 
photolabelled  analogues of ATP (Pavelka et a l ., 1994). H ydropa thy  plo t of the 
p red ic ted  am ino acid sequence indicated  that the KpsM  pro tein  contains six 
hydrophob ic m em brane spann ing  dom ains in terspersed  w ith  short stretches 
of hydroph ilic  residues (Smith ct al ., 1990; Pavelka ct al ., 1991). Topological 
ana ly sis  u sin g  gene fu sio n  ap p ro ach es  confirm ed  this six  m em b ran e  
sp a n n in g  o rg an isa tio n , w ith  the N - an d  C -te rm in al d o m ain s  in  the 
cytop lasm  (Pigeon and  Silver, 1994). S ite-directed m utagenesis and  linker- 
in sertion  iden tified  the N -term inus, the first cytoplasm ic loop and  a sm all 
hydrophob ic dom ain  (SV-SVI linker) near the C -term inus as regions that are 
im portan t for KpsM  function  (Pigeon and Silver, 1994). Thus, the KpsM  and
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T structu res are consistent w ith  the m odel of an ABC transpo rte r hav ing  a 
po ly top ic in tegral m em brane p ro te in  and  an A TP-binding p ro te in  (H iggins,
1992), w here KpsT p resum ably  functions in hydro lysing  ATP in the KpsM - 
m ediated  export of g roup II polysaccharide (Smith e.t al 1990; Pavelka et al 
1991,1994; P igeon and  Silver, 1994).

Region 1 of the kps gene cluster encodes proteins that are involved  in  the 
cell surface expression of g roup  II po lysaccharide in E. coll (Boulnois and  
R oberts, 1990; Silver and  V im r, 1990; P azzani et ai ., 1993a,b). M uta tions 
w ith in  the kpsE  an d  D g en es re s u lt  in  p e r ip la sm ic  a c c u m u la te d  
po lysaccharide (Boulnois et al ., 1987; Bronner et al ., 1993a) suggesting  a role 
for the KpsE and  D p ro te in s  in  the export of po lysaccharide  across the 
p erip lasm ic  space. The KpsE p ro te in  is hom ologous and  shares sim ilar 
h y d ro p a th y  p lo t profile to the BexC p ro te in  of H. influenzne  and  the CtrB 
p ro te in  of N. ineningitidis , bo th  of w hich are have been im plicated  in the 
export of po lysaccharide in  these bacteria (Kroll et al ., 1990; Frosch et al ., 
1991). A ntiserum  has been raised  against the purified  KpsE pro tein  of E. coll 
K5 (Rosenow  et al ., 1995a). The p ro te in  has been show n to localise in the 
m em brane, and  prelim inary  data on the topology indicated  that KpsE has an 
am ino  te rm in u s  in  the cy top lasm  and  a large p erip lasm ic  d o m a in  of 
approxim ately  302 am ino acids (Esum eh and  Roberts, 1995; R osenow  et al ., 
1995a). The large perip lasm ic  dom ain  is likely to in te ract w ith  the KpsD 
p ro tein  and  m ay be functionally  im portan t in the export of polysaccharide to 
the cell surface.

K psD  is a perip lasm ic p ro te in  w ith  a typical N -term inal signal sequence 
(P azzan i et al ., 1993a,b; W under et al ., 1994). The p red ic ted  am ino acid 
sequence of KpsD is no t hom ologous to pro teins encoded in  either the H . 

in f luenzae  and  N. nw ningltld is  capsu le  gene c lu ste rs (P azzan i et al ., 
1993a,b), b u t is hom ologous to the ExoF p ro te in  w hich is invo lved  in  the 
exp ression  of succinog lycan  in  Rhizobium  ineliloti (M uller et al ., 1993). 
Thus the precise role of KpsD in polysaccharide export is no t fully elucidated, 
b u t m u ta n ts  lack ing  the encoded  p ro d u c t are no t capable of expo rting  
polysaccharide to the cell surface (Bronner et a l ., 1993a; W under et al ., 1994). 
O u ter m em brane p ro te in s are n o t encoded  in the g roup  II capsu le gene 
clusters of E. coll and it is possible that the KpsD pro tein  m ay be acting in a 
sim ilar ro le ana logous to o u te r m em brane  p ro te in s  in  the cell surface 
expression of g roup II capsule.
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The KpsC and  S pro teins are localised to the cytoplasm  an d  are associated  
w ith  the  in n e r  face of the  cy top lasm ic m em brane  (Rigg an d  R oberts 
unpublished). A nalysis of m uta tions in  either the kpsC  or S genes revealed  
cells w ith  po lysaccharide  th a t lack bo th  p h o sp h o lip id  and  KDO, located  
w ith in  'holes' in  the cytoplasm  (Bronner et al 1993a,b). P h o sp h o lip id  and  
KDO are u su a lly  fo u n d  at the red u c in g  end  of cell su rface  exp ressed  
po ly sacch arid e  (K roncke et al 1990; Finke et al 1991). The KpsC and  S 
p ro teins are respectively hom ologous to LipA and B pro teins encoded in the 
capsu le gene cluster of N. ineningitidis and  both  Lip p ro te in s have been 
p ro p o sed  to function  in  lip id  substitu tion  (Frosch and  M uller, 1993). Based 
on resu lts  ob ta ined  from  the K psC an d  S m u tan ts, it w as suggested  that 
phosphatidyl-K D O  m igh t form  a s truc tu ra l m otif th a t is recognised p rio r to 
export of polysaccharide across the cytoplasm ic m em brane by the KpsM  and 
T proteins (Roberts, 1995). The exact functions of these two pro teins are yet to 
be dem onstrated .

The kpsU  gene encodes a p ro te in  of 27 kDa tha t have been  suggested  to 
p rov ide KDO for the synthesis of 2-phosphatidyl-KD O , needed  for ligation to 
the po ly saccharide  chain  (B ronner et al ., 1993a). In the K5 capsule gene 
cluster, m uta tions in  kpsE and  kpsD  genes resu lt in the accum ulation  of 
p h o spha tidy l-K D O -linked  po ly saccharide  at the cell surface and  in  the 
perip lasm , w hereas polysaccharide in the cytoplasm  lacks phosphatidyl-K D O  
(Bronner et al ., 1993a). This has led  to the suggestion that phosphatidyl-K D O  
substitu tion  of the K5 polysaccharide is a p rerequisite for translocation of the 
p o ly saccharide  (Roberts, 1995, 1996), as is the case w ith  N . m en ing it id is  

cap su la r po ly saccharide  w here  p h o sp h a tid ic  acid su b stitu tio n  has been  
dem o n stra ted  (Frosch and  M uller, 1993). H ow ever, kpsU  m u tan ts  express 
som e capsular polysaccharide at the cell surface, indicating  that this is likely 
n o t the case. Therefore, the role of K psU  in the cell surface expression  of 
capsular polysaccharide in E. coll rem ains poorly  defined.

The m echan ism s in vo lved  in  the expo rt of g roup  II po ly sacch arid e  are 
beg inn ing  to unfold. The observation  of a conserved system  involved  in  the 
expo rt processes in  o ther G ram -negative bacteria has h e lp ed  to facilita te 
research  in to  export of the K5 capsu lar po lysaccharide . A lbeit there is a 
conserved  them e in  the export process, significant differences do exist. For 
exam ple , the lack of p e rip la sm ic  p ro te in  in  N. m ening it id is  and  H . 
influenzae  , and  an ou ter m em brane pro tein  in E. coll and  the role of KDO 
in  the tran sp o rt process raises in teresting  questions as to the organisation  of 
the processes involved in the last stages of cell surface expression of g roup  II
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capsu lar antigens. The analysis of p ro te ins encoded by reg ion  1 genes w ill 
help  to fu rth e r our u n d e rstan d in g  on the cell surface expression of the K5 
an tigen .

1.7 Capsule-specific Bacteriophages

B inding of the phage to the bacterial cell is often the first and  crucial step  in 
b ac te riophage  infection . This action is as a resu lt of specific in te rac tion  
be tw een  the phage and  its recep to r on the bacterial cell surface (M akela, 
1985). H ence, one can test for the presence or absence of such recep tors by 
u sing  a set of phages w hose receptor specificities are know n. A ccording to 
M akela (1985) this has p roved  to be a useful approach in  the s tudy  of several 
bacterial cell surface structu res and  m u tan ts  lacking these structu res. The 
recep tor specificity of a phage is determ ined  by its b ind ing  pro tein , w hich 
u sually  is the tail fibre or p a rt of it. Some phages especially the large DNA 
phages have been show n to have two sets of tail fibres w hich have d ifferent 
b ind ing  specificities (Zorzopulos et a l ., 1982).

B acteriophage in fec tion  an d  the su b se q u en t k illing  of the firs t ta rg e t 
bac terium  usua lly  m eans liberation  of a b u rs t of new  phage particles tha t 
b ind  to o ther bacteria in the v icinity  and the resu lt is a p laque of lysis in a 
law n  of bacterial g row th. H ow ever, bacteria can be resis tan t to the killing 
action of a phage even after phage b ind ing  to specific recep tor (Pelkonen et 
al., 1992). In the absence of specific receptor, the m ost com m on cause of such 
resistance is im m unity  conferred by a residen t p rophage (D uckw orth et al ., 
1981). O ther m echanism s of resistance w hich are only b u t poorly  understood  
include 'superinfection  exclusion' at the bacterial cell surface, restric tion  by 
endonuclease action and abortive infection (Makela, 1985).

C apsu lar polysaccharides of bacteria often interact w ith bacteriophages, either 
by  b locking access to phage receptor sites beneath  or by p rov id ing  specific 
ad so rp tio n  sites. A num ber of bacteriophages specific for £. coll capsu lar 
po lysaccharides (K phages) have been  described  (Stirm , 1968; S tirm  and  
Freund-M olbert, 1971; L indberg, 1977). These K phages are very  specific; they 
do no t b ind  to noncapsu la ted  m u tan ts  nor to rela ted  strains w ith  d ifferen t 
capsu la r s truc tu res  an d  thus of d iffe ren t sero type (Jann and  Jann, 1983). 
S tructuraly  identical capsular polysaccharide from  different bacterial strains 
w ill be sensitive to the sam e phage. This is exem plified by the K54 capsular 
antigens of Klebsiella aerogenes A3 and  that of E. coll 08:K27, both a receptor
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for the bacteriophage F34 (Sutherland, 1977; S utherland et ni ., 1970). The two 
p o ly saccharides are very  sim ilar w ith  the sam e backbone s tru c tu re  b u t 
su b stitu ted  w ith  galactose in  E. coli K27 instead  of glucose in  K. aerogenes 
K54 antigen (Conrad et a l ., 1966).

As a resu lt of their b ind ing  specificity, the capsule-specific phages can be 
used  as indicators of the presence of certain structures in the polysaccharide. 
The iden tifica tion  of po lysaccharide structu res from  a num ber of bacteria 
in c lu d in g  E. coli (Gross et al ., 1977; G upta et a l  ., 1982) species of Klebsiella  

(R avenscroft et al ., 1987; Parolis et al ., 1988), Azotobacter  (Pike and  W yss, 
1975; D avidson  et al ., 1977) and  Rhizobium  (Barnet and  H u m p h rey , 1975; 
A m e m u ra  et al ., 1983) h av e  b e n e f ite d  fro m  th is  a p p ro a c h . For 
polysaccharide structures tha t are poor im m unogens, capsule-specific phages 
can be u sed  in  id en tif ica tio n  of bac teria  responsib le  for in fection . For 
instance, it is particu larly  difficult to p repare high titre antisera to the £. coli 
K1 and  K5 capsular types (Jann and Jann, 1983), and  the K l- or K5-specific 
phages are of great value in the serotyping of these strains (Gross et al ., 1977; 
N im m ich et al ., 1981; G upta et al ., 1982). The K phages have been em ployed 
w ith  g reat success in the epidem iological studies of bacterial etiologic agents, 
no tab ly  in  the typ ing  of Staphylococcus aureus  (Blair and  W illiam s, 1961), 
Salmonella (W ilkinson et al ., 1972; L indberg, 1977; H ickm an-B renner et al .,
1991), Yersinia (Kawaoka et al .,1983) and  E. coli (Lindberg, 1977). C apsule- 
specific phages have also been  u sed  to iso late n o n -ca p su la ted  m u ta n ts  
(Stirm, 1968).

B acteriophage specificity  is no t restric ted  to the K an tigens. Phages w ith  
b ind ing  specificities to lipopolysaccharide (O phages) such as the el5 , e 34 and 
0 8  phages (Kanegasaki and  W right, 1973; Reske et a l ., 1973; P rehm  and  Jann, 
1976) and  rough  (R) antigens like the classical T phages (T3, T4, T7) (Prehm  et 

a l ., 1976) have been described. The O phages are the m ost frequently  isolated 
phages from  sew age or other sources w hen  using ind icator bacteria w ith  O 
antigen as host (Makela, 1985). The com m only used transducing  phage P22 of 
Salmonella is a good exam ple of the specificity of the O phages. It requires 
sm ooth  type LPS w ith  long O side chains as opposed to sem irough  (SR) or 
ro u g h  (R) m utan ts (M akela and Stocker, 1984). M ost of the phages used  for 
ty p in g  in  clinical ep idem iological investiga tions of Yersinia cnterocolitica  

are O-specific (Kawaoka et a l ., 1983). The specificity of phages that b ind to the 
LPS core (R-specific) have been best s tu d ied  in Salmonella  t y p h im u r iu m  

(W ilk inson  et al ., 1972) and  have been used  in the characterisa tion  of R 
m utan ts (M akela and  Stocker, 1984). In fact, as reported  by M akela (1985) the
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R-specific phage, FO is useful for d ifferen tia tion  of rfa m u ta n ts  (w ith  the 
exception of rfaL ) w ith  incom plete LPS core from  other R types. M any of the 
phages th a t b ind  to the core LPS do n o t b ind  to sm ooth  (S) bacteria due to 
steric h indrance exerted by the O polysaccharide (Makela, 1985).

1.7.1 Bacteriophage Lyases Specific for Capsules

C apsule phages has been show n to first b ind  to receptors in  the capsule or O 
p o ly sa c c h a r id e  rem o te  fro m  the  o u te r  m e m b ran e  su rface  an d  th e n  
specifically depolym erise the polysaccharide to w hich they are bound  (Stirm 
and  F reund-M olbert, 1971; L indberg , 1977). The depo lym erising  enzym e is 
borne in  the spikes or tail fibre of the phage and  it is req u ired  bo th  for 
b ind ing  and  degradation  of bacterial polysaccharide for the phage to reach the 
cell su rfa ce  (S tirm , 1968; S tirm  an d  F re u n d -M o lb e r t, 1971). T his 
d e p o ly m e r isa tio n  e v e n t of the  p o ly sa c c h a r id e  h as  b een  e le g a n tly  
d em o n stra ted  by electron m icroscopy (Bayer et al ., 1979; Bayer and  Bayer,
1994). A large num ber of bacteriophage-associated  enzym es w hich degrade 
carbohydra te-con tain ing  po lym ers on the bacterial cell surface have been 
described and a few  of these are polysaccharide lyases (Sutherland, 1995).

In  general, all lyase enzym es that cleave anionic po lysaccharide po lym ers 
exhib it a com m on m ode of action, by a [5-e lim in a tio n  m ech an ism . The 
specificity of these lyases is related  to this elim inase m echanism  (L inhardt et 
al ., 1986; Des ai et al ., 1993), by  w hich certain glycosidic (usually  1,4 |3- or 1,4 
a-linked) bonds betw een hexosam ine and  uronic acid are cleaved (Jandik et 
al ., 1994; S u therland , 1995). A p ro d u c t of this cleavage is a m odified  n o n ­
re d u c in g  te rm in u s  to fo rm  u n sa tu ra te d  u ro n ic  ac id  an d  th is UV 
c h ro m o p h o re  fo rm e d  in  th e  n o n - re d u c in g  te rm in i of the sm a ll 
o ligosaccharide p ro d u cts  is usefu l for their detection  (Jandik et al ., 1994). 
M ost of the enzym es, w ith  the exception of xanthan lyases (Lesley, 1961) are 
ra n d o m ly  en d o ly tic  in  the ir ac tion , c leav ing  the m ain  cha in  of the 
polysaccharide structu re (Jandik et al ., 1994; Sutherland, 1995). The products 
of lyase action  m ay  in  a few  cases be m onosaccharides b u t are m ore 
com m only oligosaccharides ranging  in  size from  a degree of polym erisation  
(DP) of 2 to 5. Polysaccharide lyases act on various substra tes w hich m ay be 
fo u n d  in  e ither eukaryotes or p rokaryo tes , the la ter source accord ing  to 
S u therland  (1995) p rov id ing  m ost d iverse range of substrates. A few  of the 
po lysaccharide substrates are com m on or sim ilar to both  types of organism s 
and  thus w ill be cleaved to som e degree of specificity by the sam e enzym e. 
N otab le am ong these substra tes are the polysialic acid w hich is a po lym er
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p resen t in  b o th  hu m an s and  the bac teria  E. coli K l and  N. m eningit id is  

sero  g ro u p  B stra in s  (L iv ingston  et al 1988; Troy, 1992). H ep a rin  and  
desu lp h a to h ep arin  w hich  are com m on in eukaryotes has sim ilar s tru c tu re  
to E. coli K5 polym er (Vann et al 1981; C asu et al ., 1994). L ikewise, the E. 
coli K4 an tigen  has the stru c tu re  of a chondro itin  backbone to w hich  D- 
fructosyl side chain residues are attached (Rodriguez et al ., 1988).

A m ong the po lysaccharide lyases found  in  phage p repara tions are alginate 
lyases (D avidson et al ., 1977a) and  those cleaving various linkages in both 
hom o- and  hetero-polym ers p roduced  by several bacterial species includ ing  
S. aureus (Parrel et al ., 1995), Streptococcus (N iem ann et al ., 1976; H ynes 
and  Feretti, 1989), Rhizohiurn trifolii (Barnet and  H um phrey , 1975; H igash i 
an d  Abe, 1978; H ollingsw orth  et al ., 1984), Klebsiella (R avenscroft et al ., 
1987; Parolis et al ., 1988), Pseudomonas (D avidson et al ., 1977a,b) and  E. coli 
(Stirm  and  F reund-M olbert, 1971; H allenbeck et al ., 1987; F etter and  Vimr, 
1993; Long et al ., 1993, 1995; G erardy-Schahn et al ., 1995). The A zotobacter  

vinelandii  phage-borne lyase enzym e w as show n to degrade alginate rich in 
m a n n u ro n a te  res id u es (D av idson  et al ., 1977a) y ie ld in g  o ligosaccharide  
p ro d u c ts  c o n ta in in g  m a n n u ro n a te  a n d  u n s a tu ra te d  u ro n ic  ac id  an d  
gu lu ronate  residues (D avidson et al ., 1977b). The hyaluronate lyase borne by 
strep tococcal bac te riophage described  by N iem ann  et al (1976) y ie lded  a 
tetrasaccharide and  an octasaccharide along w ith  two higher oligom ers from  
its substra te . Each oligosaccharide w ere  characterised  by the u n sa tu ra te d  
u ro n ic  acid  at the n o n -re d u c in g  end  and  N -acety l g lucosam ine at the 
reducing  term inus. Lyases found  in v iru len t phage lysates of R. trifolii have 
been  u sed  for s tru c tu ra l analysis of the rep ea tin g  u n it of the R. trifolii 

polysaccharide (A m em ura et a l ., 1983; H ingsw orth  et a l ., 1984). The enzym e 
cleaves a 1,4 P -D -g lu co sy l-D -g lu cu ro n ic  ac id  lin k a g es  w ith  r e s u lta n t  
oligosaccharide p roducts com posed of D-glucose: D-galactose; D -glucuronic 
acid: 4 -deoxy-L -th reo-hex-4 -enopyranosy lu ron ic  acid in the ra tio  5:1:1:1. 
These o ligosaccharides have been found  to be biologically active p roducts 
capable of b ind ing  trifolin  A and stim u la ting  root hair infection in clover 
(Abe et a l ., 1984).

A  n u m b e r of po ly sacch arid e  lyases from  bac te rio p h ag es u se fu l in  the 
s tru c tu ra l analysis of ca p su la r po ly saccharides from  E. coli have been 
identified. The enzym e from  E. coli K28 phage cleaves the a-D -glucosyl (1,4)- 
P-D -glucuronic acid linkage in the acety lated  te trasaccharide rep ea t un it of 
the po lysaccharide (A ltm an et al ., 1986). The lyase from  Klebsiella phage (|)5 
w as capable of cleaving the p-D -m annosyl (l,4)-p-D- glucuronic acid linkage
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in  the E. coli K55 p o lysaccharide  (A nderson  and  P aro lis , 1989). In the 
trisaccharide repeat u n it of the K55 an tigen  structu re , the m annose carried  
4,6-linked py ruvate  ketals (on up  to 40% of residues) and  O-2-acetyl g roups, 
w hereas the Klebsiella K5 po lym er (w hich is also d eg rad ed  by the sam e 
phage) carried  only an  O-2-acetyl g roup  on the glucose residue . Thus the 
specificity of this enzym e is on the linkage in the backbone structure.

In all, the action of lyase enzym es provides oligosaccharide p roducts that are 
m ore am enable to structural analysis by physical m ethods. Of special in terest 
are the phage-borne lyases specific for the low  m olecular w eigh t K antigens, 
particularly  the K l and  K5 antigens of E. coli .

1.7.1.1 B acteriophage-borne Lyase Specific for E. coli  K l C apsule

Several bacteriophages specific for polysialic acid capsule of E. coli K l have 
been described (Gross et al ., 1977; K w iatkow ski et al ., 1982, 1983; H allenbeck 
et al ., 1987). The phages designated  m em bers of the PKl fam ily recognise the 
capsu lar polysialic acid as a p rim ary  cell surface receptor by their capsule- 
d eg ra d in g  endosia lidases, cleav ing  their su b stra te  by a com m on endo- 
e lim inase  m echan ism  (K w iatkow ski et al ., 1982; Fine and  M akela, 1985; 
H allenbeck et al ., 1987; P elkonen et al ., 1989). E. coli K l has been im plicated  
in  a num ber of infections (Robbins et al ., 1974) w ith  h igh m orta lity  rates in 
cases of m eningitis (Robbins et al 1974; 0 rsk o v  et al 1977). As cited by 
Long et al. (1995), it w as p ro p o sed  by Taylor (1987) tha t the P K l phage- 
induced  endosialidase could be used  in the diagnosis and  therapy  of E. coli 

K l m e n in g itis , sep ticaem ia  or bac te raem ia  due to the enzym e 's h igh  
specificity for hydrolysing a-2,8-sialosyl linkages of the K l polym er. Polysialic 
acid is an oncodevelopm ental an tigen  in h u m an  k idney an d  b rain  and  m ay 
c o n tr ib u te  to the  in v a s iv e  a n d  m e s ta tic  p o te n tia l of som e tu m o rs  
(L ivingstone et a l ., 1988; Roth et al ., 1988). Thus as rep o rted  by Tom linson 
and  Taylor (1985) bacteriophage E endosialidase has the po ten tia l of being 
used  as probe for neoplastic tissues d isplaying the polysialic acid m arker.

To date  phages that recognise the K l capsule are the only know n source of 
polysialic acid lyase (Kw iatkow ski et al ., 1983; Finne and  M akela, 1985). M ost 
of the phage-borne enzym es have been purified  and show n to depolym erise 
bo th  O -acetylated  and  non-O -acety lated  a-2 ,8-linked hom opolym ers of N - 
acety lneu ram in ic  acid from  a varie ty  of sources (Tom linson an d  Taylor, 
1985; H allenbeck et al ., 1987; Long et al ., 1993). L im ited lyase activity  w as 
observed  w hen  the a lternating  a-2,8 and  a-2,9- linked  N -ace ty lneu ram in ic
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acid hom opolym er of £. coli K92 antigen w as used as substra te  (Tom linson 
an d  Taylor, 1985). In  the stud ies repo rted  by H allenbeck et al (1987) both  
o ligo- and  po ly -sia lo sy l un its  w ere  su b stra tes  and  exam ina tion  of the 
in term ediate  products show ed that cleavage occurred at random  sites on the 
po lysialosy l chains, as o pposed  to p rogressive  d epo lym erisa tion  from  an 
in itiated  cleavage site at one end. Some of the genes encoding these enzym es 
have been  cloned and  the am ino acid sequence d e te rm in e d  (Fetter an d  
V im r, 1993; G erardy-Schahn et al ., 1995; Long et al ., 1995), and  detail analysis 
of the encoded  p ro te ins w ill fu rthe r our u n d ers tan d in g  on the structu ra l- 
functional relationship of this g roup of polysaccharide lyases.

1.7.1.2 B acteriophage-borne Lyase Specific for E. coli  K5 C apsule

G u p ta  et al . (1982) rep o rted  the iso lation  of a phage specific for the K5 
an tigen , to aid  in  the clinical d iagnosis of infections caused  by E. coli K5 
strains. They also found  tha t this phage w as capable of deg rad ing  the E. coli 
K5 po lysaccharide . The capsu lar po lysaccharide  from  E. coli K5 stra in  is 
fo rm ed from  disaccharide repeating  un its of 4 -(3 -D -g lu cu ro n o sy l-l,4 -a-N - 
acetyl-D -glucosam ine and  essentially  represen ts a structu ra l in term ediate  of 
heparin  b iosynthesis (Vann et al ., 1981) and  is sim ilar to other in term ediates 
re q u ire d  as su b s tra te s  to g en e ra te  p ro d u c ts  w ith  h ig h  a ff in ity  for 
a n tith ro m b in  ac tiv ity  (C asu et al ., 1994). The K5 po lym er and  those of 
heparin  are substra tes for polysaccharide lyases (L inhardt et al ., 1986; Lohse 
and  L inhardt, 1992; Jandik et al ., 1994).

The K5 phage-bo rne  d eg ra d in g  enzym e w as recen tly  charac terised  and  
sh o w n  to be a lyase, cleav ing  its su b stra te  th ro u g h  a (3- e l i m in a t iv e  
m echan ism , and  y ie ld ing  oligosaccharides characterised  m ain ly  of hexa-, 
octa- and  decsaccharides w ith  4 ,5-unsaturated  glucuronic acid (A^/^GlcA) at 
their nonreducing  end  (H anfling et al ., 1996). The few  docum ented  reports 
on lyases tha t are specific for heparin  or heparin-like com pounds come from  
the use of the bac terium  Flavobacterium, heparinum .  Three d is tin c t lyases 
have been purified  from  this bacterium  (Lohse and  L inhard t, 1992). These 
are heparin  lyase I (EC 4.2.2.7), II (no EC num ber) and III (heparitinase, EC 
4.2.2.8) w ith  corresponding m olecular w eights of 42.8, 84.1 and 70.8 KDa. All 
had  h igh alkaline pH  optim a in the range of 9.0-10.0 and isoelectric points of 
8.9 to 10.1.

The h ep a rin  lyases from  f . heparinum  act in a random  endoly tic  fash ion  
and  their specificity is releated  to cleavage of the glycosidic linkages betw een

47



hexosam ine and uronic acid to yield oligosaccharide products characterised  
by unsaturated uronic acid residues at the non-reducing end (Jandik ct nl 
1994). The three heparin lyases act on heparan sulphate, w ith heparin lyase I 
degrading the substrate much more slow ly and all but heparin lyase III act on 
heparin (Linhardt et al 1982; Jandik et al 1994) (Figure 1.6). Lyases with  
specificity for heparin and heparan sulphate have found many applications 
including the determ ination of structure of such polym ers (Linhardt et al ., 
1991, 1992), preparation of new  therapeutic agents (Linhardt ct al ., 1988; Casu 
et al ., 1994) and the analysis of glycosam inoglycans found in tissues and 
biological fluids (Linhardt et a l ., 1992).

Heparin lyases I & Heparin iyases I*, II &

CHoO H CO

pH pH

NHSP 3

OH 2ÛH

HNAc

Heparin Heparan sulphate

Figure 1.6: Action pattern of heparin lyases on both heparin and heparan 
sulphate. Arrows indicate site of cleavage by the polysaccharide lyases, and 
the asterik denotes the slow  action of heparin lyase I on heparan sulphate. 
Figure was adapted from Jandik ct a l . (1994).
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U nlike in E. coli K l, w here phages rep resen t the only source of lyase enzym e 
specific for the capsule, certain  strains of E. coli K5 are know n to express 
lyase enzym e th a t are specific for the K5 po lysaccharide . These stra ins 
in c lu d e  E. coli 0 4 :K 5 , O10:K5 a n d  0117:K 5 (K. Jan n , p e rso n a l 
com m unication). The encoded  enzym es in these s tra in s  have n o t been 
stud ied  in  detail, bu t it is know n tha t these K5 strains express low  m olecular 
w eigh t capsular polysaccharide (K. Jann, personal com m unication).
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Aims

The aims of this thesis are tw o fold. First, to determ ine the topology of the 
KpsE p ro tein . Secondly, to clone, determ ine the nucleo tide sequence, and  
o v e re x p re ss  th e  K 5-specific  b ac te rio p h a g e -b o rn e  lyase  en zy m e. T he 
use fu ln ess  of th is enzym e in  the s tu d y  of K5 p o ly sacch arid e  w ill be 
h igh ligh ted .
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Chapte]

M aterials and M ethods

2.1 Bacterial Strains and Plasmids

The bacterial strains and  plasm ids tha t w ere used  in  this s tu d y  are listed  in 
tables 2.1 and  2.2  respectively.

Table 2.1: Bacterial Strains

Strain Source/Reference

E. coli LE392

E. co liJU lO l

F', l;sdR514(r k,m+k), S)/pE44, Sr/pF58, 

lacY l, gall<2, galT22, m etB l, trp R55,X‘

Murray et al 1977

su p B ,t1 ii Ailac -p ro A B ), F [ tr a D 3 6 ,  Yanisch-Perron ef a / ., 1985 

proAB+, /flcI9, /flcZAMlS]

E. coli JM109(DE3) el4"(?ncr A), recAl, end A l ,  gyr  A96, hsd  Yanisch-Perron et al 1985 

R 1 7 (r " k ,m  + k ), su p E 44 , tlri A (lac  

-p r o  A B ), F [ f r f l D 3 6 ,  p r o  A B + ,

/flciqZAM15], X(DE3)

E. coli SURE

E.coli CC118

mcr A, Aimer BC-hsd RM S-inrr )171, sup Strata gen®  Cloning System s 

E44, thi 1, X, gyr A96, rel A l, lac , rec B, 

rec J, she C, iimu  C::Tn5 (kan )̂, uvr C,

(F', pro AB+, lac ISZAM15, TnlO (tet ))

ar«D139, iara, leu )7697, lac X74, phoA  M ichaelis et al ., 1983

A20, galE, ga lK , thi , rpsE, rpoB, a rg  

Bam/ rcc A l

E. coli SM lO Xpir F", thi -1, thr -1, leu B6, supE44, to n A  

21, lacY 1, recA ::RP4-2-Tc::Mu Km’')

Simon et al ., 1983
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Table 2.1 (continued)

Strain Genotype Source/Reference

E. coli SY327Xpir F‘, ara D, A{lac-pw ), arg Eam/ ''̂ c A56, 

rif nal A

Miller and Mekalanos, 1988

E. coli M SlO l rpsL , serA +, K5'’' Stevens ct al ., 1994

E. coli MSFEIOO rpsL , scrA  +, AkpsE , K5‘ This study

Table 2.2: Plasm ids used in  this study

Plasm id C haracteristic Source/Reference

pTTQlS* Ap*̂ . Cloning and expression vector S k n k ,1987

pYZ4 Km"̂ . Cloning and expression vector Zhang and Broome-Smith, 

1990

pLH21 Cm'^. Contains BlaM cassette Broome-Smith

pUC19 Ap’̂ . High copy number cloning vector Yanisch-Perron ct al ., 1985

pGEM-3Zf+ Ap*̂ . Phagemid cloning and expression vector Promega Corps, 1991

pACYC184 Cm̂ .̂ Cloning vector Chang and Cohen, 1987

pRT733 Km’̂ . Suicide vector, Xpir , Tnp//oA Taylor et al ., 1989

pCVD422 A p’̂ . Suicide vector, Xpir , sacB Donnenberg and Kaper, 1991

pPC6 Cm"  ̂ C loned  E. coli I<5 capsule gene cluster 

except kpsF in pACYC184

Pazzani, 1993

pH18 Ap'^. H ind  III fragm ent encoding region 1 

m inus kpsF of E. coli I<5 capsule gene cluster 

in pUC18

Pazzani, 1993

pCR6 ApK Sma l-Hinc II kpsE fragment in pCE30 Rosenow et a l 1995a
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2.1.1 Growth Conditions and Media

Bacteria w ere rou tinely  grow n at 370C in Luria b roth  (LB; 0 .5 % ^ /y N aC l, 
0 .5 % ^ /v  yeast extract, and  1 % '^ /v  tryp ticase  pep tone) w ith  1 .5 % ^ /y  
b ac te rio lo g ica l agar (BBL) a d d e d  as req u ired . M9 m in im al m e d iu m  
(0.6% ^/v Na2HP0 4 .7H2 0 , 0.3% ^/^ KH2PO4/ 0.05% ^/^ NaCl, 0.1% ^/^  
N H 4 CI, 0 .4 % w '/v  g lucose, lOmM  M gC l2 , lO p g m l" !  th iam in e ) w ith  
1 .5 % ''Y/y agar w as used  w here necessary. For soft top agar 0 .6 % ^ /y  agar 

w as used. W here necessary  m ed ia w ere su p p lem en ted  w ith  ap p ro p ria te  
an tib io tic s  a t the  fo llo w in g  co n c en tra tio n s : am p ic illin  lO O pgm l"^, 
ch loram phenico l 25pgm l"^, kanam ycin  25(J.gml"l, s trep tom ycin  25pgm l"^, 
an d  te tracycline 25 |ig m l"l. A ntibiotics and  am ino acids w ere pu rch ased  
from  Sigma Chem ical C om pany Ltd. Solid agar m edia w ere supp lem en ted  
w ith  0 .2m gm l"l X-gal and  Im M  IPTG (N ovabiochem ), and  XP (Sigma) 
w here required .

Bacterial cells w ere harvested  by centrifugation  at 3300g for 5 m ins a t 40C 
in  Sorval centrifuge (Dupont). Small volum es of culture w ere cen trifuged  
in  a bench top m inifuge at 13,400g for 5 m ins at room  tem perature.

2.1.2 Phage Assay

Cells w ere  g row n  to m id -lo g arith m ic  phase  at 37°C  w ith  shak ing  at 
200rpm , h a rv e s ted  and  th en  re su sp e n d e d  in  lOmM  M gS0 4  so lu tion . 

R esuspended  cells w ere incubated  w ith  dilu tions of capsule-specific phage 
a t am bien t tem pera tu re  for 20 m ins. Soft top  agar w as a d d e d  and  then  
overla id  onto L-agar p la tes contain ing  the app rop ria te  antibiotics. P lates 
w ere  allow ed to set, then  incubated  at 37°C  and  exam ined after 5 hours 
and  overn igh t for plaques.

2.1.3 D e te rm in a tio n  of A m pic illin  R esistance of E. coli  JM lO l P ro d u c in g  
KpsE-BlaM  H ybrid  Proteins

The m in im um  inh ib ito ry  concentra tion  (MIC) requ ired  to p rev en t colony 
form ation  by single cell w as determ ined  based  on the m ethod  described by 
B room e-S m ith  an d  P ra tt (1986). O v ern ig h t cu ltu res  of E. coli J M lO l
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h arb o u rin g  d ifferen t kpsE-blaM  clones w ere serially d ilu ted  in L -broth to 
p ro v id e  d ilu tions. A d ro p  co rresp o n d in g  to 5p l from  these
d ilu tions w ere spo tted  on d iffe ren t segm ents of L-agar p la tes contain ing 
K anam ycin (25pgmL^), IPTG (Im M  final concentration) and  various range 
(5p.gm l"l-200pgm l"l) of A m picillin. The form ation of a single colony w as 
exam ined after overn igh t incubation  at 37°C.

2.2 Transfer of Plasmid D N A  into Bacterial Cells

B acterial cells w ere transfo rm ed  u sing  varia tions of e ither the C alcium  
c h lo r id e  (C a C li)  (M andel an d  H ig a , 1970) or the h ig h  efficiency 
electroporation  (Dow er et a l 1988) m ethods. DNA was also delivered  into 
bacterial cells th rough  conjugation.

2.2.1 C alcium  C hloride M ethod

In  the C aC l2  m e thod , lOOpl of an  overn igh t culture g row n at 37°C w as 
d ilu ted  1:100 in 10ml of L -broth and  g row n at 37°C w ith  shaking  to m id ­
exponentia l phase  (OD600~0-5). Cells w ere harvested  (3300g a t 4°C  for 5 
m ins), w ashed  once in  10ml of ice-cold lOmM NaC l solution , pelleted  and  
re s u s p e n d e d  in  4m l ice-co ld  lOOmM C aC l2 - The cells w ere  m ad e  
co m p eten t by  in cu b atio n  on ice for 30 m ins and  co llected  by gen tle  
centrifugation (IBOOg for 5 m ins at 4°C). Pelleted cells w ere resuspended  in  
1ml ice-cold lOOmM CaCl2 and  then  used  im m ediately  in  transform ation. 

For transform ation, lOOpl aliquot of com petent cells w as m ixed w ith  5-20|il 
of p lasm id  DNA and  placed on ice for 1 hr. Cells w ere heat shocked at 42°C 
fo r 3 m ins an d  th e n  im m ed ia te ly  m ixed  w ith  0.5m l L -b ro th . The 
transform ed cells w ere incubated  at 37°C for 1 hr, after w hich lOOpl aliquot 
w as p la ted  un to  each L-agar p la tes contain ing the app rop ria te  antibiotics. 
P lates w ere then  incubated  overnight a t 37°C.

2.2.2 E lectro transfo rm ation  M ethod

For e lec tro transfo rm ation  lOOpl of an overn igh t cultu re w as back-d ilu ted  
1:100 w ith  10m l of L -b ro th  an d  g ro w n  to m id -e x p o n e n tia l p h ase  
(OD600~0-5). Cells w ere pelleted  by centrifugation  at 3300g for 10 m ins at
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4°C . Pelleted  cells w ere w ashed  three tim es in  10ml of ice-cold nan o p u re  
w ate r and  then  once in 1 0 % v / v  g lycerol w ith  cen trifugation  be tw een  
w ashes. The cell pellet w as resu sp en d ed  in  80|il of 10% glycerol and  used  
im m ediate ly  in  transform ation. A liquots of l-2p l of DNA w as then  m ixed 
w ith  40|il of the com petent cells and  transfered  into an ice-cold 2m m  Gene 
P u ise r™  cuvette  (Biorad). A h ig h  vo ltage w as d e liv ered  th ro u g h  the 
sam ple  using  a B iorad G ene Puiser™  w ith  pu lse contro l param ete rs at 
25pF capacitance, 200 Q. resistance and  2.4KV voltage. Time constants w ere 
typically in  the range of 4.6-4.8 msec, depend ing  on the p u rity  (salt content) 
of the D N A  sam ples. Im m ed iate ly  after p u ls in g  a m l of ice-cold SOC 
recovery  m ed iu m  (20gl“  ̂ tryp ticase pep tone, 5gl"^ yeast extract, 0.57gl"l 
lOmM N aC l, 0.175gl”l  2.5mM KCl, 2.025gl-l lOmM M gClz, 2.45gl"l lOmM 
M g S 0 4 , 3.6gl"^ 20m M  glucose) w as m ixed  w ith  cells, fo llow ed  by 
incubation  for 1 hr at 37°C before p la ting  out lOOpl aliquots un to  each L- 
agar plates containing the appropriate  antibiotics.

2.2,3 C on jugation  Procedures

2.2.3.1 T n p h o A  M u tagenesis

R andom  phoA  in sertions w ere generated  in  p lasm id  D N A  using  filter 
m a tin g  experim ents betw een  the rec ip ien t (£. coli LE392pCR6) and  the 
d o n o r (E. coli SM lOXpir  pRT733) strains. P lasm id  pRT733 is a su ic ide 
vector (Table 2 .2 ) based  upon  the Xpir system  and  thus can only replicate 
in  a P ir+  b ackg round  and  have been  described  (M anoil an d  Beckw ith, 
1985). Briefly, the dono r and  rec ip ien t w ere g row n to OD600~0-4. Cells 
from  1ml of each cu ltu re w ere pelleted  together and  resu sp en d ed  in  50pl 
of L -broth. The suspension  w as then  sp read  over a m icrocellu lose filter 
(H ybond-C , A m ersham ) on L-agar plates. P lates w ere incubated  at 37°C 
an d  cells w ash ed  off the filte r after 4 h rs w ith  Ix  M9 sa lt so lu tion . 
C onjugants resu lting  from  the m ating  w ere selected on M9 salt m in im al 
m ed iu m  containing the requ ired  antibiotics. P lasm id D N A  extracted  from  
conjugants w as used  to transform  E. coli CCI 18 and  PhoA+ m utan ts w ere 
iden tified  as b lue colonies on L-agar p la tes contain ing  the chrom ogenic 
substra te, 5-brom o-4-chloro-3-indonyl phosphate (XP; 40qgml"^).
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2.2.3.2 H om ologous Gene Recom bination

H om ologous gene recom bination  using  a positive selection suicide vector, 
pCVD422 w as carried ou t as p reviously  described (D onnenberg and  Kasper, 
1991). The suicide vector pCVD422 is also based u pon  the Xpir system  (see 
above) an d  th e re fo re  id ea l for gene rep lacem en t or in tro d u c tio n  of 
m u ta tions in to  the chrom osom e of Epir" strains. pCVD422 contains the 
sacB gene, w hich confers sucrose sensitiv ity  and  thus allow  the positive 
selection for the loss of vector sequences after hom ologous recom bination. 
This system  w as used  in  filter m ating  experim ents as described  earlier to 
in troduce m uta tions in  the chrom osom e.

2.3 Procedures for Recombinant DN A Manipulation

2.3.1 Extraction and  P urification  of P lasm id  DNA

Small scale p repara tion  of p lasm id  D N A  w as carried ou t using  the alkaline 
lysis m ethod . Cells p e lle ted  from  1.5ml of an o v ern ig h t cu ltu re  w ere 
resu sp en d ed  in  lOOpl ice-cold so lu tion  I (50mM glucose, 25mM  Tris-H Cl 
p H  8.0, lOmM EDTA and  5m gm l‘l  lysozym e) and  left on ice for 30 m ins, 
follow ed by the addition  of 200|il of freshly m ade solution  II (0.2M N aO H  
and  1% SDS). The content of the tube w ere then  m ixed by inverting  the 
tube five tim es and  p laced  on ice. A fter 5 m ins on ice 150pl of ice-cold 
so lu tion  III (5M p o tassium  acetate buffer pH  4.8, w hich  consists of 3M 
potassium  and  5M acetate) w as added , again follow ed by gentle m ixing and 
a p recip ita te  w as allow ed to form  by stand ing  the tube on ice for 5 m ins. 
The su p e rn a ta n t w as recovered  after cen trifugation  and  ex tracted  once 
w ith  equal volum e (about 400pl) of phenol:chloroform  (1:1), vortexed for 5 
secs an d  centrifuged for 1 m in. The up p er aqueous phase w as collected and  
m ixed  w ith  1ml of ethanol at room  tem peratu re . A fter 5 m ins the DNA 
precip ita te  w as sed im ented  by centrifugation in a bench top m inifuge for 5 
m ins. The ethano l w as asp ira ted  and  d iscarded , leav ing  the D N A  pellet 
w h ich  w as then d ried  for 5 m ins using  a vacuum  desicator. D N A  pellet 
w as resuspended  in 50|il of sterile nanopure w ater and  sto red  at -20°C.

Large scale p repara tion  of p lasm id  DN A w as carried ou t using  either the 
alkaline lysis m ethod  described by Birnboim  and  Doly (1979) follow ed by 
caesium  ch loride-eth id ium  brom ide density  g rad ien t cen trifugation  or the 
M axi p rep  k it (Q iagen). Eor the caesium  c h lo rid e -e th id iu m  b ro m id e
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d en s ity  g ra d ie n t m e th o d , cells from  a 400ml o v ern ig h t cu ltu re  w ere 
h a rv e s te d  in  tw o la rg e  p o ts  by  cen trifugation . Each cell p e lle t w as 
resu sp en d ed  in  5ml of ice-cold so lu tion  I, transferred  to a 30ml O akridge 
tube and  left to stand  on ice for 30 m ins. Freshly m ade so lution  II (10ml) at 
room  tem peratu re  w as added , gently  m ixed and  left for a fu rthe r 10 m ins 
on ice. Ice-cold so lu tion  III (7.5ml) w as added , again  m ixed  gently  and  
incubated  for a fu rthe r 10 m ins on ice. Cell debris w as rem oved  from  the 
p lasm id  p rep ara tio n  by cen trifugation  a t 45°C for 20 m ins at 35000g. The 
su p e rn a tan t (18ml) w as m ixed w ith  12m l of isopropyl alcohol an d  left to 
stan d  a t room  tem peratu re  for a m in im um  of 15 mins. The resu ltan t D N A  
precip ita te  w as pelleted  by centrifugation  in  30ml Corex tubes at 3500g for 
30 m ins a t 20°C . The D N A  p e lle t w as air d ried  for 15 m ins an d  
resu sp en d ed  in  sterile nanopure  w ater to a final volum e of 17ml. C aesium  
chloride (17g) w as added  (ie to a final concentration of Im gm l"!), allow ed 
to dissolve and  the solution w as transferred  to a 30ml Sorval vertical ro tor 
centrifuge tube. E th id ium  brom ide w as ad d ed  to a final concentra tion  of 
50|igm l"^ and  the tube filled w ith  m ineral oil, balanced and  crim p-sealed. 
C hrom osom al and  plasm id  DNA w ere separated  by centrifugation at 40000 
rp m  u s in g  a S orva l TV850 fix ed -an g le  ro to r  in  a S orval OTD 60 
u ltracentrifuge for 20 hrs at 20°C. D N A  w as v isualised u n d er UV ligh t and  
the low er p la sm id  D N A  b an d  w as ex tracted . E th id iu m  b ro m id e  w as 
ex tracted  by  equ ilib ra tion  w ith  caesium  ch lo ride-sa tu ra ted  isopropano l. 
C aesium  ch loride w as rem oved  by exhaustive  d ialysis aga in st d istilled  
w ater at room  tem perature . The D N A  solution w as aliquoted  and  sto red  at 
-20OC.

The m axi p rep  w as perfo rm ed  accord ing  to m anufac tu re rs  in struc tions 
(Qiagen). Briefly, 150ml (for h igh copy num ber p lasm id) or 500ml (for low  
copy n u m b er p lasm id) of an overn igh t g row n cu ltu re w as harv ested  by 
ce n trifu g a tio n  a t 4 °C  for 15 m ins a t 6000xg. The re su ltin g  pelle t w as 
resuspended  in  10ml of ice-cold buffer P I (lOOpgmpl RNase A, 50mM Tris- 
H C l, lOmM  EDTA pH  8.0). Ten m illilitre  (10ml) of bu ffer P2 (200mM 
N aO H , 1% SDS) w as a d d e d , gen tly  m ixed  and  left to s ta n d  a t room  
tem peratu re  for 5 m ins. A 10ml aliquot of ice-cold buffer P3 (3M KAc pH  
5.5) w as added , again gently  m ixed by inverting  the tube five tim es and  
th e n  in c u b a te d  on ice fo r 20 m ins. Cell d eb ris  w ere  rem o v e d  by 
cen trifugation  a t 4°C  for 30 m ins a t 30000xg and  the clear su p ern a tan t w as 
p ro m p tly  recovered. QIA G EN -tip 500 colum n w as equilib rated  w ith  10ml 
buffer QBT (750mM N aCl, 50mM  MOPS, 15% ethanol pH  7.0, 0.15% Triton
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X-100) an d  the  s u p e rn a ta n t w as a p p lie d  to the  co lum n . P ossib le  
contam inants w ere rem oved  by app ly ing  a to tal of 60ml w ash  buffer QC 
(1.0 M NaC l, 50mM  MOPS, 15% ethanol pH  7.0) and  allow ing the buffer to 
flow  th rough  the colum n. D N A  w as elu ted  w ith  15ml of buffer QF (1.25M 
N aC l, 50mM  Tris-H C l, 1.5% ethanol pH  8.5) and  p rec ip ita ted  w ith  0.7 
vo lum es of iso p ro p an o l, p rev io u sly  equ ilib ra ted  to room  tem p era tu re . 
The D N A  w as im m edia te ly  pelle ted  by cen trifugation  at 15000xg for 30 
m ins at 4®C, w ashed  once w ith  15ml of cold 70% ethano l an d  then  air 
d ried  for 5 m ins. D N A  pellet w as resuspended  in 200jil of nan o p u re  w ater 
and  stored  at -20°C.

2.3.2 Extraction of C hrom osom al D N A

The extraction of chrom osom al D N A  w as based on the m ethod  described 
by  Siato an d  M uira (1963). Bacterial cells from  a 10ml o v ern ig h t b ro th  
cu ltu re w ere resuspended  in  5ml of so lu tion  I and  left to stan d  on ice for 
30 m ins. SDS and  EDTA w ere ad d ed  to final concentra tions of 1% and  
50mM  respectively. The suspension  w as left to stand  a t room  tem peratu re  
u n til the tu rb id ity  w as clear (usually  w ith in  20 mins). The cell lysate w as 
then  ex tracted  repea ted ly  to rem ove the p ro te ins w ith  equal vo lum e of 
phenohchloroform  (1 :1 ), fo llow ed by a single chloroform :isoam yl alcohol 
(24:1). A fter centrifugation  a t 4000g for 20 m ins at 4°C  the u p p e r aqueous 
phase  w as collected carefully  using  a tru n ca ted  p lastic p ip e tte  to avoid  
m echanical shearing  of the DNA. The clear aqueous phase w as then m ixed 
w ith  0.1 vo lum e of 3M sod ium  acetate p H  5.2 and  3 vo lum es of cold 
abso lu te  ethano l (-20°C) w as slow ly p o u red  dow n the side of the tube. 
C hrom osom al D N A  p rec ip ita ted  at the in terface w as then  collected by 
spooling around  the end  of a sterile glass pasteu r p ipe tte  and  resuspended  
in  sterile n an o p u re  w ater.

2.3.3 T echn iques U sed in  R ou tine D N A  M an ip u la tio n

R estriction  endonucleases and  D N A  m odify ing  enzym es w ere pu rch ased  
from  Life Technologies L td (Gibco BRL) or Pharm acia B iochem icals Inc 
an d  w ere  u sed  according to m an u fac tu re rs  recom endations. R estric tion  
endonuclease cleavage of DNA w as perfo rm ed  typically  in  20pl reaction  
vo lum e w ith  one u n it of enzym e per pg  of DNA at 37°C. T4 D N A  ligase
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w as u sed  a t 4 °C  overn igh t in  T4 ligase buffer (50mM Tris-H C l p H  7.5, 
lOmM  M gC l2 , Im M  ATP). For liga tion  the m olarity  ra tio  of vector to 
in se rt u sed  d ep en d ed  on the D N A  ends after cleavage w ith  restric tion  
enzym e; for sticky ends the ratio  w as 1:1 and for b lun t ends a ratio  of 1:2 

w as used.

S tandard  analysis and  sizing of D N A  w ere estim ated in kilobases using  the 
1 kb ladder (Gibco BRL) in agarose gel electrophoresis. DNA sam ples w ere 
m ix ed  w ith  the  a p p ro p r ia te  v o lu m es of 6x lo a d in g  b u ffe r (0.25% 
brom ophenol b lue, 0.25% xylene cyanol, 15% ficoll). DNA fragm ents w ere 
separated  by agarose gel electrophoresis using 0 .7 -1 .2% ^/y  Seakem agarose 
in  TAB buffer (40mM T ris-acetate pH  7.7, Im M  EDTA) w ith  0 .5pgm l"l 
e th id iu m  b ro m id e  an d  the  D N A  v isu a lise d  u s in g  a lo n g w av e  UV 
transillum inator. D N A  in agarose gel slices w as rou tinely  pu rified  using  a 
S ep h ag las™  b an d p re p  k it (Pharm acia) accord ing  to the m anufac tu re rs  
in stru c tio n s.

The concentration of DNA w as rou tine ly  determ ined  from  the A260 of the 
D N A  in  w a te r  u s in g  a P h ilip  U V /V IS  sp e c tro p h o to m e te r  an d  w as 
calculated  on the assum ption  that an  A260 of 1 represen ts a concentration  
of 50pgm l"f for a double stran d ed  D N A  and  33pgm l"f for a linear DNA. 
A lte rna tive ly  D N A  concen tra tions w ere es tim ated  by com paring  b an d  
in tensities to those of know n standards after agarose gel electrophoresis.

D ep h o sp h o ry la tio n  of p la sm id  vec to r by the rem ova l of 5' te rm in al 
phosphate  groups from  cleaved vector DNA fragm ents w as carried  ou t to 
achieve h igh  frequency  recom bination  betw een  vector and  in se rt DNA. 
Basically, lOOpg of vector D N A  w as cleaved to com pletion in  a reaction  
volum e of 50pl. A total of 45pl of the d igested  DNA w as m ixed w ith  5pi of 
lOx calf intestinal phosphatase (CIP) buffer (lOx CIP buffer; 50mM  Tris-HCl 
p H  9.0, lOmM M gCl2 , Im M  ZnCl2 ), follow ed by Ip l of 5U pl“f CIP (N ew  
E ngland  Biological, NEB). A fter 30 m ins incubation  at 37°C a fu rther 0.5pl 
of CIP w as added  and  the reaction allow ed to proceed for a fu rther 30 m ins 
at 37°C. The reaction  m ix ture w as then  m ade up  to 200pl and  the D N A  
ex tracted  tw ice w ith  an equal vo lum e of phenohch lo ro fo rm  (1:1). The 
p h o sp h a tase  D N A  w as ethanol p rec ip ita ted  and  the pellet w ashed  w ith  
70% e th an o l as p rev io u se ly  d esc rib ed  (see section2.3.1). D N A  w as 
re su sp e n d e d  in 50pl sterile  n an o p u re  w ater. P hosphatase  efficacy w as 
assessed by the transform ation efficiency of self-ligated phosphatase vector.
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2.3,4 Polymerase Chain Reaction

P olym erase chain reaction  (PCR) w as perfo rm ed  based  on the m ethod  of 
Saild et al . (1988). PCR reactions w ere typically  in lOOpl reaction  vo lum e 
consisting  of o ligonucleotide p rim ers (0.25pM each), dN TPs (200pM final 
for each), tem plate DNA (lOng), reaction buffer (Ix; lOmM Tris-HCl pH  8 .8 , 
50m M  KCl, 1.5mM  M gC lz, 0.1% T riton  X-100) and  2.5U of Taq D N A  
p o ly m e ra se  (NEB). R eac tion  m ix tu re s  w ere  o v e rla id  w ith  2 0p l of 
m olecu lar b iology grade m ineral oil (Sigma) p rio r to D N A  am plification  
th ro u g h  30 cycles u sing  a P elk in  E lm er C etus the rm al cycler. Cycles 
consisted  of a m inu te  d én a tu ra tio n  step  at 95°C, a m inu te  annealing  at 
550C (tem perature usua lly  chosen to be at least 5°C  low er than  the Tm  of 
the  p rim er w ith  the low est m elting  point) and  2 m ins at 72°C ex tension  
step. The am plified  D N A  w as recovered by p ipe tting  from  un d er the oil 
overlay and  5-1 Opl aliquot analysed on agarose gel.

D N A  w as also am plified  d irec tly  from  bac teria l cells in colony PCR. 
Basically the tem pla te D N A  w as rep laced  in the above reaction  m ix ture 
e ither by  using  lOpl of an overn igh t b ro th  culture or in troducing  a colony 
w ith  a sterile tootpick  d irectly  into the reaction  m ix ture given above and  
the D N A  am plified th rough  30 cycles as p rev iously  described.

2.3.5 C loning  of T runcated  Lengths of PC R -A inplified kpsE  D N A  Products

In  o rd er to generate  site specific fusions of blaM  to the kpsE  gene, 
d iffe ren t lengths of the kpsE gene w e re . am plified  by po lym erase  chain 
reaction (PCR). The oligonucleotides for the PCR w ere designed  to include 
restric tion  enzym e sites (show n in bold  below), to facilitate cloning of the 
am p lified  D N A  p ro d u c ts  an d  blaM  in se rtion  to the construc ts. The 
oligonucleotides designated  e l to e7 include, 5'-GGGGTACCCGCCCACTGAAA 

CnrGAT-3' (el), 5'-CGGAATTCCCCGGGGCTGGCGTCCAGACG-3' (e2), 5'-GGGAATTC 

CCCGGGCAACTGTGGCGAA-3' (e3), 5'-CGGAATTCCAGCTGCCAGCAGGCGATC-3' 

(e4), 5'-CGGAATTCCCCGGGATCTTCAATAACAGC-3' (e5), 5'-GGGAATTCCCGGGCA 

CCGCCATCGGTGC-3' (e6), and 5'-CGGAATTCCCCGGGCTGGCTGGCTG AAGATAGC-3' 

(e7). The 5' o ligonucleotide (el) located im m ediately  u p stream  of the kpsE  

gene h ad  a Kpn  1 site in tro d u ced  for cloning and  the 3' o ligonucleotides 
each h ad  an Eco R1 site for cloning and  a Sma  1 (Pvu 11 in the case of e4) site 
to generate  blaM  fusion  w ith in  the cloned D NA p ro d u cts . The PCR-
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am p lified  kpsE fragm ents w ere cloned in to  a Kpn  I- Eco RI lin e a rise d  
expression  vector pYZ4 (Zhang and  Broom e-Sm ith, 1990) to generate  a 
series of clones desinated  pFE3-8 (see section 3.2.2.2).

2.4 DN A Hybridisation Procedures

2.4.1 Transfer of DNA from Agarose Gels (Southern Blotting)

D N A  w as tran sfe rred  to filters u s in g  the cap illary  b lo ttin g  techn ique 
described  by  S outhern  (1975). D N A  sam ple w as separated  by agarose gel 
electrophoresis and  the gel p h o to g rap h ed  along side a ru ler to serve as 
reference point. The D N A  w as d ep u rin a ted  by soaking the gel in  0.25M 
H Cl for 7 mins. The gel w as then  rinsed  in  distilled  w ater and  soaked in  
d en a tu rin g  so lu tion  (0.5M N aO H , 1.5M N aC l) for 30 m ins w ith  gen tle  
shaking. The gel w as again rinsed  in d istilled  w ater, fo llow ed by soaking 
for 30 m ins in  neutra lising  so lu tion (0.5M Tris-HCl pH  7.5, 3M N aCl) w ith  
gentle shaking. The gel w as rinsed  again and  then laid  un to  six sheets of 
p re-w et (20x SSC, 3M NaC l, 0.3M sod ium  citrate, pH  7.0) W hatm an 3m m  
filter pap e r w ithou t trapp ing  any air bubbles. A pre-soaked  (3x SSC) sheet 
of H ybond-N  nylon m em brane (A m ersham ) w as placed on the gel w ith  a 
3x SSC p re-w et W hatm an  p ap e r on top, fo llow ed by four sheets of d ry  
W h atm an  p ap e r and  a stack  of d ry  p ap e r tow els. F inally , the  transfe r 
sandw ich w as evenly com pressed by p lacing a glass p late and  a 500g w eight 
on  top  of the p ap e r tow els. The low er sheets of W hatm an  p ap e r w ere  
constan tly  k ep t soaked  in  20x SSC an d  the p ap e r tow els changed  once 
before d ism an tling  the ap p a ra tu s  after overn igh t of D N A  transfer. The 
ny lon  m em brane w as air d ried , w ra p p e d  in Saran w ra p  and  the D N A  
cross-linked  to the m em brane by exposure  to UV from  a long  w ave 
transillum inato r for 5 m ins.

2.4.2 Radiolabelling of DNA for Use as Probe

P lasm id  D N A  w as cleaved w ith  the app rop ria te  restriction  endonucleases 
an d  the fragm ents separated  by agarose gel e lectrophoresis on a 1 % low  
m elting  p o in t agarose gel (BRL). The D N A  fragm ent(s) of in te rest w ere 
excised from  the gel and  ad d ed  to sterile nanopure  w ate r (1 .5m l/g ram  of 
agarose). The sam ple w as boiled in a w ate r bath  for 7 m ins before use or 
stored  a t -2Q0C and  reboiled for 3 m ins im m ediately  before use.
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L ab e llin g  reac tio n s  w ere  p e rfo rm e d  as d esc rib ed  by  F e in b e rg  an d  
V ogelstein  (1983). A pprox im ately  lOng of DNA w as rad io labe lled  using  
ran d o m  hexanucleo tide  p rim ers. N ucleo tide  and  hexanucleo tides w ere 
obtained from  Parm acia and  32p(x-dCTP from  DuPont.

2.4.3 Hybridisation and Detection of DNA Inimobolised on Filters with 
Probe

H ybrid isation  and  w ashing  steps w ere carried out in a ro tary  hybrid isa tion  
oven  (H ybaid) using  cylindrical canisters. Southern  b lo t m em brane filters 
w ere incubated  in  p rehybrid isa tion  so lu tion  (Table 2.3) at 65°C for 2 hrs, 
follow ed by incubation  overn igh t at 65°C in hybrid isa tion  so lu tion  (Table 
2.3) containing the radiolabelled  probe.

A fter hyb rid isa tion  steps, the filters w ere w ashed  tw ice in  h igh  s tringen t 
solu tions of 0.1% SDS and  O.lx SSC at 65°C for 15 m ins each and  twice in 
0.1% SDS and  0.5x SSC at 65°C for fu rthe r 15 m ins each. F ilters w ere  air 
d ried , w rap p ed  in  Saran w rap  and  p laced in an au to rad iog raphy  cassette 
w ith  the DNA side up. K odak X-Omat AR film  was exposed to the filters at 
-70°C. Films w ere developed in an A gfa-G eveart autom atic film  processor.

Table 2.3: Com position of Hybridisation Solutions^______________________________________

Prehybridisation solution 3x SSC

0.1% SDS 

5x Denhardts solution^

6% PEC 600

 _________________________________________200|.igmT^ Denatured Salmon Sperm DNA^
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Hybridisation solution 3x SSC

0.1% SDS 

2x Denhardts solution^

6% PEC 600 

200|ugml"^ Denatured Salmon Sperm DNA  

Radiolabelled Probe

a, solutions were stored at -20°C

b, lOOx Denhardts solution contains 2% Ficoll, 2% BSA and 2% Polyvinol-pyrollinidine

c, Salmon sperm DNA was denatured by boiling and forcing the solution through a narrow  
gauge syringe needle

2.5 DNA Sequencing

N ucleo tide  sequence w as determ ined  based  u pon  the chain te rm ination  
m ethod  described  by Sanger et nl . (1977), in w hich DNA synthesis from  
d e o x y n u c le o tid e  tr ip h o s p h a te s  is te rm in a te d  by  the  a d d i t io n  of 
d ideoxynucleotide triphosphates. D ouble stranded  sequencing w as carried 
o u t u sing  p lasm id  DNA. Sequence reactions w ere p erfo rm ed  using  the 
S equenase™  V ersion 2.0 Kit (U nited States Biological, USB) w ith  [a-^^S] 
dA TP rad io labelling  inco rpo ra ted  in  the extension reaction  and  the ABI 
PRISM ™  Ready Reaction Dye Deoxy™  Term inator Cycle Sequencing Kit 
(Perk in  E lm er) accord ing  to m an u fac tu re rs  recom enda tions. R eactions 
re lied  on m ultip le  a n n e a lin g /d e n a tu rin g  cycles to am plify  second s tran d  
yield.

2.5.1 D N A  Sequencing  P olyacrylam ide Gel E lectrophoresis

The rad io la b e lle d  cha in  te rm in a tio n  p ro d u c ts  w ere  re so lv e d  u s in g  
T ris/B ora te /E D T A  (TBE) g rad ien t gel electrophoresis (Biggins et a l ., 1983).
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Gel solution 1 7ml 5x TBE acrylam ide/urea mix

45pl 10% ammonium persulphate (APS)

2.5pl TEMED

Gel solution 2 40ml 0.5x TBE acrylam ide/urea mix

ISOpl 10% ammonium persulphate (APS)

7.5pl TEMED

E lectrophoresis grade APS and  TEMED w ere pu rchased  from  Sigm a, and  
30% A ccugel acry lam ide so lu tion  w as from  Flow gen. lOx TBE buffer 
consists of 121.1gl"l Tris-H C l, 55gl"^ Boric acid and 40ml of 0.5M EDTA 
ad justed  to pH  8.3. The 0.5x T B E /acry lam ide urea m ix consists of 430gl"l 
u rea , 150ml 30% acrylam ide so lu tion  and  50m ll"l lOx TBE. The 5x m ix is 
sim ilar except th a t it contains 150m ll'^ lOx TBE, w ith  50gl"^ sucrose and  
50m gl"l b rom ophenol blue. To p repare  the gel, two glass p la tes (20cm by 
50cm) w ere cleaned free of grease using teepol and w ater. O ne of the plates 
w as siliconised by apply ing  a sm ear of dim ethyldichlorosaline evenly on a 
surface and  allow ing to dry. P lates w ere then  tapped  together separated  by 
0.4mm spacers. In a 25ml p ipette , 10ml of gel solution 2 fo llow ed by 14ml 
of gel so lu tion  1 w ere d raw n  and  a rough  grad ien t w as form ed w ith in  the 
p ip e tte  by  d raw in g  up  som e air bubbles. This m ix tu re  w as ru n  dow n  
betw een  the glass plates avoid ing  form ation  of air bubbles and  the cavity 
filled w ith  the rem ain ing  of gel so lu tion  2. The comb w as positioned  and  
p la te s  c lam p ed  a lo n g  each side. G el w as a llow ed  to se t a t room  
tem peratu re  for 1 h r and  the  tape w as rem oved from  the bo ttom  of the gel. 
The gel w as clam ped  in  vertical position  w ith  a lum in ium  sheets of a 
s im ila r d im e n sio n  as the gel p la te s  on  e ith e r s id e  for even  h ea t 
d istribu tion . The u p p e r buffer reservoir w as filled w ith  0.5x TBE and  the 
low er w ith  Ix  TBE. The gel w as p re-run  for 30 m ins at a constan t pow er of 
40W and  the w ells rin sed  w ith  ru n n in g  buffer p rio r to sam ple loading. 
E lectrophoresis w as perfo rm ed  at constan t pow er of 40W for 3 or 6 hrs. 
A fter e lec tropho resis  the  gel p la tes w ere p rised  ap a r t w ith  the  non- 
siliconised p la te  dow n to reta in  the gel, w hich w as then soaked  in gel fix 
(10% m ethano l, 10% acetic acid) for 15 m ins and  rin sed  w ith  d istilled  
w ater. The gel w as transferred  to a p re-w et W hatm an filter paper, covered 
w ith  S aran  w ra p  a n d  d r ie d  u n d e r  v a c u u m  fo r 1 h r  a t 80° C . 
A u to rad io g rap h y  u sed  the D u p o n t C ronex  film  and  exposure a t room  
tem p era tu re .
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2.5.2 Automated D N A  Sequencing

D N A  sequencing  is based on the chain term ination  m ethod , w here four
dye-labelled dideoxy nucleotides, GATC D yeDeoxy"^ term inators replaces 
the s ta n d a rd  d ideoxy  nucleo tides in  the enzym atic sequencing  reaction. 
D ouble s tra n d e d  D N A  sequencing  w as p e rfo rm ed  u sin g  the PRISM TM

R eady  R eaction  D yeD eoxy™  T erm inato r Cycle Sequencing K it (Perkin 
E lm er) acco rd in g  to m a n u fa c tu re rs  reco m m en d a tio n s . The su p p lie d  
te rm inato r prem ix consists of l.SSpM  A-DyeDeoxy, 94.74|iM T-DyeDeoxy, 
0.42pM G-DyeDeoxy, 47.37pM C-DyeDeoxy, 78.95pM dITP, 15.79pM dATP, 
15 .79pM  dCTP, 15.79pM  dTTP, 168.42mM  Tris-H C l p H  9.0, 4.21 |iM  
(N H 4 )2 S0 4 , 42.10mM M gCl2 and  0.42U|il"l A m pliTaq D N A  polym erase. 
T ypically  reactions consisted  of 9.5pl te rm in a to r p rem ix , 0 .6 |ig  D N A  
tem plate, S.Opmol p rim er in a reaction  volum e of 20pl. R eaction m ix tu re  
w as overla id  w ith  a d rop  of m ineral oil. Reaction w as for 25 cycles in a 
P erk in  E lm er M odel 9600 and  consisted  of a rap id  therm al ram p  and  a 
ho ld  at 96°C for 10 secs, annealing at SO^C for 5 secs and  extension at 60°C 
fo r 4 m ins. E x tended  p ro d u c ts  w ere ex tracted  w ith  sequenc ing  g rad e  
ch lo ro fo rm  once and  w ith  pheno l:w ate r:ch lo ro fo rm  (68:18:14) so lu tio n  
twice. P roducts w ere precip ita ted  w ith  2M sodium  acetate pH  4.5 and  100% 
ethanol, w ashed  once w ith  70% ethanol and  the pellet d ried . The d ried  
p ro d u ct w as sent to the P rotein and  N ucleic Acid Laboratory, U niversity  of 
Leicester for gel analysis.

2.6 Computer Analysis of DNA and Protein Sequences

D N A  sequence w as assem bled using  p rogram s of the G enetics C om puter 
G roup  (GCG) suite of the U niversity  of W isconsin (Devereaux et al ., 1984) 
ru n n in g  on  a S ilicon G raph ic  C rim son  m ain fram e (D aresbu ry  Seqnet 
Facility, UK) and  (Irix, Leicester U niversity) under a UNIX platform . The 
p ro g ram  M AP w as u sed  to iden tify  ORFs and  restric tion  enzym e sites. 
TRANSLATE w as u sed  in  c rea ting  p ro te in  sequence from  the D N A  
sequence. D N A  and  p ro te in  hom ologies w ere iden tified  from  database  
searches u sing  either FAST A (L ipm an and  Pearson, 1985) or the BLAST 
s e r ie s  (A lts c h u l et al ., 1990). D a ta b a s e s  u s e d  in c lu d e d  th e
G en b a n k /E u ro p e an  M olecular Biology L aboratory  (Gen_EMBL) and  the 
S w issp ro t/P ro te in  Inform ation Resource (OWL).
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The h y d ro p a th y  profile of Kyte and  D oolittle (1982) w as u sed  for the 
analysis of p red ic ted  am ino acid sequences on the PEPPLOT or the D N A  
s tr id e r  so ftw are . A ttem p ts  a t s tru c tu re  p red ic tio n  for p ro te in s  w ere  
p erfo rm ed  using  the PREDICTPROTEIN version 1.0 PH D  n eu ra l netw ork  
fac ility  at EMBL H e id e lb e rg  (S ander and  S chneider, 1991). M u ltip le  
a lignm ents w ere ob ta ined  using  e ither CLUSTER-W or ALIEN u sin g  a 
PAM  250 m atrix  (Higgins et n l ., 1994).

2.7 Procedures for Protein Analysis

2.7.1 Expression of C loned G enes in  E, coli

P ro te in  expression from  genes cloned in to  the pTTQlS"^ and  pGEM -3Zf+ 
vectors w ere perfo rm ed  using  the tac and  the T7, p rom oters respectively. 
For total cell lysate, cells in  10m l bro th  w ere grow n to an OD^OO of 0.5 and  
in d u ced  w ith  Im M  IPTG final concentration. Cells w ere allow ed to grow  
to an  ODgOO of 1 .0  an d  w ere  h a rv e s te d  from  1.5m l c u ltu re  by 
cen trifugation . Cells w ere th en  re su sp en d ed  in  n an o p u re  w ate r an d  the 
o p tical den s itie s  of cell su sp en sio n  w ere ad ju sted  to equ ivalence by 
d ilu tin g  the h igher density  cell suspensions. To 200pl of cell suspension , 
20|il of 10% SDS w as added , boiled for 3 m ins and 5-15pl of this lysate was 
se p ara te d  by SDS-PAGE (see section  2.7.2). Gels w ere  sta in ed  in  0.2% 
C oom assie b lue (Sigma) so lub ilised  in  the destain  so lu tion  (10% acetic 
acid, 40% m ethanol) for 1 hr and  destained  to achieve the desired  contrast.

2.7.2 In  v iv o  R ad io labelling  and  D etection  of Protein

P ro te in s w ere expressed  in  pGEM -3Zf+ using  the T7 expression system  
based  on the m ethod  of Tabor and  R ichardson (1985). The gene of in terest 
w as c loned  d o w n stream  from  the T7 p ro m o te r an d  the  pG EM -3Zf+ 
d eriv a tiv e  tran sfo rm ed  in to  E. coli JM109DE3. This s tra in  contains the 
s t ru c tu ra l  gene  fo r b a c te r io p h a g e  T7 RN A  p o ly m e ra se  on  th e  
ch rom osom e. The T7 RN A  p o ly m erase  is tran sc rib ed  from  th e  lac  
p rom oter on induction  w ith  IPTG. E. coli JM109DE3 harbours an  F' factor 
contain ing loci'! to repress the lac p rom oter u n d er non-induced  conditions.
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To express p lasm id  encoded  genes, a single colony from  an agar plate of 
D avis m ed ium  (7gl"l K2 H P O 4 , 2gl"l KH 2 P O 4 , 0.5gl"l N a citrate, O .lgp l 
M gS0 4 , Igl"^ (NH 4 )2S0 4 ) supp lem ented  w ith  glucose (0.4%) and  th iam ine 
(Ipgl"^) w as used  to inoculate 10ml of L-broth and cells grow n at 37°C w ith  
aeration  overnight. The cell cu ltu re  w as d ilu ted  1:10 in  10ml of fresh  L- 
b ro th  and  grow n fu rther at 37°C w ith  aeration  to an ODgoO of 0 .6 . Cells 
w ere  h a rv ested  from  1m l of this cu ltu re  by cen trifugation  an d  w ashed  
tw ice  in  u n su p p le m e n te d  D av is  m e d iu m . The f in a l p e l le t  w as 
resuspended  in  1ml of Davis m edium  supp lem eted  w ith  0.4% glucose and  
I p g p f  thiam ine-H C l. This cell su spension  w as then incubated  in  a 370C 
w ater bath  for 90 mins. T7 RNA polym erase w as induced  by the add ition  
of 0.5mM  IPTG final concen tra tion  to the cell su spension  fo llow ed  by 
incubation  at 370C for 20 m ins. After induction , E. coli RN A  polym erase 
w as in h ib ite d  by  the ad d itio n  of 40pl of r ifa m p ic in  ( lO m g m p l in 
m ethanol) and  incubation  a t 37°C  for 30 m ins. P roducts of the encoded  
genes transcribed from  the T7 p rom oter w ere then labelled by the add ition  
of lOpCi [35g] m ethionine (Am ersham ), follow ed by incubation  at 37°C for 
1 hr. The rad io labelled  cells w ere harvested  by centrifugation. Cells w ere 
then  lysed by resuspendig  pellet in 30(il of lysis buffer (60mM Tris-HCl pH  
6 .8 , 1% SDS, 1% 2-m ercap toethano l, 10% glycerol, 0.01% b rom opheno l 
blue) and  by bio ling  at 100°C for 5 m ins. A 5pl aliquot of cell lysate w as 
separated  by SDS-PAGE.

SDS-PAGE w as perfo rm ed  as described by Laem m li (1970). Gels w ere ru n  
u s in g  the  m in i PR O TEA N ™  II sy stem  (B iorad) acco rd in g  to  the  
m aufactu rers instructions. The resolving gel (4.65ml of 1.5M Tris-H C l pH  
8.8/0.2%  SDS, 4.95ml of 30% Protogel acrylam ide, 348pl of 1% APS, 40pl of 
TEMED) w as p o u red  first, overlaid  w ith  b u tan -l-o l and  allow ed to set. O n 
setting  the bu tano l w as rem oved  and the top of the gel w as w ashed  w ith  
d istilled  w ater. The resolving gel w as then overlaid w ith  stacking gel (3ml 
of 0.5M Tris-H Cl pH  6 .8 /0.2%  SDS, 1.04 m l of 30% Protogel acrylam ide, 
2.12ml d istilled  water, 150pl of 1% APS, 20pl of TEMED) and  the comb 
im m ediate ly  p u t in  place. Gel w as allow ed to set and  the com b rem oved  
b efo re  sam p les  w ere  lo a d ed . E lec tro p h o res is  w as p e rfo rm e d  in  a 
T ris/G lyc ine /S D S  buffer (25mM  Tris base, 193mM Glycine, 0.1% SDS) at 
150V for 1-2 hrs un til the brom ophenol b lue dye fron t has m igra ted  to the 
b o ttom  of the gel. B road range p res ta in ed  SDS-PAGE m arkers (Biorad) 
w ere used  as standards. After electrophoresis the gel w as soaked in a fixing 
so lu tion  (10% acetic acid and  25% isopropano l) for 30 m ins and  trea ted
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w ith  A m p lify  (A m e rsh a m ) a c c o rd in g  to th e  m a n u fa c tu r e r s  
re c o m m e n d a tio n s . G els w ere  d r ie d  u n d e r  v a c u u m  a t 8 0 °C  a n d  
au to rad iog raphed  a t room  tem peratu re using  D uPont Cronex film.

2.7.3 D etection  of P ro te in  A ntigen  by W estern B lotting

For W estern  blotting , p ro teins resolved by SDS-PAGE w ere transferred  to 
PVDF m e m b ran e  (M illipo re  C o rp o ra tio n ) u s in g  the e lec tro b lo ttin g  
technique of Tow bin et a l . (1979). E lectrotransfer w as perfo rm ed  in  25mM  
Tris base, 193mM glycine, 20% m ethanol (transfer buffer) at 120V for 1 hr. 
P ro te in  de tec tio n  w as p e rfo rm ed  u s in g  the ECL^“ w es te rn  b lo ttin g  
p ro toco l (A m ersham  Life Science). E ssentially  im m edia te ly  after p ro te in  
tran sfe r, non-specific  b in d in g  sites on m em branes w ere  b locked  for 
overn igh t a t 4°C  in blocking so lu tion  (5% sk im m ed m ilk in  p h o sp h a te  
buffer saline, PBS; 137mM N aCl, 1.5mM KH 2P O 4 , 8m M  N a2H P 0 4 , 6.7mM 
KCl, con tain ing  0.1% Tw een 20^^^). M em branes w ere then  w ashed  three 
tim es fo r 15 m ins each in  PBS-Tw een 20™ w ash  b u ffe r  a t room  
te m p e ra tu re . The m em b ran es w ere  in c u b a te d  w ith  the  a p p ro p ria te  
p rim a ry  an tibody  d ilu tions for 1 h r at room  tem pera tu re  w ith  constan t 
ag itation  on a rocking p la tform  (Hybaid). The m em branes w ere w ashed  as 
p rev io u sly  d escribed  an d  in cu b a ted  w ith  the H R P -con jugated  second  
an tibody  for 1 h r at room  tem perature . This w as follow ed by w ash ing  the 
m em branes five tim es, w hich w as then w rap p ed  in Saran w rap . Detection 
w as th ro u g h  h y d ro g en  perox ide , FÎ2 O 2 /H R P  ca ta ly sed  o x id a tio n  of 
lum inol .in alkaline conditions, achieved by incubating  m em branes in p re ­
m ixed  equal volum es of the detection  solu tions 1 an d  2. Film  exposure 
w as for 5-30 secs. A ntibodies w ere rou tine ly  d ilu ted  in  b locking solution. 
The KpsE an tibody  w as used  at 1:1000 dilu tions and  has been described 
(R osenow  et al ., 1995). A ntibody  to (3-lactamase w as ob ta ined  from  5'-3 ' 
Inc, and  w as used at a d ilu tion  of 1:10000. The secondary an tibody  was anti 
rabbit IgG -horseradish peroxidase (HRP) conjugate (5'-3' Inc) and  w as used  
at 1:2500 dilutions.

M em branes w ere  ro u tin e ly  s tr ip p e d  and  rep ro b ed  several tim es w ith  
antibodies. S tripp ing  w as achieved by  incubating  m em branes in s tripp ing  
buffer (lOmM 2-m ercaptoethanol, 2% SDS, 62.5mM Tris-HCL pH  6.7) for 30 
m ins at 65°C.
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2.8 Subcellular Fractionation and Proteolysis with Proteinase K

Subcellular fractionation w as carried ou t based on the m ethod  described by 
K am pfenkel and  B raun (1993). A 10ml cu ltu re of the ap p ro p ria te  strain  
w as grow n at 37°C w ith  aeration to an OD600 of 0.8  and  cells w ere induced  
w ith  Im M  IPTG final concentration. The cells w ere harvested  at an OÜ600 
of 1.2 by ce n trifu g a tio n  a t 4000g for 5 m ins at 4°C, fo llo w e d  by 
resu sp en sio n  in  1ml ice-cold so lu tion  of 0.2M Tris-H C l, 0.5M sucrose, 
O.SmM EDTA p H  8.0 and  O.Smgml"! lysozym e, and  incubation  on ice for 
20-30 m ins. S pherop last fo rm ation  and  stab ility  w ere observed  by phase 
con trast m icroscopy. The spherop lasts w ere collected by cen trifugation  at 
3000g for 5 m ins a t 4 °C  an d  the  su p e rn a ta n t fraction  co n ta in in g  the 
p e rip lasm  w as p rec ip ita ted  w ith  0.5ml of 30% trich loroacetic  acid. The 
p e lle ted  sperop lasts  w ere resu sp en d ed  in  1ml of ice-cold PBS and  20% 
sucrose , an d  0.5ml of this su sp en sio n  w as left on  ice as con tro l for 
u n trea ted  sam ple. To the rem ain ing  0.5ml of spherop last suspension , lOpl 
of 50mgml"^ of proteinase K w as added  and  incubated at 37°C for 15 mins. 
P roteolysis of the spheroplasts w as s topped  by  the add ition  of 2m M  final 
co n cen tra tio n  of p h en y lm e th y lsu lfo n y l f lu o rid e  (PMSF) in  iso p ro p y l 
alcohol. Both p ro te in ase  K trea ted  an d  u n tre a te d  sp h e ro p la s t w ere  
collected by centrifugation and  the resu lting  pellet resuspended  in  150pl of 
PBS pH  7.6. To this 150pl suspension, 15pl of lOx SDS-PAGE loading  buffer 
w as ad d ed  and  then  boiled for 5 m ins. The boiled sam ples (10-15pl) w ere 
an a ly sed  by  SDS-PAGE an d  the p ro te in s  w ere p ro b ed  w ith  specific 
antibodies as described in W estern b lo t procedure.

2.9 Assay for Lyase Enzyme Activity

E nzym atic  activ ity  w as d e te rm in e d  by incu b atin g  cell ly sa te  of s tra in  
h a rbou ring  the lyase clone w ith  the extracted polysaccharide of £. coli K5. 
Lyophilised  K5 polysaccharide w as a generous gift from  Professor K Jann 
L aboratory  in  F reiburg, G erm any. The K5 polysaccharide w as essentially  
ex tracted  by harvesting  cells from  400ml overn igh t cu lture at lOOOOxg for 
10 m ins at 4°C. The resu lting  pellet w as w ashed  once w ith  50ml PBS. The 
pelle t w as then  incubated  in 50mM  Tris-H Cl, 5mM  EDTA pH  7.3 for 30 
m ins a t 37°C, follow ed by centrifugation, w ith  this process repeated  three 
tim es. The resu lting  po lysaccharide extract in the su p e rn a ta n t from  the 
th ree  ce n tr ifu g a tio n  steps w as p re c ip ita te d  by the a d d itio n  to the
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su p e rn a ta n t of 10% cetyl-3-ethyl am m on ium  brom ide  so d iu m  sa lt to 
sa tu ra tion  and  incubation  at room  tem peratu re  overnight. The p recip ita te  
w as recovered by centrifugation  at lOOOOxg for 20 m ins at 20°C w hich w as 
th e n  d isso lv ed  in  IM  N aC l an d  80% ethano l so lu tio n , fo llow ed  by  
cen trifugation . The pelle t w as resu sp e n d ed  in  1-5m l of n an o p u re  w ate r 
and  d ia lysed  against w ater at 4°C  for 2  days. The suspension  w as freeze 
d ried , fo llow ed by  resu sp en sio n  in  w ate r an d  then  u ltracen trifu g a tio n  
w ith  fix angle ro to r a t lOOOOOxg for 4 h rs a t 4 °C . The s u p e rn a ta n t 
containing the polysaccharide was collected and  freeze dried.

The enzym e lysate w as ob ta ined  from  a 10ml culture of stra in  habou ring  
the  ap p ro p ria te  clone. Cells w ere  g row n  to OD^OO of 0 .6 , fo llow ed by 
induction  for 1 h r w ith  Im M  IPTG final concentration. Cells w ere collected 
by centrifugation at 4000g for 5 m ins at 4°C , w ashed once and  resuspended  
in  ice-cold sonication buffer (lOOmM Tris-HCl pH  7.5). The suspension  was 
so n ic a te d  to c la r ity  an d  the s u p e rn a ta n t  (ly sa te) o b ta in e d  afte r 
cen trifugation .

The enzym e assay involved incubating  20pl of K5 polysaccharide substra te  
(5 m g m l" l in  Tris buffer pH  7.5) w ith  5-20pl of lysate for 5 m ins (pFE50 
clone) or 6 hrs (B4 clone) a t 37°C. A t the end of reaction , sam ple buffer 
(lOx; 2M sucrose in  lOx TBE and  brom ophenol blue) w as ad d ed  to Ix  final 
concentration. Samples w ere then resolved by PAGE in Ix  TBE at 350-400V 
for 2-3 hrs. The gel w as fixed for 30 m ins in  acetic acid, w ater and  ethanol 
(10:110:80) solution, sta ined  for 3 hrs w ith  Alcian Blue (0.5% in  2% acetic 
acid) (Sigma) and  d esta ined  w ith  2% acetic acid in w ater. Sam ples w ere 
reso lved  in  25% acrylam ide gel, w hich consists (for 40ml) of 4m l lOx TBE, 
15ml w ater, 20ml 50% acrylam ide stock (49% or 495.9gl"^ acrylam ide and  
1% or 4.1gl-l bisacrylam ide), 150|il 10% APS and 15pl TEMED.
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Chapter 3

T op ology  of KpsE, a Protein Involved  in  the Export of 
Polysaccharide in Escherichia coli K5

3.1 Introduction

C apsu lar po lysaccharides p lay  a critical role in the in teraction  of a m icro­
o rg an ism  an d  its  en v iro n m en t. C a p su le s  have  b een  rec o g n ised  as 
im p o rta n t v iru lence d e te rm in an ts  conferring  on bac teria  the ab ility  to 
evade the hum an  host defence. The capsular polysaccharide of E. coli have 
been  d iv id ed  in to  th ree g roups on the basis of chem ical s tru c tu re , size, 
m ode of expression and  genetic determ inan ts (Jann and  Jann, 1990; Pearce 
and  R oberts, 1995). G roup  II capsule gene clusters s tu d ied  so far show  a 
com m on o rgan isa tion  consisting  of th ree functional reg ions, 1, 2 an d  3. 
R eg io n  2 e n c o d es  p ro te in s  n e c e s sa ry  fo r th e  b io sy n th e s is  a n d  
polym erisation  of type specific polysaccharide. The flanking regions 1 and  3 
are hom ologous am ong d iffe ren t g roup  II capsules an d  are th o u g h t to 
encode p ro d u c ts  inv o lv ed  in  the ex p o rt of po ly sacch arid e  across the 
bacterial m em brane and  its surface expression. The E. coli K5 KpsE pro tein  
encoded in  region 1 has been show n to localise in the inner m em brane and 
m u tan ts lacking the encoded p roduct w ere unable to export polysaccharide 
to the  cell surface (B ronner et al ., 1993a; R osenow  et al ., 1995a). The 
p red ic ted  am ino acid sequence of the KpsE p ro tein  of E. coli K5 and  K1 is 
hom ologous to those of the CtrB and  BexC proteins encoded by the capsule 
gene clusters of N. meningitidis  and  H. influenzae  respectively . A d istinct 
subfam ily  (ABC-2) of the A B C -transporters invo lved  in po lysaccharide  
export has been p ro p o sed  on the basis of sequence com parison  stud ies 
(Reizer et al ., 1992). A nalysis of the am ino acid sequences of DrrAB and  
N od lJ  p ro te in s  in v o lv ed  in  d ru g  resis tance tra n sp o rt in  S tr e p to m y c e s  

peucet ius  and  n o d u la tio n  in  R hizo b iu m  legum ino sarum  re sp e c tiv e ly  
show ed  th a t they are hom ologous to th ree sets of p ro teins (KpsMT of E. 
c o l i , BexABC of H. influenzae and  CtrDCB of N. meningitidis)  com prising  
capsular polysaccharide export system s in gram -negative bacteria (Reizer et 

a l ., 1992). The Bex and  C tr system s of this ABC-2 subfam ily are postu la ted  
to have tw o in tegral m em brane com ponents, the BexC p ro te in  is th o u g h t 
to in te ract w ith  BexAB transporte rs and  the CtrB w ith  CtrCD transpo rte rs  
in  the inner m em brane. O n the basis of their likely function  and  location
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w ith in  the cytoplasm ic m em brane, bo th  the CtrB and  BexC p ro te in s have 
been  suggested  to form  the th ird  com ponents of the ABC-2 tran sp o rte rs  
involved  in  the export of polysaccharide across the cytoplasm ic m em brane 
(Reizer et a l ., 1992). By analogy, the KpsE protein  w hich is hom ologous to 
the BexC and  CtrB proteins, m ight in teract w ith  the KpsM T A B C -transport 
com ponents in  the export of polysaccharide in E. c o l i . In addition , the ABC 
exporters  have been  iden tified  in m any  bacteria an d  they  constitu te  a 
fam ily of pro teins involved in  the export of several un rela ted  po lypep tides 
in  these bacteria. In the best s tu d ied  cases, they  have been  p o stu la ted  to 
com prise th ree com ponents (Path and  Kolter, 1993; D inh et a l ., 1994; Binet 
and  W andersm an , 1996). These include the inner m em brane A T P -b ind ing  
cassette (ABC) protein(s), in w hich the m em brane spann ing  and  the ATP- 
b in d in g  segm ents m ay be p resen t on the sam e p o lypep tide  or as d istinct 
p o ly p e p tid e s , an d  a second  in n e r m em b ran e  p ro te in  w ith  a la rg e  
perip lasm ic dom ain  and  a C -term inus th a t m ay in te rac t w ith  the ou te r 
m em b ran e . Because of th e ir  m em b ran e  to p o lo g y  these  p ro te in s  are 
classified in to  the m em b ran e  fusion  p^rotein (MFP) fam ily  (D inh et al 
1994). The th ird  com ponent is an ou ter m em brane p ro te in  (W andersm an, 
1992; B inet and  W andersm an , 1996). The inner m em brane location  of the 
BexC, CtrB and  KpsE proteins suggests that they rep resen t the MFP pro tein  
in  the A BC -m ediated export of polysaccharide. To u n d erstan d  the possible 
role p layed  in  the export of po lysaccharide by the KpsE, it is req u ired  to 
define the topology w ith in  the cytoplasm ic m em brane.

The ability  to p red ic t p ro tein  topology from  the p rim ary  sequence and  the 
use of gene fusions to s tu d y  m em brane p ro te in  topology  are b o th  w ell 
established techniques (von H eijne, 1986, 1992; von H eijne and  Gavel, 1988; 
Boyd an d  Beckw ith, 1990; B room e-Sm ith et al ., 1990; G afvelin  and  von 
H eijne , 1994; P rin z  an d  B eckw ith , 1994). T opo log ical m o d e ls  fo r a 
m e m b ran e  p ro te in  can be g en e ra te d  from  its p re d ic te d  am ino  ac id  
sequence, using  the h y d ro p ath y  profile (Kyte and D oolittle, 1982) and  the 
'positive inside ru le ' (von H eijne, 1992). Such m odels can be confirm ed 
u sing  gene fusion  approach. TnphoA  have been used  to generate  alkaline 
p h o sp h a ta se  (AP) fu sions in  d e te rm in in g  the to p o lo g y  of m em b ran e  
p ro te in s (M anoil an d  Beckw ith, 1985, 1986; Boyd et al ., 1993; P rinz  and  
Beckwith, 1994). AP is enzym atically  active w hen localised to the perip lasm  
b u t is inactive in  the cytoplasm . Thus, w hen  the m ature AP m oiety is fused 
to a m em b ran e  p ro te in , its loca tion  is d e te rm in e d  by  the  to p o g en ic  
inform ation  encoded in tha t p ro tein  and can be analysed by m easuring  or 
detecting  the AP enzym atic activity. This system  relies on ran d o m  p h o A

72



gene fu sio n s an d  it is th e re fo re  g en e ra lly  in e ffic ien t in  th a t even  
d istribu tion  of phoA  fusions is no t a certain ty  and m any fusions w ill have 
to be iso la ted  to ob ta in  a com plete topological analysis. A sim ilar gene 
fusion approach  for s tudy ing  pro tein  topology has been developed  using  [3- 
lactam ase (UaM  ) gene (Broom e-Sm ith and  Spratt, 1986; Broom e-Sm ith et  

al 1990). BlaM confers resistance to (3-lactam d ru g s such  as am picillin  
w hen  exported  to the perip lasm . W hen BlaM, w hich lacks its N -term inal 
signal sequence is fused  to various leng ths of a m em brane p ro te in , its 
lo ca lisa tio n  can be an a ly sed  from  the levels of am p ic illin  res is tance  
conferred , thus acting as topological repo rte r protein. (3-lactamase is only 
ac tive  in  the p e rip la sm  an d  from  the  level of am p ic illin  resis tance  
conferred both  periplasm ic and  cytoplasm ic fusions can be selected and  has 
been  successfully used  to analyse the topology of a num ber of m em brane 
p ro te in s  (W ang et al ., 1991; K am pfenkel and  Braun, 1993; Reeves et al ., 
1994; G unn  et a l ., 1995). The m em brane topology of the KpsE p ro te in  w as 
in v estig a ted  u sing  b o th  TnphoA  m utagenesis and  (3-lactamase fusions. 
The topology was confirm ed by accessibility of fusion proteins to proteinase 
K.

P rev ious m u ta tio n a l analysis of the  KpsE p ro te in  in v o lv ed  the use of 
deletion  and  insertion  m u tan ts, w here the entire gene h ad  been  deleted  or 
an  o lig o n u c leo tid e  in se rte d  w ith in  the  gene. These m u ta tio n s  have  
resu lted  in a polarity  effect on the expression of dow nstream  region 1 genes 
an d  are therefore u n su itab le  for s tru e tu re -fu n e tion stud ies. In o rd er to 
avoid  this po larity  effect, it is necessary to construct a nu ll kpsE  m u tan t. 
The construction  of a strain  (MSlOl) w ith  a single copy of the K5 capsule 
gene c luste r in  its no rm al location  in  the chrom osom e of a labo ra to ry  
strain  of E. coli has been described (Stevens et a l ., 1994) and  w as exploited 
in  m ak ing  a null kpsE m u tan t.

3.2.1 P red iction  of M em brane Topology of the  KpsE Protein

The h y d ro p a th y  profile of the KpsE p ro te in  w as determ ined  by the Kyte 
an d  D oolittle algorithm  (Kyte and  D oolittle, 1982) to expose p o ten tia l a -  
helices form ing  regions. Based on the hyd ro p ath y  p lo t (Figure 3.1) of the 
p red ic ted  am ino acid sequence and  the use of von H eijne's 'positive inside 
ru le ',  a w o rk in g  m ode l (F igure 3.2) consisting  of tw o tran sm em b ran e  
spann ing  regions for the m em brane topology of KpsE w as p roposed . The
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m em brane spann ing  regions consisted of residues 29-49 and  351-371. These 
chosen m em brane spanning  regions w ere strengthened  by the pred ic tion  of 
helical transm em brane segm ents (PH D htm ) for the KpsE p ro te in  using  a 
profile fed neural netw ork  system  from  H eidelberg  (Rost et a l 1994).

3,2.2 Analysis of Membrane Topology of the KpsE Protein Using Gene 
Fusion

3.2.2.1 TnphoA mutagenesis

To confirm  the p ro p o sed  m ode l of the m em brane topo logy , T n p h o A  
m u tag en esis  w as u sed  to g enera te  phoA  fusions to the KpsE p ro te in . 
R andom  m utagenesis w ere generated  in  filter m ating  experim en ts (see 
section 2.2.3) using E. coli LE392 carrying the plasm id pCR6 as recip ient and 
E. coli S M I O lpirpRT733 as dono r strains. C onjugants resu ltin g  from  the 
m a tin g  w ere  se lec ted  on  M9 sa lt m in im al m e d iu m  co n ta in in g  the 
ap p ro p ria te  antibiotics. P lasm id D N A  extracted  from  kanam ycin  resis tan t 
transconjugants w as used  to transfo rm  E. coli CCI 18 and  PhoA + m u tan ts  
w ere  id en tified  as b lue colonies on p la tes ■ con tain ing  the chrom ogenic 
substra te , 5-brom o-4-chloro-3-indonyl pho sp h a te  (XP, 40pgm l"l). T n p h o A  

in se rtions w ere m a p p ed  w ith in  the kpsE  gene in  p la sm id  pCR6 using  
re s tr ic tio n  en d o n u c leases . A to ta l of 128 p la sm id  in se rtio n  m u ta n ts  
rep resen ting  2 b lues and  126 w hites w ere isolated. Of these 128 insertion  
m u tan ts , 15 m a p p ed  w ith in  the kpsE  gene and  the rem ain ing  113 w ere 
w ith in  the vector sequence. T h irteen  o u t of the 15 insertions w ith in  the 
kpsE w ere in  the w rong  o rien tation  to the transcribed  gene. The tw o b lue 
insertion  m u tan ts rep resen ted  PhoA+ insertions at am ino acid positions 54 
and  56 of the KpsE protein. The precise insertion  site w ith in  the kpsE  gene 
w as d e term ined  by nucleo tide sequence w ith  o ligonucleo tide p rim ers to 
phoA  . Two o ligonucleotide prim ers, 5'-CTGAGCAGCCCGGTT-3' and  5'- 
GTTAGGAGGTCACATG-3', th a t b ind  respectively  w ith in  63 bp  from  the 
sta rt and  78 bp  to the end of TnphoA  sequence w ere used  to sequence from  
the phoA  in to  the kpsE  gene.

The tw o phoA  fusions w ith in  the kpsE  gene rep resen ted  a low  iso lation  
frequency  and  m ore fusions w ere n eed ed  to cover the rem ain ing  parts  of 
the KpsE pro tein  to determ ine its m em brane topology.
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Figure 3.1. H ydropathicity plot of the KpsE protein: by the m ethod of Kyte 
& D oolittle  (1982) w ith  a w in d ow  of 20. Boxes denote positions of the two  
a-helices. The amino acid sequence of KpsE is show n below  the hydropathy  
plot and positions of the two a-h elices are underlined. R esidue num bers 
are show n on the left.
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Figure 3.2, M odel o f the m em brane organisation of the KpsE protein. The
net positive and negative charges are indicated. Single letter am ino acids 
are show n w ithin circles.
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3.2.2.2 Generation of P4actainase fusion

The iso lated  PhoA  fusions w ere close together at am ino acid positions 54 
and  56 of the KpsE pro tein  and  because of the random  insertion  associated 
w ith  the use of the TnphoA  system , site-specific fusions w ere n eed ed  in  
o ther dom ains of the p ro tein  to obtain  better topological inform ation. The 
P-lactam ase gene fusion  system  described  by  B room e-Sm ith and  S p ra tt 
(1986) w as used  to generate site-specific fusions to other parts  of the KpsE 
p ro te in .

Site specific infram e fusions of blaM  to the kpsE gene w ere m ade using  a 
un ique  EcoRV site in  kpsE and  to trunca ted  lengths of PCR-am plified kpsE  
D N A  products. In order to utilise the EcoRV  site in kpsE  for a translational 
in fram e fu sio n  to BlaM, a 2.1 kb Snin l-H in c  II kpsE  f ra g m e n t from  
p lasm id  pH lB  w as ligated into an EcoRV linearised expression vector pYZ4 
(Zhang and  Broome-Smith, 1990) to generate p lasm id  pFE2. To cover other 
regions , truncated  lengths of the kpsE gene w ere am plified by polym erase 
cha in  reac tio n  (PCR). O lig o n u c leo tid es  for the PCR w ere  m ad e  w ith  
restric tion  enzym e sites w ith in , to facilitate cloning of the am plified  DNA 
p ro d u cts  and  blaM  insertion  to the constructs. The 5' o ligonucleotide (5'- 
G G G G TA CCC G CCC A CTG AA A CTTTG AT-3') had  a Kpn  I site (show n in 
bold) in troduced  for cloning and  the 3' o ligonucleotides each had  an EcoRI 
site for cloning and  a Sma  I site to generate blaM fusion w ith in  the cloned 
D N A  p ro d u c t (Figure 3.3) (see section 2.3.5). The PCR am plified  kp sE  

fragm ents w ere cloned in the Kpn  I-EcoRI lin earised  exp ression  vector 
pYZ4 (Figure 3.3) to generate  a series of constructs d es ig n ated  pFE3-8 
(Figure 3.4). A 0.9 kb Sma I D N A  fragm en t encoding  the m a tu red  BlaM 
pro tein  in  p lasm id  pLH21 w as ligated  into the EcoRV site in  pFE2 an d  the 
Sma  I sites in  pFE3-8 to generate BlaM fusions at am ino acid positions 24, 
41, 51, 211, 345, 361 and  381 y ie ld ing  respectively  construc ts pFE2::24, 
pFE7::41, pFE8::51, pFE3::211, pFE4::345,. pFE5;:361 and pFE6::381 (Figure 3.4). 
The KpsE-BlaM  fusion junctions w ere confirm ed by nucleo tide  sequence 
u s in g  th e  p r im e r  5 '-C A C T C G T G C A C C C A A C T G -3 ', w h ic h  is 
com plem entary  to codons 15-19 of blaM .
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Figure 3.3. C lon in g  o f d ifferen t len g th s o f PC R -am plified  k p s E  D N A  
p ro d u cts . PCR products each w ith  unique restriction enzym e sites are 
show n (A). D N A  fragments were cloned in the expression vector pYZ4 (B), 
before ligating the blaM  fragm ent from plasm id pLH21 (C) in the cloned  
gene. Abbreviations: B= Bnm H  1, E= EcoRI, Ev= EcoRV, H= Hind  III, K= 
Kpn  I, Nc= Nco I, Sa= Sal I, Sm= Sma  I, Sp= Sph I, Sst= Sst  I, Xb= Xba I. Sizes 
are in kilobase.
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Figure 3.4. C onstruction of the pFE::h/flM gene fu sion  series. The precise 
site of blaM  insertions are indicated in parenthesis.
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3.2.2.2.1 Ampicillin Resistance of E. coli JMlOl Expressing KpsE-BlaM  
Hybrid Proteins

S trains expressing  KpsE-BlaM  fusion  p ro te ins w ere selected  by  patch ing  
colonies un to  L-agar p lates that contained 25|0.gml"l kanam ycin, Im M  IPTG 
an d  3 0 |ig m l" l  am picillin . This in itia l sc reen ing  en su re s  th a t E. coli 
colonies ca rry in g  BlaM  fusions to b o th  cy top lasm ic an d  p erip lasm ic  
dom ains of the KpsE p ro te in  w ere selected, w hen  inocu lated  at h igh  cell 
d en s ity  (cell patches) (B room e-Sm ith  an d  S p ra tt, 1986). C ell p a tch es 
co n ta in in g  p la sm id s  w ith  p u ta tiv e  in fram e  BlaM  fu s io n s  to K psE  
(A m picillin  resis tan t) w ere  then  te sted  for the ir ab ility  to fo rm  single 
colonies on L-agar contain ing  various concentrations of am picillin  w hen  
g ro w n  a t low  cell d ensity  (see section  2.1.3). The m in im u m  inh ib ito ry  
co n cen tra tio n , M IC (see section  2.1.3) d e te rm in e d  fo r the K psE-BlaM  
fusions are listed table 3.1, and  these Amp^ levels are superim posed  on the 
topological m odel (Figure 3.5). Fusions w ere tested in the sam e experim ent.

Table 3.1. The Amp^ Values of E. coli JMlOl Expressing KpsE-BlaM Fusion 
Proteins

KpsE-BlaM fusion A m p^ (MIC values) in  pgml"^
pFE2:;BlaM,24 <5
pFE7;;BlaM,41 50
pFE8::BlaM,51 100

pFE3:;BlaM,211 150
pFE4::BlaM,345 100
pFE5::BlaM,361 10
pFE6::BlaM,381 15

AmpL ampicillin resistance; MIC, minim um  inhibitory concentration.
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Figure 3.5. The MIC valu es o f KpsE-BlaM fu sion  proteins, superim posed  
on the w ork in g  m odel. MIC values are show n in parenthesis, next to the 
amino acid residues to which BlaM was fused. The two PhoA+ insertions 
are represented w ith a plus (+) sign.
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S.2.2.2.2 V isu a lisa tio n  of K psE-B laM  F usion  P ro te in s  b y  W este rn  B lot 
A nalysis

To ensure tha t the MIC values (Figure 3.5) w ere not affected by the quantity  
a n d /o r  the stability  of fusion pro teins expressed, total p ro te in  lysate of all 
KpsE-BlaM  fusions w ere v isualised  in  W estern  b lo t analysis using  anti-|3- 
lactam ase an tibody  (Figure 3.6A). The resu lts  revealed  sim ilar levels of 
expression by  the KpsE-BlaM fusions desp ite  the vary ing  levels of Amp^' 
(<5 to 150 |igm l"l), ind icating  a lack of correlation betw een  the MIC values 
and  the am oun t of fusion  p ro te in  expressed. This suggests th a t the h igh  
MIC values determ ined  for fusions to am ino acid positions 51, 211 and  345 
are reflections of BlaM location in the perip lasm .

The m em brane used in  the W estern  b lot analysis using  anti-BlaM  antibody  
w as stripped  (see section 2.7.3) and then  rep robed  w ith  anti-KpsE antibody. 
The resu lts show ed lack of hyb rid isa tion  to KpsE-BlaM fusions, pFE7;:41, 
pFE8::51 and  pFE3::211, w hile  fusions pFE2::24, pFE4::345, pFE5::361 and  
pFE6::381 w ere  reactive to the KpsE an tibody  (Figure 3.6B).The pCR6 
co n stru c t (R osenow  et al ., 1995a) w as used  as a positive control for the 
KpsE an tibody  reaction, and  it is essentially a 2.1 kb Sma l-Hinc  II fragm ent 
co n ta in in g  the  en tire  kpsE  gene p laced  u n d e r  the b ac te rio p h a g e  X 
prom ote r in  p lasm id  pCE30 (Elvin et al ., 1990). The BlaM fusion  a t am ino 
acid position  24 (pFE2::24) is betw een the first 24 N -term inal am ino acids 
and  the rem ain ing  residues of the KpsE p ro tein  and the reactiv ity  w ith  the 
KpsE an tibody  is ind icative  of a second  transla tiona l s ta rt d o w n stream  
from  the fusion po in t (see figure 3.4). The BlaM fusions to residues 41, 51 
and  211 lack respectively the last 341, 331 and  171 am ino acid residues of the 
KpsE pro tein  and  their inability to react w ith  the KpsE an tibody  show s that 
the epitope recognised by the KpsE antisera lie w ith in  the last 170 (212-382) 
am ino acid residues of the KpsE protein.

3.2.2.2.3 S ubcellu lar F ractionation and  Proteolysis w ith  P ro te inase K

The cy top lasm ic m em brane (spherop last) and  the p e rip la sm  of s tra in  
carrying all KpsE-BlaM fusions w ere separated  and  W estern b lo t analysis of 
the cell fractions revealed  tha t the KpsE-BlaM fusion pro teins w ere entirely  
m em brane associated (Figure 3.7). The location of the (l-lactainase in  each 
hy b rid  p ro te in  w as verified  by p ro te inase  K accessibility to spherop lasts  
m ade from  KpsE-BlaM hybrid  proteins. The results show ed th a t the fusion
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at position  24 w as pro tected  indicative of a cytoplasm ic location w hile the 
rem ain in g  fusions w ere  cleaved, ind ica ting  th a t these fusions m u s t be 
exposed  to p ro te in ase  K at the p erip lasm ic  face of the  cy top lasm ic 
m em brane (Figure 3.8).

W hilst from  the topological m odel, the BlaM fusion  at position  381 w as 
expected  to be cytoplasm ic, it w as fo und  accessible to p ro te inase  K. O ne 
reason  for this unexpected  resu lt could  be due to d isru p tio n  of the inner 
m em b ran e  in te g rity  d u r in g  sp h e ro p la s t p re p a ra tio n  th e reb y  a llow ing  
p ro te in ase  K to en ter the cytoplasm . To ascertain  if th is w ere  the case, 
p la sm id  pACYC184 w hich  encodes a cytoplasm ic ch loram phenico l acetyl 
transferase (CAT) pro tein  w as transform ed into a strain  carry ing the KpsE- 
BlaM fusion  a t position  381. W estern  b lo t analysis of p ro teinase K trea ted  
and  un trea ted  spheroplast obtained from  this strain  using  an tibody  to CAT 
(Figure 3.9) sh o w ed  th a t the CAT p ro te in  w as exclusively  p ro tec ted , 
ind icative of an in tact spheroplast. This also m eans that the C -term inus of 
the KpsE p ro tein  is no t cytoplasm ic b u t ra ther w ith in  the inner m em brane, 
a resu lt th a t is in  agreem ent w ith  that of the Amp^ level conferred  by the 
strain  carrying BlaM at position 381.

3.2.3 A nalysis of the  KpsE and  O ther P ro te ins Invo lved  in  B acterial ABC 
T ran sp o rt

C o m p arin g  sequences of the KpsE and  som e m em bers of the recen tly  
d escrib ed  m em b ran e  fu sion  p ro te in  (MFP) fam ily  (D inh et al ., 1994) 
rev ea led  som e sim ilarities. The m ajo rity  of the M FP fam ily  are fa irly  
u n ifo rm  in  size, typ ically  in  the range of 367-478 res id u e s , w ith  the 
exception of a larger (520 residues) CzcB pro tein  as rep o rted  by D inh et a l . 
(1994). The KpsE p ro tein  w ith  382 residues is well w ith in  th is size range. 
M ost striking is the sim ilarity of p red ic ted  topology of these proteins to that 
d e te rm in e d  for KpsE, n am ely  a sh o rt h y d ro p h ilic  N -te rm in a l reg ion , 
follow ed by a segm ent of 20 hydrophobic m em brane spanning  residues and 
a la rge perip lasm ic dom ain . C om parisons using  the sequence alignm ent 
p rog ram  of L ipm an and  P earson (1985) betw een the p red ic ted  am ino acid 
sequences of the KpsE p ro te in  an d  four m em bers of the  M FPs, CvaA  
involved in  colicin V export in E. c o l i , HasE requ ired  for hem e acquisition 
in  Serratia marcescens  , H lyD  invo lved  in  haem olysin  expo rt in  E. coli , 
an d  P rtE  n eed ed  for p ro tease  export in  Erwinia chrysanthenii rev ea led  
respectively 17.5%, 19.2%, 18.9% and  20.7% identities. Taking conservative
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Figure 3.6. W estern b lot of KpsE-BlaM fu sion  proteins, using  antibodies to 
both  BlaM  (A) and KpsE (B). Lane order: 1= JMlOl, 2= JM lG lpU C lS, 3= 
JM101pCR6, 4= JM101pFE2;:24, 5= JM101pFE7;:41, 6= JM101pFE8;:51, 7= 
JM101pFE3::211, 8= JM101pFE4::345, 9= JM101pFE5::361, 10= JM101pFE6::381. 
Molecular w eight markers are in kDa.

I
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1 2 3 4  5 6  7 8  9 10 11 12 13 14 15 16 17 18

II*

Figure 3.7. W estern b lot o f cell fractions obtained from KpsE-BlaM  fu sion  
p rote in s. Lane order (left to right): cytoplasm ic and periplasm ic fractions; 
l/2 = J M 1 0 1 p B R , 3 /4 =  JM 101pFE2::24, 5 /6 =  JM 101pFE7::41, 7 /8 =  
JM 101pFE8::51, 9 /1 0 =  JM 101pFE3::211, 1 1 /1 2 =  JM lO lpBR, 1 3 /1 4 =  
JM101pFE4::345, 15/16=  JM101pFE5::361, 17/18=  JM101pFE6::381. Molecular 
w eight markers are in kDa.
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Figure 3.8. W estern blot o f spheroplast (untreated and proteinase K treated) 
m ade from KpsE-BlaM fu sion  proteins. Lane order (left to right): untreated  
and proteinase K treated; 1 /2 =  JM101pFE2::24, 3 /4 =  JM101pFE7::41, 5 /6 =  
JM101pFE8::51, 7 /8 =  JM101pFE3:;211, 9 /1 0 =  JM101pFE4::345, 1 1 /1 2 =  
JM101pFE5::361, 13 /14=  JM101pFE6::381. M olecular w eight markers are in 
kDa.
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— 33.6 kDa

Figure 3.9. W estern b lot of spheroplast obtained from KpsE-BlaM  fu sion  
protein, pFE6::381 probed w ith  antibody to CAT. Lane order (left to right); 
u n trea ted  and  p ro te in a se  K treated; 1 /2 =  JM lO lpA C Y C , 3 / 4 =  
JM101pFE6::381, 5 /6 =  JM101pFE6/pACYC. The position of the CAT protein 
is indicated w ith an arrow head.
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am ino acid substitu tions into account, the sim ilarity  is ex tended  to 65.0%, 
59.5%, 65.6% and  58.0% respectively. A sim ilar analysis betw een  the KpsE 
an d  the  BexC p ro te in  of H. influenzae  and  the CtrB p ro te in  of N .  

m e n in g i t id i s  cap su le  gene c lu ste rs  rev e a le d  28.1% id e n tity  (73.2% 
sim ilarity ) and  26.8% id e n tity  (73.2% sim ilarity ) respectively . M u ltip le  
a lig n m e n t of the  p red ic ted  am ino  acid  sequences of these  m em b ran e  
fu s io n  p ro te in s  an d  the KpsE (F igure 3.10) rev ea led  s im ila r a lig n ed  
residues th a t w as observed for the MFP fam ily by D inh et a l . (1994), tha t of 
m ain ly  hyd rophob ic  (L, V and  I) w ith  a few  struc tu ra l (G) and  strongly  
h y d ro p h ilic  (E and  Q), im m ed ia te ly  ad jacen t to the tran sm em b ran e  
hyd rophob ic  segm ent and  before the hydrophob ic  stretch  tow ards the C- 
te rm inus. A phy logenetic  tree p lo t for the five sequences ana lysed  an d  
those of BexC and  CtrB (proteins that share great sim ilarity  w ith  the KpsE) 
sh o w ed  th a t the p o ly sa cc h a rid e  ex p o rtin g  BexC an d  CtrB p ro te in s  
constitu te  a subcluster, w hile the H asE and  PrtE constitu te  another. The 
co lic in  V (C vaA ), h a e m o ly s in  (H lyD ) an d  p o ly sa c c h a r id e  (KpsE) 
transporters each form ing a distinct sub-branch (Figure 3.11).

1 0 4 1 5 4
KPSE (56 ) SKV AIKRSDDLNSGSLNFGLLLGASNPSSAEDALYLKEYINSPDM LA
CVAA ( 6 3 )  GFWRQFVHEGQLIKKGDPVYLIDISKSTRNGIVTDNHRRDIENQLVRVD
HASE ( 7 2 )  GWSQIQVHEGDRVRAGQVLLLMDTVDSRTQRDALRSQHLSNAAQQARLQ
HLYD ( 1 0 5 )  SIVKEIIVKEGE.SVRKGDVLLKLTALGAEADTLKTQSSLLQARLEQIRYQ
PRTE ( 7 7 )  GIVDRIQVKDGDRVAAGQVLLTLNAVDARTTSEGLGSQYDQLIAREARLL

G V V V G S

3 2 0
KPSE ( 2 2 2 )  VLDPQAQAQA ASTLVNTLMGQKIQMEADLRNLLTYLREDAPQWSAR
CVAA ( 2 3 7 )  ELVNTDVEGE IIIRALSDGKVDSLSV-TVGQM VNTGDSLLQVIPEN
HASE (2 7 2 ) ELDNRLAKAEADLGHTQVKAPVAGTVVGLSVFTEGGVIGAGQQLMEIVPSD
HLYD ( 3 1 3  ) LLTLELEKNEERQQASVIRAPVSGKVQQLKVHTEGGWTTAETLMVIVPED
PRTE (2 8 3 ) EVISQREKADFNLANVQVRAPVAGTWDMKIFTEGGVIAPGQVMMDIVPED

3 7 1

V G V IV

3 7 6  4 2 8
KPSE ( 2 7 4 )  LQAQID-EEKSKITAPQGDKLNRM AVDFEEIKS-KVEFNTELYKLTLTSIEK
CVAA ( 2 8 7 )  LILWVPNDAVPYISA- -GDKVNIRYEAFPSEKFGQFSATVKTISRTPASTQE
HASE ( 3 2 7 )  VEARIPVELIDKVQV--GLPVELLFSAFNQSTTPRVEGEVTLVGADRLTDEK
HLYD ( 3 6 8 )  VTALVQNKDIGFINV--GQNAIIKVEAFPYTRYGYLVGKVKNINLDAIEDQK
PRTE ( 3 3 8 )  VDGRIPVEMVDKVWS--GLPVELQFTAFSQSTTPRVPGTVTLLSADRLVDEK

V I G E

Figure 3.10. M ultip le  a lignm ent o f the KpsE protein  and four m em bers o f the MFPs. 
A lignm ent positions in the com plete m ultiple alignm ent of the five proteins are show n  
above the alignment. The figures in bracket show ing residue numbers in each protein are 
provided at the beginning of each line. Identical residues (*) between the KpsE and any of 
the MFPs , and similar residues are shown below the alignment.



CvaA

HasEKpsE

PrtE

CtrB

BexC HlyD

F igu re  3.11. P h y lo g en e tic  tree  fo r the  K psE , BexC, CtrB p ro te in s  an d  
m em bers of the M FP fam ily . Relative evolutionary  distance is p roportional 
to b ranch  length , w hich  is given in  arb itra ry  un it adjacent to the branch. 
Tree w as d raw n  from  the d en d ro g ram  data  in the m u ltip le  a lignm en t 
o u tp u t u sing  the P hylogenetic Inference Package (PHYLIP 3.4) of Joseph 
Felsensteen and  the U niversity  of W ashington (C opyright 1986-1993).
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3.2.4 C o n s tru c tio n  of k p sE  N u ll M u ta tio n  W ith in  th e  C a p su le  G ene 
C luster

The need  for the construction  of a kpsE null m u ta tion  w ith in  the capsule 
gene c luster on the chrom osom e arose from  the fact th a t p rev ious kp sE  

m u ta n ts  construc ted  th ro u g h  inse rtion  of an o ligonucleo tide w ith in  the 
gene and  th rough  the deletion of the entire gene (Pazzani, 1993) resu lted  in 
po larity  effect on the expression of dow nstream  genes and  w ere therefore 
unsu itab le  for s tructu re-function  stud ies. The construction  of a n u ll kpsE  

m u ta n t involved  m aking a transla tional in-fram e in ternal deletion  w ith in  
the KpsE p ro te in  encoded in a p lasm id, w hich w as then delivered  un to  the 
capsule gene cluster in  the chrom osom e by allelic exchange. The strategy  is 
ou tlined  in  figure 3.12.

The suicide vector pCVD442 (D onnenberg  and  K aper, 1991) w as chosen. 
P lasm id  pCVD442 contains the R6K orig in  of replication , the moh reg ion  
from  p lasm id  RP4, the sncB gene from  Bncillus subtilis and  a bln gene 
c o n fe rr in g  re s is tan c e  to am p ic illin  (D o n n en b erg  an d  K aper, 1991). 
R eplication at the R6K origin requires 71: p ro tein  (Kolter et at ., 1978) w hich 
is no t encoded in the pCVD442 and  thus can only replicate in  strains that 
su p p ly  the k p ro tein  in trans . The pCVD442 derivative carry ing  truncated  
kpsE  gene is unable to replicate in the pir~ MSlOl strain , b u t on am picillin 
resistance selection, m erod ip lo id  strains in  w hich pCVD442 derivative has 
in teg rated  into the chrom osom e can be isolated. In tegration  occurs th rough  
hom ologous recom bination. A second recom bination  event can be selected 
in  w hich  the trunca ted  kpsE gene replaces the w ild -type copy w ith in  the 
capsu le  gene c luster and  the loss of the su ic ide vector. This se lection  
involves the sacB gene, w h ich  encodes the enzym e levan  sucrase. The 
expression of this enzym e is toxic for G ram  negative bacteria w hen  grow n 
in the presence of 5% sucrose (Blomfield et al ., 1991). It m eans therefore, 
th a t w h en  the  m e ro d ip lo id  is c u ltu re d  in  the absence of am p ic illin  
selection and  p la ted  onto sucrose contain ing m edium , only colonies w hich 
have lost the suicide vector w ill be able to grow  (Figure 3.12).
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Integration

a X or X  b

Plasmid

mg Chromosome

INTEGRATED PLASMID DNA  
I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

a

b I
j

INTEGRATED PLASMID D NA

Excision
(shown for b)

1 X or X  2
! = C ~  1

Successful allelic 
exchange

Abortive allelic 
exchange

Figure 3.12. R ecom bination even ts required for the transfer o f a p lasm id  
borne a lle le  onto the chrom osom e. Integration can occur by recombination  
on either side of the plasm id allele (a or b). For excision to lead to successful 
allelic  exchange, recom bination m ust occur in the second region  of 
hom ology. Adapted from Blom field et ni. (1991).
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The kpsE gene w as subcloned from  p lasm id pFE2 on a Xha 1-Sac I fragm ent 
ligated  into Xha l-Sac I linearised pUC19 to generate p lasm id  pFE9. The use 
of Xha I-Sac I sites elim inates the BaniH  I in  pUC19. P lasm id pFE9 w as then 
linearised  using  BaniH  I and  D m  III that cut w ith in  the kpsE  gene resu lting  
in  a 200 bp  deletion  (Figure 3.13). The 5' overhang  left from  the BaniH  I 
d igest w as end-filled w ith  dN TPs and  the 3' overhang p ro d u ced  from  the 
D m  III d igest w as end  repa ired  using  T4 DNA polym erase (Figure 3.13B). 
The resu lting  b lu n t ends w ere ligated  together to p roduce  p lasm id  pFElO 
(Figure 3.14). This p lasm id  encodes a trunca ted  KpsE p ro te in  w hich  has a 
deletion  of 65 am ino acid residues (from 225 to 290). The deleted  kpsE gene 
in  pFElO w as then subcloned as a Sph l-Sac I fragm ent in pCVD442 to yield 
p lasm id  p F E ll (Figure 3.14). E. coli SY327X,pir w as used  as a host to isolate 
the recom binant p lasm id. P lasm id p F E ll w as then transform ed into E. coli 
S M lO lp ir  and  in tro d u ced  into M SI 01 by conjugation  w ith  selection  for 
am picillin  and  s trep tom ycin  resis tan t colonies. S train  SY327Àpir w as no t 
used  to m obilise p F E ll (pCVD442 derivative) since it lacks the RP4 transfer 
genes.

The in teg ration  of p lasm id  p F E ll into the correct site w ith in  the capsule 
genes in  the chrom osom e (Figure 3.15) w as confirm ed by Southern  b lo t of 
B am H  I d igested  chrom osom al DNA p rep a re d  from  am picillin  res is tan t 
transconjugants (Figure 3.16) using  the 1.2 kb PCR am plified  kpsE  D N A  
(see figure 3.3A) as a probe. C hrom osom al DN A from  E. coli strain  M SlOl, 
w h ich  has the  K5 capsu le  gene c lu ste r in  its n o rm al p lace  on the 
chrom osom e w as used  as a control (Lane 1, figure 3.16). P lasm id p F E ll has 
lost the B am H  I site w ith in  the kpsE  gene, therefore in teg ra tion  occurring  
on either side of the p lasm id  allele (a and  b in figure 3.12) resu lted  in  a 
change of the native 11.0 and  5.2 kb BamH  I fragm ents to p roduce two sets 
of fragm ent sizes (11, 6.2 and 1.0 kb, and  11.6, 5.5 and 1.1 kb, figure 3.16 lanes 
2 and  3 respectively) (see figure 3.15). S trains in w hich  the p F E ll  h ad  
in teg rated  in  the correct site w ere found  to be K5 phage sensitive, how ever 
this could be due to the presence of a functional w ild-type copy of the kpsE  

gene(see figure 3.12).

The se lection  for doub le  recom binan ts w as carried  o u t by  g ro w in g  a 
m erod ip lo id  of M SI01 in w hich the p F E ll had  in teg rated  correctly w ith in  
the capsu le gene to late logarithm ic phase  in L -broth in  the absence of 
am picillin . The cu ltu re  d ilu tio n s  (10"1-10"4) w ere p la ted  onto  L -agar 
(lack ing  so d iu m  ch lo ride) co n ta in in g  6% sucrose  an d  s trep to m y c in , 
fo llow ed by incubation  overn igh t at 30°C , as reported  by Blom field et al .
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(1991) to be optim al for selection of double recom binants. Sucrose resistan t 
colonies w ere p la ted  in  du p lica te  onto  m ed ia  con tain ing  s trep to m y cin  
alone an d  strep tom ycin  w ith  am picillin , to check for the loss of su icide 
vector. Sucrose resistant, am picillin  sensitive isolates w ere checked for the 
p resence of the trunca ted  kpsE  gene. C hrom osom al D N A  p rep a re d  from  
these iso lates w as d igested  w ith  BamH  I and  a S outhern  b lo t carried  ou t 
u sing  the PCR am plified  kpsE  D N A  as probe. The tru n ca ted  gene in  
p lasm id  p F E ll has lost the BamH  I site, therefore the native 11.0 kb and  5.2 
kb B am H  I fragm ents in  MSIGI p ro d u ced  a band  shift to 16.0 kb in  the 
iso lated  m u tan ts (Figure 3.17). The rep lacem ent of the norm al copy by the 
tru n ca ted  kpsE  gene in  the chrom osom e w as confirm ed by colony PCR 
u s in g  p rim e rs  5 '-C C C C T A C C C C C C C A C T C A A A C T T T C A T -3 ' a n d  5 '- 
C C C A A TTC C C C C C C A TC TTC A A TA A C A C C -3', tha t am p lify  the  kpsE  
gene. The resu lt show ed  a 1.1 kb PCR p ro d u c t for M SlOl chrom osom al 
D N A  and  a 0.9 kb am plified p roduct for the m utants (Figure 3.18).

kpsE  (pFE9)

668 868

200bp
5' CTGGATCCA ......... GCACAGGGTAC
3' GACCTAGG T ......... CGTGTCCCA TG

L D P  P Q G D

5' CTG 
3’ C A c e r  AG

GIG AC 3’ 
TCCCACTG 5'

5' CTGGATC 

3' CACCTAC

L D R

CTCAC 3'
CACTG 5’

D

F igure 3.13. C onstruc tion  of tran s la tio n a l in -fram e d e le tio n  in  KpsE. The
B am H  I and  Dra III sites are show n in bo ld  (A). The 5' and  3' overhangs 
resu lting  from  restric tion  d igest are show n (B). The resu lting  am ino acid 
residues after end-filling /exonuclease and  ligation are show n in bold  below  
the nucleotide sequence (C).
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Figure 3.14, C onstruction o f p lasm id s pFE9, pFElO and p F E ll. Plasm id  
p F E ll w as used  for integration into the chrom osom e of strain M SlOl. 
Abbreviations: B, Bam HI; D, Dra III; Nc, Nco  I; Sa, Sac I; Sp, Sph I; X, X m n  I 
and Xb, Xha I.
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pFEl 1
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Figure 3.15 Recom bination events show in g  the integration of p lasm id  
p F E ll into the capsule gene cluster in M SlOl. L and R denotes respectively  
left and right sides of the deleted kpsE segm ent. Sizes are in kilobase. 
Abbreviation: B, Bam HI; D, Dra III; He, Hinc  II; Sm, Sma I.
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n.o

Figure 3.16. Southern blot o f B a m  H  I d igested  chromosomal D NA from MSlOKlane 1) and 
M SlO l m erodip loids contain ing p F E ll (lanes 2 and 3). A 1.2 kb PCR-amplified kp s E  
fragment was used as probe. The sizes shown are in kb and were determined by comparison to 
XDNA fragments obtained from H ind  III digest.

- 1 1 .0  l±>

— 5.2 kb

B D

kpst

11 kb 5.2 kb
w ild-type  
MSlOl

probe

16 kb
mutant

MSFEIOO

Figure 3.17. Southern blot analysis of B a m H  I digested chromosomal DNA from MSlOl 
(track 1) and MSFEIOO (tracks 2-6). A 1.2 kb PCR-amplified kpsE  DNA product was used as 
probe. This is represented below the gel photograph. Dark box denotes the deleted kp sE  
segment.
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5.0 kb

3.0 kb

1.5 kb

1.0 kb

Figure 3.18. C onfirm ation of the retention  of truncated k p s E  gen e in  
MSFEIOO by PCR. C hrom osom al D N A  from MSlOl (lane 2) and from 6 
MSFEIOO strains (lanes 3-7). D N A  ladder (lane 1) was used for size markers.
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3.2.4.1 Phenotype of MSFEIOO

The m utant carrying the m utated kpsE  gene in the chrom osom e is 

designated  MSFEIOO and the encoded truncated protein of 36 kDa w as  
dem onstrated in W estern blotting using antibody to the KpsE protein  
(Figure 3.19). The ph en otype of MSFEIOO as assessed  by K 5-specific  
bacteriophage assay show ed that the mutant is resistant to the phage. This 
result m eans that the m utant has lost its ability to export capsular  
polysaccharide to the cell surface.

1 2

.86.0 kDa

50.7 kDa

“ 33.6 kDa

Figure 3.19. W estern blot analysis of the KpsE protein in MSlOl (lane 1) and 
MSFEIOO (lane 2) using anti-KpsE antibody.

3.2.4.2 C om plem entation of k p s E  M utation in  MSFEIOO

To ascertain if the m utation in MSFEIOO can be com plem ented  by a 
functional copy of the kpsE gene, several plasm ids carrying the kpsE gene  
w ere transform ed into this strain and the resulting transform ants were 
assayed for sensitivity to K5-specific bacteriophage. Plasmids pH18 and pFE9 
in which the kpsE gene is cloned in the high copy number vectors pUC18 
(Table 2.2) and pUC19 (Figure 3.14) respectively were able to com plem ent 
the kpsE m utation in MSFEIOO and restore K5-phage sensitivity (Table 3.2). 
Neither plasm id pFE2, w hich contains an intact kpsE gene cloned in pYZ4, 
nor p lasm ids pFE3-9 containing truncated derivatives of the kpsE gene.
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w ere able to com plem ent MSFEIOO (Table 3.2). The in troduction  of p lasm id  
pPC6, w hich  contains the en tire K5 capsule gene cluster (Pazzani et al
1993) into MSFEIOO resu lted  in tu rb id  K5-phage plaques. This is indicative 
of the  p ro fo u n d  effect on  the  cell su rface  ex p ress io n  of ca p su la r  
polysaccharide exerted by the null kpsE m utant.

T able 3.2. C om plem enta tion  of kp sE  M u ta tion  in  MSFEIOO
S tra in /F la sm id S ensitiv ity  to K5-specific phage

LE392 R
MSFEIOO R
MSFE100pFE2-pFE8 R
MSFElOOpHlS S
MSFE100pFE9 S
MSFE100pPC6 S^
LE392pPC6 S
M SlO l S

A bbreviation: R, resistance; S, sensitive; S*, tu rb id  p laque m orphology.

3.3 Discussion

The KpsE p ro tein  is know n to be involved in the cell surface expression of 
the E. coli K5 capsu lar polysaccharide. To fu rthe r gain an  insigh t in to  the 
possib le  ro le in  the  ex p o rt of p o ly saccharide , the o rg an isa tio n  of th is 
p ro te in  w ith in  the bacterial cytoplasm ic m em brane w as investigated .

From  the h yd ropath ic  analysis of the p red ic ted  am ino acid sequence and  
use of von  H eijne 's 'positive inside rule'., a w ork ing  m odel consisting  of 
tw o transm em brane dom ains (residues 29-49 and 351-371) w as p roposed . 
The b o u n d a rie s  of tran sm em b ran e  dom ains w ere chosen  to m in im ise  
in tram em b ran e  charged  residues. These transm em brane  dom ains are in 
ag reem ent w ith  those p red ic ted  for the KpsE p ro te in  using  the P H D htm  
p ro file  n eu ra l n e tw o rk  system  of Rost et al .(1994). T his m o d e l w as 
ana ly sed  u sing  gene fu sion  techn iques. W hilst the low  level of A m p^ 
conferred  by a BlaM fusion  a t am ino acid position  24 suggests th a t this 
position  of KpsE is cytoplasm ic, the h igh levels conferred by BlaM fusion to 
positions 51, 211 and  345, and  the isolation of PhoA+ insertions at residues 
54 an d  56. are clear in d ica tio n s of the p erip lasm ic  locations of these 
positions. A rela tively  h igh  Am p^ w as recorded  for fusion at am ino acid
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p o sitio n  41 com pared  to fu sion  a t po sitio n  361 (tw o in n e r m em brane 
locations, from  the m odel). This observation is consistent w ith  the find ing  
of N -term inal hydrophob ic dom ains that m ay function  in  translocating  the 
p ro te in  in  question  across the cy toplasm ic m em brane (Roof et al ., 1991; 
Calam ia and  Beckwith, 1992; U hland  et al ., 1994; V ianney et al ., 1994). The 
ISpgm l"! Amp^ conferred by BlaM fusion at position 381 as opposed  to the 
<5 |igm l“l  resistance by fusion at position 24 suggests tha t the C -term inus of 
KpsE is m em brane associated ra ther than  inserting  into the cytoplasm . The 
accessibility of BlaM at position  381 to p ro teinase K of spherop last and  the 
lack of n e t positive charge at the C -term inus is in keeping w ith  this m odel. 
Cell fractionation  resu lts show ed  th a t the KpsE-BlaM fusion  p ro te in s are 
m em brane associa ted  and  thus in keep ing  w ith  the p red ic tio n  th a t the 
KpsE pro tein  is anchored in the cytoplasm ic m em brane p robably  via the N- 
te rm in u s .

The v isua lisa tion  of KpsE-BlaM  fusion  p ro te ins using  an ti-(5-lactam ase 
an tibodies show ed  tha t there w as no correla tion  betw een  the am o u n t of 
p ro te in  expressed and  the deduced  localisation of the (3-lactamase pro tein . 
The co n fe rred  Ampi" by  d iffe ren t fu sion  p ro te in s  are th e re fo re  tru e  
reflection  of the position  of these segm ents w ith in  the m em brane. Thus 
the K psE  p ro te in  has a m e m b ran e  to p o lo g y  co n s is tin g  of a sh o r t 
h y d ro p h ilic  N -te rm in u s  in  the  cy to p la sm , fo llo w ed  by  a s in g le  
transm em brane  dom ain , a large perip lasm ic reg ion  of abou t 302 am ino 
acid  residues and  a C -term inus tha t is m em brane associated. W hile it is 
tem p ting  from  the topological m odel and  the low  Amp^" resu lts of BlaM 
fusions a t am ino acid positions 361 and  381 to conclude th a t the m ost C- 
te rm in a l 31 am ino  acid  res id u es  are associa ted  w ith  the cy top lasm ic 
m em brane, it is possib le th a t this reg ion  of the KpsE p ro te in  cou ld  be 
located  in  the ou ter m em brane. The lack of data  on Am p^ values of 13- 
lactam ase fusions to ou te r m em brane locations m akes in te rp re ta tio n s of 
the  possib le  m em b ran e  associa tion  of the KpsE C -te rm in u s the m ore 
difficult. A second lim ita tion  that could  account for this prob lem , w hich 
can be a ttr ib u ted  to (3-lactamase an d  o th er com m only  u se d  (alkaline 
p h o sp h a ta se  an d  (3-galactosidase) gene fusion  techn iques is th a t these 
enzym e m oieties are too large and  m ay in terfere w ith  the fo ld ing and  thus 
the localisation  of the p ro tein  u n d er study . M ore recently , sm all repo rter 
ep itope (C3 neutra lisa tion  epitope from  poliovirus) tagging, recognised by 
specific m onoclonal an tibody  w as used  in  determ in ing  the topology of the 
ou ter m em brane p ro te in  LamB, and  of the 23 hy b rid  LamB-C3 p ro te ins 
generated , nine of them  d id  no t lead  to topological conclusions (N ew ton et
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al 1996), th u s u n d e rlin in g  the lim ita tions of genetic  fo re ign  ep itope 
in sertion  for the s tu d y  of in teg ral m em brane proteins. R egardless, of the 
lo ca tio n  of the  C -te rm in u s, the  KpsE to p o lo g y  w ith in  th e  b ac te ria l 
m em brane is tha t of a type II b itopic m em brane pro tein , w ith  a single N - 
te rm inal m em brane sp a n n in g  dom ain  p reced ed  by a large am ino  acid 
segm ent th a t is capable of spanning  the periplasm .

A lth o u g h  the  p rec ise  fu n c tio n a l m ech an ism  of the  K psE an d  o th er 
m em bers of the MFP proteins has no t been elucidated, the resu lt p resen ted  
here show s tha t KpsE shares structu ra l features w ith  the H lyD  (M ackm an 
et a l ., 19985), PrtE (Delepelaire and  W andersm an, 1991), H asE (Letoffe et a l ,
1994) and  CvaA  (Skvirsky et al ., 1995), p ro teins involved  in the export of 
substra te  across b o th  m em branes. The alignm ent of the p red ic ted  am ino 
acid sequence of KpsE p ro te in  w ith  the H lyD  (requ ired  for export of a -  
haem olysin  in  E. coli ), PrtE  (pro tease export in  £. chrysanthemi ), H asE 
(hem e acquisition  p ro te in  in  S. rnnrcescens ) and  CvaA (involved in colicin 
V export in  E. coli ) revealed  conserved  residues tha t have been observed  
in  m em bers of the MFP family. As has been noted  (Dinh et al ., 1994), m ost 
of these conserved residues are structu ra l (G and  P), hyd rophob ic  (L, V, I 
and  A) and  a few  strongly  hyd roph ilic  residues (E and  Q), a lthough  the 
fu n ctio n al sign ificance of th is re s id u e  conserva tion  is n o t know n . In 
addition , the KpsE like the CvaA, H lyD  and  PrtE fractionate p rim arily  w ith  
the  in n e r m em brane. The m em b ran e  to po logy  of K psE p re se n te d  is 
consisten t w ith  the p ro p o sed  function  of the MFP p ro te in s, w h ich  are 
th o u g h t to act in  connecting the inner an d  ou ter m em branes and  hence 
prom ote transpo rt to the cell exterior.

W hilst the fea tu re  of the MFP p ro te in s  po in ts to conserved  functional 
m echanism , results of the phylogenetic tree show ed tha t the KpsE as well 
as CvaA  and  H lyD  each represen ts d istinct sub-branches, w hile  the H asE 
and  PrtE  form  a subcluster. Both the BexC and  CtrB p ro teins invo lved  in 
the  e x p o rt of p o ly sa cc h a rid e  in  H. influenzae  and  N . m e n in g i t id i s  

re sp e c tiv e ly  a re  h o m o lo g o u s  to the K psE p ro te in , h o w e v e r  th e  
p h y lo g e n e tic  ana lysis  sh o w ed  th a t b o th  p ro te in s  fo rm  a su b c lu s te r, 
ind ica tive  of evo lu tional d ivergence betw een  KpsE and  b o th  p ro te ins. 
Indeed , the KpsE p ro te in  w as found  to be relatively  closer to the CvaA 
p ro te in , w ith  evo lu tional d istance of 3 un its  as oppose to the 4 u n its  
betw een  the KpsE and  the BexC /C trB  cluster. This evolu tional divergence 
of the  KpsE from  the o ther p ro te in s , BexC and  CtrB also in vo lved  in  
polysaccharide export m ight reflect specificity in substrate being exported  or
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differences in  o rgan isa tion  of the p ro te in  com plex in vo lved  in  the cell 
surface expression of capsular polysaccharide in these bacteria. The lack of 
an  o u te r m em brane p ro te in  in  E. coli , and  a perip lasm ic p ro te in  in  N.  
meningit id is  and  H. influenzae  capsu le gene clusters is in  keep ing  w ith  
the later. The phylogenetic g roup ing  of MFP is said to correlate w ith  types 
of cytoplasm ic m em brane tran sp o rt system s w ith  w hich they function  and  
w ith  the substra te  being transpo rted  (Dinh et a l 1994). This observation  is 
p a r t ic u la r ly  in  a g re e m e n t w ith  the  p h y lo g e n e tic  f in d in g s  of the  
po lysaccharide (KpsE, BexC and  CtrB) and  the p ro te in  (HasE, H lyD  and  
PrtE) exporters  each c lu ste ring  a t d iffe ren t sides of the tree w hile  the 
pep tide  exporter (CvaA) represents a d istinct branch.

The construction  of the KpsE  null m utan t, w ith  an infram e deletion  of 65 
am ino acid w ith in  the last 160 am ino acid residues of the encoded  p ro tein  
p roved  sufficient to d isrup t the export of capsular polysaccharide to the cell 
surface. The dele ted  residues are w ith in  the large perip lasm ic span n in g  
dom ain  of the KpsE pro tein , tha t is likely to in teract w ith  the perip lasm ic 
KpsD pro tein  and  m ay be functionally  significant in the role of KpsE in the 
export of polysaccharide to the cell surface. The last 170 am ino acid residues 
are also essen tial for the recogn ition  of the KpsE p ro te in  by  the KpsE 
an tisera as dem onstra ted  by W estern  b lo t analysis of p ro te ins encoded  by 
the  tru n c a te d  kpsE  gene p ro d u c ts  (F igure 3.6B). The kpsE  m u ta n t 
(MSFEIOO) w as com plem ented  by a functional copy of the kpsE  gene, 
w hich  indicates tha t the deletion w ith in  kpsE d id  not resu lt in  any po larity  
effect on  the exp ression  of the d o w n strea m  genes. In  a d d itio n , the 
trunca ted  KpsE p ro d u ct encoded in stra in  MSFEIOO has been confirm ed in 
W estern  b lo t analysis using  an tibody to the KpsE pro tein  (Figure 3.19). The 
com plem en ta tion  of the kpsE  m u ta n t (MSFEIOO) u sing  p la sm id  pPC6 
resu lted  in K 5-phage tu rb id  p laq u e  in  con trast to clear 'no rm al' p laque 
m orpho logy  observed  w hen  p lasm ids pH 18 and  pFE9 in w hich  the kpsE  

gene is cloned in h igh copy num ber vectors (see section 3.2.4.2) w ere used. 
This observa tion  suggests  th a t the K p sE  m u ta n t exhibits a d o m in an t 
n eg a tiv e  effect on  the  b io sy n th e tic /e x p o rt com plex p o s tu la te d  to be 
invo lved  in  the expression of g roup  11 capsules (Roberts, 1995, 1996; Bliss 
and  Silver, 1996) Therefore, the construction  of a non-po lar KpsE  m u tan t 
in  the  ch rom osom e has p ro v id e d  a base to conduc t de ta il s tru c tu re - 
function  analysis of the last 160 am ino acid residues to ascerta in  the ir 
im portance for the KpsE role in  the cell surface expression  of capsu la r 
polysaccharide.
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Chapter 4

Cloning and Sequencing of the I<5 Lyase Enzyme from the K5- 
specific bacteriophage.

4.1 Introduction

The K5 capsular antigen is a polym er w ith  the structure 4)-(3-GlcA-(l,4)-a- 
G lcN A c-(l (Vann et al 1981) and  essentially  represen ts desulfo  heparin , 
an  in te rm ed ia te  in  h ep a rin  b io syn thesis . O ligosaccharides chem ically  
derived  from  E. coli 1<5 capsular polysaccharide has been used  as acceptor 
for b o th  GlcA and  G lcN A c transferase  reaction  im p lica ted  in  h ep a rin  
b io syn thesis  (L idholt and  L indahl, 1992). The iso lation  of a co liphage 
specific for E. coli expressing  the K5 capsu lar an tigen  w as described  by 
G u p ta  et al . (1982b). This phage has been u sed  in  typ ing  of E. coli K5 
strains (G upta et al ., 1982a,b). O n fu rthe r analysis, the K5-specific phage 
w as fo u n d  to posses a lyase enzym e th a t hyd ro ly sed  the K5 capsu lar 
polysaccharide. The 1<5 lyase enzym e is highly  specific for the 1,4 linkage 
be tw een  the glucoronic acid and  the N -ace ty lneuram in ic  acid, y ie ld ing  
oligosaccharides tha t could serve as substrates for the study  of both heparin  
and  K5 polym er biosynthesis. In addition , the h igh specificity of the lyase 
en zy m e for the  K5 c a p su la r  p o ly sa cc h a rid e  cou ld  be ex p lo ited  in  
develop ing  rationales for the d iagnosis and treatm ent of infections caused 
by strains of E. coli K5.

In order to produce large am ounts of the K5 lyase enzym e it w as decided to 
clone an d  overexpress the lyase encod ing  gene from  the  K 5-specific 
bacteriophage in  E. c o l i .

4.2 Results

4.2.1 C onstruction  of a Bacteriophage K5 G enom ic L ibrary

In  o rd er to increase the expression  of the cloned gene(s) in E. coli , the 
p lasm id  expression vector pTTQ18 (Stark, 1987) w as chosen. This vector
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contains a tac p ro m o te r the activ ity  of w h ich  can be in d u c ed  by  the 
a d d itio n  of IPTG. In add ition , pTTQ lS  contains a lac rep resso r gene to 
ensure tha t there is no transcrip tion  in the absence of IPTG (Figure 4.IB). 
This vector is therefore suitable for the expression of cloned gene(s) tha t 
m ay be lethal for cell g row th  (Stark, 1987)! The genes of in terest are cloned 
3' to the tac p rom oter such th a t add ition  of IPTG leads to an increase in 
transcrip tion . To ensure that the genom ic DNA library w ill contain a h igh 
p ro p o rtio n  of recom binants, the BamHl cleaved vector D N A  w as trea ted  
w ith  calf in testinal phosphatase  to rem ove the 5' term inal phosphate. The 
rem oval of 5' term inal p h o sp h a te  w as confirm ed by the v isua lisa tion  in  
agarose gel electrophoresis of p red o m in an tly  linear vector D N A  b an d  in  
the self-ligated vector m ixture. The cloning into the Bam Hl site resu lts in  
insertional inactivation  of the lacZ' gene. This allows the iden tification  of 
recom binan ts w hich  are unab le to b reak d o w n  X-Gal thus ap p earin g  as 
w hite  colonies, w hile the non-recom binants appear as blue colonies.

The 45 kb genom ic D N A  of the K5 bacteriophage w as p artia lly  cleaved 
w ith  the  restric tion  endonuclease S a u 3 A  to generate D N A  fragm ents in  
the  range  of 0.1 to >12 kb. F ragm ents w ere analysed  by agarose  gel 
electrophoresis and  fragm ent ranges of 0.9 to 2.0 kb and  2.1 to 7.0 kb w ere 
is o la te d  fro m  th e  gel (F ig u re  4.1 A). A p p ro x im a te ly  0 .5 p g  of 
d ep h o sp h o ry la te d  vec to r D N A  w as se lf-ligated  as a con tro l or w ith  
a p p ro x im a te ly  0.5fig of each iso la ted  D N A  fragm ent ran g e  in a final 
vo lum e of lOpl. E. coli SURE w as elec tro transfo rm ed  w ith  2pl of each 
lig a tio n  m ix tu re , se lec tin g  fo r am p ic illin  res is tan ce  co lon ies . The 
bacteriophage K5 gene library  generated  a total of 804 transform ants, w hich 
w ere screened for the presence of in sert DNA by p la ting  transform ants on 
L -agar contain ing  am picillin , Im M  IPTG an d  0.004% X-GaL for b lue or 
w h ite  colony  screen ing . O f these  88% w ere  w h ite  (L a c )  co lon ies , 
con ta in ing  a cloned D N A  insert. P lasm id  DNA w as iso la ted  from  50 
recom binan ts an d  in se rt DNA confirm ed by restric tion  endonucleases. 
These recom binants w ere then screened for lyase activity.
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ptac
Sm

Xb
Pst
Sph

pTTQie

4 .50 Kb
Amp

B laclq

Figure 4.1. Size selected bacteriophage DNA fragments (lanes 2 and 3) (A) 
cloned in the expression vector pTTQlS (B). Lanes 1 and 4 are kilobase 
molecular weight markers. Insert DNA were ligated into the B a m H l  
cleaved and dephosphorylated vector. Abbreviations: E; EcoRI, Sa; Sac I, 
Kp; Kpn 1, Sm; Sma I, B; B am H l,  Xb; Xba I, Pst; Pst I, Sph; Sph I, H; Hind  III.
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4.2.2 Screening of Gene Library for Lyase Activity

The screening of the library  w as perfo rm ed  by Dr. P eter H anfling  in the 
la b o ra to ry  of P ro fesso r Dr. K. Jann  at the M ax -P lan ck -In stitu te  ftir 
Im m unbio log ie, F rieburg , G erm any. E ssentially , th is in v o lv ed  g row ing  
pools of ten  recom binants to m id  logarithm ic phase, th en  in d u c in g  the 
cells w ith  Im M  IPTG for 2 h rs, fo llow ed  by son ication  to ob ta in  the 
enzym e lysate. Equal volum es (20pl) of lysate w as incubated  w ith  the K5 
polysaccharide substra te  (Smgml"^ in  Tris buffer) at 37°C for 6 hrs. Sam ples 
w ere  th en  reso lved  by PAGE in  IXTBE and  gel s ta ined  for 3 h rs w ith  
A lcian Blue (see section 2.9). The cleavage of polysaccharide substra te  w as 
observed after destain ing gel w ith  2% acetic acid in w ater. Positive pools of 
ten  recom binan ts w ere  in d iv id u a lly  screened  in a sim ila r m an n er to 
ob ta in  a positive clone. A total of 244 recom binants w ere screened and  of 
these, a positive clone w hich  contains the la rgest in se rt D N A  fragm en t 
w as chosen for fu rther analysis.

4.2.3 N ucleo tide Sequence of K5 Lyase Clone, pB4

A n iso lated  clone w ith  lyase activity  and  containing approxim ately  2.8 kb 
bac teriophage K5 in sert D N A  w as designated  clone pB4. The nucleo tide 
sequence of clone pB4 w as d e te rm in e d  u sing  doub le  s tra n d e d  D N A  
tem plate ob ta ined  from  M axiprep p rocedure  (Qiagen). Sequence reactions 
w ere  p e rfo rm e d  u s in g  the P R I S M R e a d y  R eaction  DyeDeoxy^"^ 
T erm inator Cycle Sequencing (Perkin Elmer). Initial 800 bp  sequence w as 
ob ta in ed  u sin g  the -40 un iv ersa l (5'-GTTTTCCCAGTCACGAC-3') an d  
reverse  (5'-A ACA GCTATG A CCA TG -3') p rim ers, w h ich  b in d  on e ither 
sid es  of the p o ly lin k e r  in  pTTQ18. O lig o n u c leo tid e  p rim e rs  w ere  
successively  gen e ra ted  b ased  on the ob ta ined  sequences to cover the 
rem ain ing  2.0 kb and  both  strands of the cloned DNA fragm ent. The DNA 
sequence of clone pB4 w as fo und  to be 2872 bp in  leng th  (Figure 4.2). 
N ucleo tide sequence searches of the com posite G enB ank/EM B L database 
revealed  significant D N A  hom ology (83.0% identity) over the first 571 bp 
of the K5 lyase sequence and  those of K IE endosia lidase  (Figure 4.3). 
C o n ta in e d  w ith in  th is reg io n  is a p u ta tiv e  b ac te rio p h a g e  SP6-like 
prom oter region (302-351 nucleotides) 87 bp from  the s ta rt of the first open
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read ing  fram e (ORF) (Figure 4.2). The prom oter w as identified  on the basis 
of sequence sim ilarities to those reported  by Long et ni . (1995) and  M elton 
et a l . (1984). It has the sam e AT bases located at position  -2 and  -3 of the 
guan ine (G) residue at w hich  transcrip tion  in itiates in the SP6 p rom oter 
(see figure 4.2). These AT bases has been show n to be im portan t functional 
elem ents of the SP6 prom oter (M elton et nl 1984).

4.2.4 A nalysis of D educed  A m ino A cid Sequence

A nalysis of the read ing  fram e in  all six phases revealed  tw o large ORFs, 
one of w hich exceeded the range of cloned DNA fragm ent (Figure 4.2). The 
tw o ORFs transla ted  in opposite o rien tation  to the d irection  of the LacZ' 
expression in  p lasm id  pTTQ18. The largest com plete open  read in g  fram e 
spans a D N A  fragm ent of 1905 bp and  encoded a pro tein  of 635 am ino acid 
residues, designated  ORF 635. ORF 635 is im m ediate ly  dow nstream  of a 
p u ta tiv e  SP6-like p rom oter region and  encodes for a p red ic ted  p ro te in  of
66.9 kDa. The p red ic ted  am ino acid sequence of this p ro te in  shares 50.8% 
and  50.7% sim ilarities over the entire 635 residues w ith  the bacteriophage 
K IE  endosialidase and  the PKIE encoded Endo NE p ro te ins respectively  
(Figure 4.4), In addition , the pred ic ted  am ino acid sequence of the pu ta tive
66.9 kD a p ro te in  is 54% identical (89.4% sim ilarity) to a p ro te in  of 820 
am ino acid residues deposited  in the database as Sequence 2 from  p aten t 
US 5480800 (Figure 4.5). The p u ta tiv e  66.9 kDa p ro te in  has a p red ic ted  
isoe lectric  p o in t of 7.54. The second  and  incom ple te  ORF is located  
d o w n strea m  of the p u ta tiv e  66.9 kD a p ro te in  an d  searches w ith  the 
d ed u ced  am ino acid sequence d id  no t reveal any sign ifican t id en tity  to 
sequences in  the protein  databases.
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1 GATCACCTGTGAATAAGTTTCTAGAAGTTCTGGCAGGTCTTATTGGCCTCCTTGTCTCTG 60

61 CTAAGAAGAAACAAGAAGAGAAGGAGGCACCAAAGTGAAGCGAATGATGTTAGTGACCAA 120

121 CCCTTCTGATTGGTTCGCTGAGCAGTTGGGGGTGTGAGCJAGGGGTTAC:GAGAGAAAGGAA 180

181 TGGTGAAACCTCTGAGG(:CGACGCTGACGGCAGTTTACGAGGTAGAGGATAAAGTCTGCT 240

241 TCAGTAAGCCTGATGCTAGAAAATTAGGTTTGTATAT1X-JTC:TCGGTAGAAGGGG(;:ATATA 3 0 0

PROMOTER

301 ATTAATACATAGCTTTATGTATG:AGTGT(3TTAGGATTTAGT('4GAG:ACTATAGAO(3A{'iATA 360

361 CAGGTAGTGCCGTTCTTTAG AGCGGCCTATTACTAGGC7\ATc::TTC:ATAGGGAGGGTTGGG 420

SD

421 AAGTAATAGGAGTTAGCATGGCTAAATTAACCAAACCTAAGAGTGAACiGAATGTTriOATO 480

M A K L T K P K T E G I L H Q  15

481 AAGGACAATGTTTGTATGAGTA(3GTTGATG0GAGAGTTTTAAGAT0AAAGTGc;:TTTGGTG 540

16 G Q S L Y E Y L D A R V L T S K S F G A  35

541 CTGCAGGTGACGCCACTACrGATGATA(3GGAGGTTATAG(ZTG(3TT(3A(3TAAA(3T(3T(3AAA 600

36 A G D A T T D D T E V I  A A S L N S Q K 55

601 AAGCTGTCAGAATCTCAGACGGTGTATrCT(3TAG(JTCTGGTATrAATAGTAATrA(3TGTA 660

56 A V T I S D G V F S S S G I N E N Y C N  75

661 ACTTAGACGGCAGGGGTAGTGGTGTGOTAAGTGAGOGTI '̂JGAGTACAGGTAAGTAOTTAG 7 2 0

7 6 L D G R G S G V L S H R S S T G N Y L V 95

721 TATTTAACAATCCACGTACAGTC;GC:TTTAAGTAATATTGGGGTAGAAAGTAATAAGGCGA 780

96 F N N P R T V A L S N I  A V E S N K P T 115

781  CTGATIC7ACTCAGGGA(:AG(3AGGTAT[3T(3TTGCTGGTGGAAGTGATGTTA(3TGTAAGTG 840

116 D S T Q G Q Q V E L A  (3 G S D V T V S D 135

841 ACGTTAACTTCTCAAAGGTTAAAGGTACTGGTTTCAGTTTAATGGGATACCGTAATGATG 900

136 V N F S N V K G T G F S ,L I  A Y P N D A 155
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901  CGCCACCTGATGGACTrATÜATTAAAGGCATniGAGGTAa/TATTCCÜGCTATGCTAtZTA 960

156 P P D G L M I K Ü I R G S Y S Ü Y A T N  175

961 ATAAGGCAGCCGGATGCJGTA01TG0TGACTCCT0AGTTAACT(::CCTCATAGATAA0GT0A 1020 

176 K A A G C V L A D S S V N S L I  D N V I  195

1021 TTGCTAAGAACTACCCTCAGTT(3GGAGCAGTAGAGTTGAAAGGTAGAGCCAGTTACCAAC 1080

196 A K N Y P Q F G A V E L K G T A S Y Q H  215

1081 ATAGTCAGTTAATGTTAATG(3GGGAGATTGGCAGGATGTTACTTAGGAAG(3GGAGT(3AA(3 1140

2 16  S Q L M L I G Q I A S M L L T N G T E G  235

1141 GGGCAATAGCCCCTTCTAATAAGGTTATCAAGGG(;;GTGATGGGTAATAA(3(3GTAAGTATG 1200

236 A I A P S N N L I K G V M A N N P K Y A  255

1201 CAGCGGTTGTTGCAGGCAAAGGTlAGTAGGAAGTTAATtTPGAGAGGTGGTGGTAGATrACT 1260

256 A V V A G K G S T N L I S D V L V D Y S  275

1261  CAACTTCTGATGCTAGGCAGGCrGATGGTGTTAGCGAGGAAGGGTtTrGATAAGÜTCATAA 1320

276 T S D A R Q A H G V T E E G S D N V I N  295

1321 ATAATGTGCTTATGTCAGGATGTGATGGTACTAACTCTTTAGGAGAAAGGGAGAGTGGTA 13 8 0

296 N V L M S G C D G T N S L G Q R Q T A T 315

1381 CAATTGCACG(3TrTATAGGTA(3AG(JTAATAA0JAA(7rATG(:GT(7rGTATrr(J(3TAG(3TA(3A 1440

316 l A R F I G T A N N N Y A E V F P S Y E  335

1441 GCGCTACAGGTGTTATTAGTTTGGAA'DGGGGCrGTAtX'CGTAAGTTGGTAGAGGTAAAGG 1500

336 A T G V I T F E 2 G S T R N F V E V K H  355

1 5 0 1  ACCCTGGCAGGAGAAACGAa;TT(3TCAGTTCT(3GTAGTACTATTGAGGGTGGAGGTACTA 15 6 0

356 P G R R N D L L S S A S T I  D G A A T I  375

1561  TTGGCGGCACTAGT7ATAGTAACGTAGTGCA(JGCACCTG(3CTrAGGG(JAGTA(3ATAÜGTA 1620

376 G G T S N S N V V H A P A L G O Y I G S  395

1621 GTATGTCAGGTAGGTTCGAATGGGGGATTAAGTGGATGTCA(3TCGGTTCAGGGGTTCTTA 1680 

396 M S G R F E W R I  K S M S h P S G V L T 415
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1681 CTTCTGCTGATAAGTACAGAAT(3CTT(3GGGATGGTCCTC3TATCATTAGCTGTAGGTGGGG 1740 

416  S A D  K Y R M L G D G A V 2 L A V G G G  435

1741 GTACTTCTTCTCAAGTTGGGGTATTTAGTTCTGATGGTAGTTGTGGGAGAGTGTC^GGTGA ISO 0

436 T S S Q V R L F T S D G T S R T V S L T 455

1801 CCAACGGTAACGTGCGTCTTT(3TAGGAGTAG(3ACAGGCTATTTGGAGTTAGGTG(3TC3ATG 1860

4 56  N G N V R L 2 T S S T G Y L Q L G A D A  475

1861 GAATGACCCCAGATAGTACTGGTACATACGCATTAGGTrGGGCCAGTGGAGGATGGTCTG 1920

476 M T P D S T G T Y A L G S A S R A W S G 495

1921 GCGGTTTTACTCAAGCAGGATTGAGTGTTACCTC3AGATCGTGGGTGTAAAAGAGAAGCTG 1980  

496 G F T Q A A F T V T S D A R C K T E P L 515

1981 TTACTATCTCAGATGCCTTAGTG(3ATG(3TTGGTGTGAAGTT(3AGTTTGTGGAGTTTGAGT 2040

516 T I S D A L L D A W 2 E V D F V Q F Q Y  535

2041  ATTTGGATCGTGTTGAGGAGAAGGGT(3GAGAGTCAG(;;TAGATGC3CAC'JTO3GGTATGATGG 2100 

536 L D R V E E K G A D S A R W H F G I  I  A 555

2101  GTCAGCGAGCT7VAGGGAGGGTTTCGGAACGTCAGGGGTATAGATG(3A(3ATGGGTATGCGT 2160

556 Q R A K G G F R N V T G I D A H R Y A F  575

2161  TCTTTGTGCTTCGACAAGTTGGGATGATGTATAa3GAGGAA(3 ATG(3CAATGGGTGTGGTA 2220

576 F V L R Q V G M M Y T E E D A N G R K 595

2221  AACTGATTACACCAGCAGGTTO%:G(7rACGGTATTGGTTA(:GAGGAAGTA(JTGATATTAG 2280

596 L I T P A G 2 R Y G I R Y E E V L I L E  615

2281  AGGCTG(3GTTGATGCG(3AGGAC:TATTAAC3GGTATGGAGGAAGGAC:TAc3(::TGa:;C:TTCJGTA 234 0

616 A A L M R R T I K R M Q E A L A A L P K  635

2341 AGTAAGCAACAGGCAGTGCGTAAGGACTGGTTTTGAGGGAACJTTTTGTTAAAGGTTATGA 2 4 0 0

636 *

110



SD

2401 TGGTGGTAGC1:TTTCAGAAAAGGM1GTTA(3ATG(;TA(3AAAGATTAAG(3A(-J( JAAGTTGATA 2460

M L Q R L S T K L I  10

2461  CAGTATAATGGTGAGAAATTA(:ATAGATTAATAGAG(3(7riTACrrGAAGAGG'rrAATGGG 2 5 2 0

I I Q Y N G E K L H T L I E P L L E E V N P  30

2521  ATTATCCGTATACCAGAAGATTAGCGTTCGCTCTATGCGGTTGGTGAGTAC^GTTAGTACT 2580

31 I  I  R I  P E D Y P S L Y A V G E Y L T T 50

2581  GTAAGCTATGATAACCAAGCAGTAGTAGTTGAAGTGGCAGGTGGTAGTTAGAGAGAAAGT 2640

5 1 V S Y D N Q A V V V E V A A G T Y R E T  70

2641  AAGTCACTACATGAAGTATTTGGAA(3TAAGTTT(3GTAAC3GGTGGCATAGAGATAGTTGGT 2 7 0 0

7 1 K S L H E V F G T K F G N G R I Ü I V G  90

2701  AAAGGTGTAGATGTCAGTACCTTTGAGTTCTTGAAATGTGATGGAATATATGGAGGAGAT 2 7 G 0

91 K G V D V T T F E F L K G D G I  Y A G H 110

2761  GGTACITGTITTGGT(lATG(3AOJA(3AGTAT(3(7rGTALAGTGG(3GGTGA(JAT(J(JAT[J(3TAT(3 2820

111 G T C F G H A P Q Y P V S G G D I  H P I  130

2821  T[TAAGAATrGCACACTTAGTGGTATTAAOJGAGATGATGCa3TAGATGAT(3 2872

1 3 1 F K N C T L S G I N R D D A L D D  147

Figure 4.2. N ucleo tide  sequence and  d ed u ced  am ino acid  sequence of 
bac teriophage K5 lyase coding region. A n SP6-like p rom ote r reg ion  and  
p u ta tiv e  S h ine-D algarno  sites (SD) are u n d erlin ed . The g u an in e  (G) 
residue at w hich transcrip tion  initiates in the SP6 p rom oter (M elton et al 
1984 is show n in bold. N ucleo tide and  am ino acid positions are g iven on 
either side of the sequence. The K5 lyase nucleo tide sequence da ta  have 
been  d e p o s ite d  in  the  EMBL n u c leo tid e  sequence d a tab a ses  u n d e r  
Accession N um ber Y10025.
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K5LYASE GATCAc3CTGTGAATAAGTTTC*rAGAAGTTCT 31
I  I  !  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I  I  

K1LYA.ee GGTTCCGTCACTGACGTCGTATGGGAAGTAATCAc'JGTGTGAATAAGGTGCTAGAGGTGGT 3 7 3

K5LYASE GGCACXZ[CTrATI%œCIX3CTrnr(:T(JTG(ZrAAGAAGAAA(3AAGAAGAGAAGGAGG(3A(JC 91
I  I  I  1 1  I  I  I  I  I I  I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I  I I  I  I

KILYASE AGCAGGTCTTATTGGCCrGGTGdTGCGGCTAAGAAGAAGAAGGAAGAGAAGGAGG(3A-G 432

K5LYASE AAAGTGAAGCGAATCATGTTAGTGA(3CAA(JC(3TTCTGATrGGTT(3G(3TGAC(3A(3Tr(3(JGG 151
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I I  I I  I I I  I I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  M I N I  I I

KILYASE AAAGTGAGGCGAATCATC-;CTA(3CGA-GAAT(‘JCTGCTGATTGGTTGAGTGAT(:;ACTTGAGG 491

K5LYASE GTGTCAGCAGGCGTrAaiAGAGAAAGCAATGGTGAAAG(nX3TGAGGGGGAGGGTGAGGGG 211
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  M i l l

KILYASE GTGTCAGACGGCGTTACCAGAGAATCGAAAGGTGAAGCGTGTGAAGGGGAGGGTrAGGGG 5 51

K5LYASE AGTTTACGAGGTAGACGATAAAGTGTGGTTGAGTAAGGCTGATGC3TAGAAAATTAGGTTT 271  
I I I  1 1 1 1 1 1 1 1  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  

KILYASE AGTCTACGAGGTGGACGATAAAGTGTGGTTGAGTAAG(3GTGAG(3(‘JTAGAAAATTAGGTGT 6 11

K5LYASE GTATATTCTCTCGCTAGAACGGGGATATAATTAATA(3ATAGCTTTATGTATGA(;-;TGTGTT 3 31 
I I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  

KILYASE GTACATTC.TCTCGCTAGAACGGGGGTATAATTAATA(3ATAGTTTTATGTAT(:;AGTGTGTT 671

K5LYASE ACGATTTACTGGACACTATAGAGGAGATAGAGGTAGTG(3CGTT(3TTTAGAGGGGGGTATT 3 91 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I

KILYASE ACGATTTACTGGACAGTATAGAAGAGATA-AGATAGTGC3CJGTTGTTTTGAGCGG(.:GTATT 7 3 0

K5LYASE AGTAGC:CAATCTTCATAGGGAC-;GGTTGGGAAGTAATAGGAGTTAG(::ATGGGTAAATTAAG 451 
11111111111111111111111111111111111111111 11111111 11111 

KILYASE ACTAGCCAATCTTCATAG(3GAGGGTTGGGAAGTAATAGGAGAGTATATGGC;TAAGTTAAG 7 9 0

K5LYASE CAAACCTAAGACrGAAGGAATCTrG(J\T(3AAGGA(3AAT(ZrTrüTATGAG-TAC{3TrGATG 510
1 1 1 1 1  1 1 1 1 1  I I  I I I  I  1 1  M l  r  1 1 1 1  1 1  1 1 1 1 1 1  1 1

KILYASE TAAACCCAAGACAACGGG (JTTAGTAGATAGAGATAC--TGTAGTAGGTAGGTT-ATT 844

K5LYASE CGAGAGTTT— TAAGAlCAAAGTGGT-TTGGTGCrGt^AGGTGAGGGGAGTAGTGATGATA 567
I I  I  I I I  I I  I  I  I  I  I  I  I I I  I I  I  I  I  I  I  I  I  I  I  I  I I I  I  I  I  I

KILYASE AGATAATTTACTATG-TAAAAGGCGTGTTAGA'TTTGAA(3GTGTAGTTGGAAGTGAAGATA 9 0 3

K5LYASE CGGA 571
I

KILYASE CTAA 907

Figure 4.3. N ucleo tide hom ology betw een  the K5 lyase sequence and  the 
K IE  endosialidase (KILYASE) sequence, pub lished  by Long et al . (1995). 
Positions (bp) in each sequence are show n on the right.

112



KIENDON
KILYASE
K5LYASE

MIQRLG8SLVKFKSKIAGAIWRNLDDKLTEWSLKDFGAKGDGKTNDQDAVNRAIGSGKR
MIQRLGSSLVKFKSKIAGAIWRNLDDKLTEWSLKDFGAKGœKTNECPAVNAAMASGKR 
-MM<LTKPKTEGILHQGQSLYEYLDAR-- -VLTSKSFGAAGDATTDDTEVIAASLNSQKA

KIENDON
KILYASE
K5LYASE

IDGAGATYKVSSLPCMERFYNTR— FVWERLAGQPLYYVSKGFINGELYKITDNFYYNAW 
IDGAGATYKVSSLPmERFYNTR--FVWERLAGQPLYYVSKGFINGELYKITDNPYYNAW 
VTISDGVFSSSGINSNYGNLDGRGSGVLSHRSSTGNYLVFN— -NPRTVALSNIAVESNK

KIENDON
KILYASE
K5LYASE

PQDKAFVYENVIYAPYM(3SDRHGVSRLI-IVSWVKS(3DDGQTWSTPEWLTDMHPDYPTVNYH 
PQDKAFVYENVIYAPYMGSDRHGVSRLHVSWVKSGDDGQTWSTPEWLTDMHPDYPTVNYH 
PTDSTQGQQVSLAG---GSD-VTVSDVNFSNVK GTGFSLIAYPNDAPPDG-----------

KIENDON
KILYASE
K5LYASE

CMSMGVCRNRLFAMIETRTLAKNELTNCALWDRPM2RSLHLTGGITKAANQRYATIHVPD
CMSMGVCRNRLFAMIETRTLAKNELTNGALWDRPMSRSLHLTGGITKAANQRYATIHVPD 
LMIKGIRG------------ SYSGYATNKAAGCVLADS-----------------------------------------SVNSLI

KIENDON
KILYASE
K5LYASE

HGLFVGDFVNFSNSAVTGVSGDMKVATVIDKDNFTVLTF>NQC)TSDLNNA(3KNWHMGTSFH 
HGLFVGDFVNFSNSAVTGVSGDMKVATVIDKDNFTVLTPNQC/TSDLNNAGKNWHMGTSFH 
DNVIAKNYPQFGAVELKGTASYQHSQLMLIGQIASMLLTN---------------- G-------------------

KIENDON
KILYASE
K5LYASE

KSPWRKTDLGLIPRVTEVHSFATIDNNGFVMGYHQGDVAPREVGLFYFPDAFNSPSNYVR 
KS PWRKTDLGLIPRVTEVHSFATIDNNC3FVMGYHQC3DVAPREVGLFYFPDAFNS PSNYVR 
-----------TEGAIAP--SNNLIKGVMANN-------PKYAAWAGKGS-TNLI2DVLVDYSTSDA

KIENDON
KILYASE
K5LYASE

RQIPSEYEPDAAEPGIKYYDGVLYLITRGTRGDRLGSSLHRSRDIGQTWESLRFPHNVHH
RQIPSEYEPDAAEPGIKYYDGVLYLITRGTRGDRLGSSLHRSRDIGC/rWESLRFPHNVHH
RQAHGVTE EGSDNVINNVLMSGCDGTN 2LGQ-R- -  -(ZTATIARFIGTANN

KIENDON
KILYASE
K5LYASE

TTLPFAKVGDDLIMFGSERAENEWEAGAPDDRYKASYPRTFYARLNVNNWNADDIEWVNI 
TTLPFAKVGDDLIMFGSERAENEWEAGAPDDRYKASYPRTFYARLNVNNWNADDIEWVNI 
N YASVFPSYSATG VITFESGSTRNFVEVKHP GRR--N----------------------

KIENDON
KILYASE
K5LYASE

TDQIYQGDIVNSSVGVGSVWKDSFIYYIFGGENHFNPMTYGDNRDKDPFKGHGHPTDIY
TDQIYQGDIVNSSVGVGSVWKDSFIYYIFGGENHFNPMTYGDNKDKDr’F’KGHGHPTDIY 
-DLLSSASTIDGAATIGGTSNSNWHAPALG--QYIGSMSG— -RFEWRIKSMSLPSGVL
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KIENDON
KILYASE
K5LYASE

SYKMQIANDNRVSRKFTYGATPGQAIPTFMGTDGIRNIPAPLYFSDNIVTEDTKVGHLTL 
CYKMQIANDNRVSRKFTYGATPGQAIPTFMGTDGIRNIPAPLYFSDNIVTEDTKVGHLTL 
TSADKYRMLGDGAVSLAVGGGTSSQVRLFTSDGTSR------------------------------------------ TV

KIENDON
KILYASE
K5LYASE

KASTSANIRSEMC^EYGFIGKSVPKDKPTGQRLIICGGEÜTSSSSGAqiTLHÜSNSSN
KASTSANIRSEMQMECiEYGFIGKSVPKDKPTGQRLIIGGGECÏTSSSSGAQITLHGSNSSN 
SLTN-GNVRLSTSSTGYLQLGADAMTPDS---------------------TGTYALGSASRAWSGGFTOA

KIENDON
KILYASE
K5LYASE

AKRITYNGNEHLFQGAF’IMPAVDNQFAAGGPSNRFTTIYLGSDPVTTSDADHKYGISSIN 
AKRITYNGNEHLFQGAPIMPAVDNQFAAGGPSNRFTTIYLGSDPVTTSDADHKYGISSIN 
AFTVTSDAR CKTEPLTISDALLDAWSEVDFVQFQYL--DRVEEKGADSARWHFGII

KIENDON
KILYASE
K5LYASE

KIENDON
KILYASE
K5LYASE

TKVLKAWSRVGFKQYGLNSEAERNLDSIHFGVLAQDIVAAFEAEGLDAIKYGIVSFEEGR 
TKVLKAWSRVGFKQYGLNSEAERNLDSIHFGVLAQDIVAAFEAEGLDAIKYGIVSFEEGIR 
AQRAKGGFRN---------------------VTGIDAHRYAFFVLRQVGMMYTEEDANGSRKLITPAGSR

YGVRYSEVLILEAAYTRHRLDKLEEMYATNKIS
YGVRYSEVLILEAAYTRHRLDKLEEMYATNKIS
YGIRYEEVLILEAALMRRTIKRMQEALAALPK-

F igure 4.4. A m ino acid sequence com parison  of the K5 lyase, the K IE  
e n d o s ia lid a se  (KILYASE above) an d  the  PK IE  E ndo  N E p ro te in  
(K IE N D O N  above). A lig n m e n t of the am ino  acid  sequences u s in g  
CLUSTER W  (1.5).G aps in tro d u c ed  in the a lignm en t by com pu ter are 
sh o w n  w ith  hyphens. The asterisks and  do ts rep re se n t iden tica l an d  
sim ilar am ino acid residues respectively.
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K5LYASE
SEQ2 MTVSTEVDHNEYTGNGVTTSF PYTFRIFKKSDLVVQVSDLNCWTKLVLDAGYTVTGAGT

K5LYASE
SEQ2 YSGGAWLPSPLAAGWRITIERVLDVVQETDLRNQGKFFPEVHEDAFDYLTMLIQRCFGW

K5LYASE
SEQ2

----------------------------------------MAKLTKPKTEGILHC)GQSLYEYLDARVL---------------------
FREALMKPSLLAKYYDAKQNRISNLADPSLEClDAVNNRSMRMYVDAAIAGVIGGFGWFIQ

K5LYASE
SEQ2

---------------------------------- TSKSFGAAGDATTDDTEVIAASLNSQKAVT'ISDGVFSSSGIN
YGSGAVYRTFQDKMRDGVSIKDFGAQNGILNDNKDAFTKSLHSFSSVFVPEGVFNTSLVS

K5LYASE
SEQ2

SNYCNLDGRGSGVLSHRSSTCiNYLVFNNPRTVALSI'IIAVESNKPTDSTQGQQVSLAGGSD
LSRCGLYGTGGGTIKQYDRDCîNHLVFNMPDGGMLSTLTIMGNKSDDSVQGHQVSFSGGHD

K5LYASE
SEQ2

K5LYASE
SEQ2

K5LYASE
8EQ2

VTVSDVNFSNVKGTGF8LIAYPNDAPPDGLMIKGIRGSYSGYATNKAAGC:VLAD8SVN8L
VSVKNIRFWPRGPGFSLIAYPDNGIPEGYIVRDIRGEYLGFANNKKAGGJVLFDESOm'L

IDNVIAKNYPQFGAVELKGTASYOHSQLMLIGQIASMLLTNGTEGAIAPENNLIKGVMAN
IDGVIARNYPQFGAVELKTAAKYNIVS-NVIGEECQHWYNÜTETETAPTNNIIS8VMAN

NPKYAAWAGKGS'mLISDVLVDYSTSDARQAHGVTEEGSDNVINNVLMSGGDG'mSLGO
NPKYAAVWGKGTGNLISDVLVDYSESDAKQAHGVWQGNNNIA8NILMTGCDGKNESGD

K5LYASE
SEQ2

RQTATIARFIGTANNNYASVFPSYSATGVITFESGSTRNFVEVKHPGRRNDLLSSASTID
L0TSTriRFLDAARSNYASIFPMY8SSGWTFEEGGIRNFVEIKHPGDRN)^ILSSASAVT

K5LYASE
SEQ2

K5LYASE
SEQ2

GAATIGGTSNSNWHAPALGQYIGEMSGRFEWRIKSM8LP8GVLT8ADKYRMLGDGAVSL
GISSIDGT™SNWHVPALGQYVG1MSGRFEWWVKYFNLAN(jrLVSADKFRMLAEGDV8L,

AVGGGTSSQVRLFTSDGTSRTVSLTNGNVRLSTSSTCYLQLGADAMTPDSTGTYALGSAS
AVGGGISSQLKLFNSDNTKGTMSLINGNIRISTGNSEYIQFSDSAMTPSTTNTYSLGLAG

K5LYASE
SEQ2

RAWSGGFTQAAFTVTSDARCKTEPLTISDALLDAWSEVDFVQFQYLDRVEEKGADSARWH
RAWSGGFTQSAFTVLSDARFKTAPEVIDEKILDAWERVEWVSYQYLDRIEVKGKDGARWH

K5LYASE 
SEQ2

FGIIAQRAKGGFRNVTGIDAHRYAFFVLR------------ QVGMMYTEEDANGSRKLITP-------
FGAVAQHVISVFQNE-GIDVSRLAFIGYDKWNETPAEYRDVTEEEHSAGVYPLIQTKVLV

K5LYASE 
SEQ2

 AGSRYGIRYEEVLILEAALMRRTIKRMQEALAALPK-
REAVEAGECYGIRYEEALILESAMMRRRVKKLEEQVLQLTGN

Figure 4.5. A m ino acid sequence com parison of the K5 lyase and  Sequence 
2 (SEQ2) from  paten t US 5480800 (Legoux et n l unpub lished). A lig n m en t 
of the am ino acid sequence using  CLUSTER W (1.5). G aps in tro d u ced  in 
the a lignm ent by the com puter are show n in hyphens. The asterisks and  
dots rep resen t identical and sim ilar am ino acid residues respectively.
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4.2.5 T7 Expression of Proteins Encoded by the Lyase Clone

The po ten tia l ORFs in  clone pB4 translated  in  opposite o rien tation  to the 
tac p rom oter in the expression vector pTTQ lS and the encoded  pro teins 
could  no t be overexpressed from  the native p rom oter located  upstream  of 
the tw o ORFs. The entire 2.8 kb in sert DNA w as then  excised from  clone 
pB4 in  a Sma 1-Xba I fragm ent, w hich w as then  ligated to an  Xba l-H inc  II 
linearised  pGFM -3Zf+ to generate p lasm id  pFF50 (Figure 4.6), thus p lacing 
the cloned genes 3' to the T7 prom oter. E. coll JM109DF3 s tra in  ca rry ing  
e ith er pFFSO or pG FM 3Zf+ w ere  in d u ced  w ith  Im M  IPTG for p ro te in  
expression (see section 2.7) and  pro teins w ere separated  by SDS-PAGF. A 
coom assie b lue  s ta in e d  gel of the  to ta l p ro te in  ly sa te  from  E. coli 

JM 109[DF3]pFF50 d id  n o t reveal any overexpressed  p ro te in  band . The 
encoded  p ro te ins w ere  then rad io labelled  w ith  [3^S] m eth ion ine , before 
separation  on an SDS-PAGF. This revealed  an over-expressed po lypep tide  
m ig ra tin g  at ap p ro x im ate ly  62 kD a in  SDS-PAGF (F igure 4.7). This 
po ly p ep tid e  b an d  w as fo u n d  m ore in tense  in the IPTG in d u ced  E. coli 
JM 109DF3pFF50 cells (F igure 4.7, lane 4), w hen  co m p ared  w ith  the 
u n in d u ced  E. coli JM109DF3pFF50 cells (Figure 4.7, lane 3). A vector band  
ru n n in g  a t app rox im ate ly  62 kD a w as observed  in  the in d u ced  E. coli 
JM 1 0 9 D F 3 p G F M -3 Z f+  (Figure 4.7, lane 2), a lthough  n o t of the sam e 
in tensity  as the over-expressed ORF 635 product.

4.2.6 Induced  Expression of Lyase A ctivity

To de term ine  the activ ity  of the lyase enzym e, E. coli JM lO l c a rry in g  
p la sm id  pB4 and  its derivatives (pB4APsf I and  pFF50) (Figure 4.6) w ere 
g row n  to m id  logarithm ic phase  (OD^OO of 0.6) and  then  in d u ced  w ith  
Im M  IPTG for 2 h r s. Cells w ere resu sp en d ed  in 5 m l of sonication  buffer 
an d  son icated  to obtain  a lysate. This lysate (5|il for pFF50 and  30pl for 
pB 4/pB 4A Pst I) w as incubated  w ith  20pl of 25mgmL^ K5 po lysaccharide 
extract at 370C for % o m ins (pFE50) and for overnight in the case of pB4 and  
pB4APsf I. Five m icrolitre (5X10^pfu) of the K5 bacteriophage lysate w as 
sim ilarly  incubated  as control. Sam ples w ere separated  by po lyacryam ide 
gel electrophoresis to v isualise cleavage of the po lysaccharide  substra te  
(Figure 4.8). Polysaccharide cleavage w as observed after 10 m ins incubation 
w ith  enzym e lysate ob ta ined  from  pFF50, 1 hr w ith  the K5 ph ag e  and  
o vern igh t w ith  the pB4 lysate. A sligh t substra te  cleavage w as observed
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after overnight incubation w ith the pB4APst I lysate (Figure 4.8, lane 6). 
Plasm id pB4APsf I w as constructed by re-ligating a Pst I linearised pB4 
clone. A Pst I digest of clone pB4 resulted in the deletion of the first 545 bp 
sequences in the cloned bacteriophage K5 lyase D N A  fragm ent, w hich  
included the first 36 amino acid residues of the encoded lyase protein. This 
deleted segm ent of the K5 lyase sequence also contains the putative SP6- 
like prom oter region.

E S Kp Sm B Xb P Sp H
 ....

'ptac

E S Kp Sin

(A) pB4 ■■«iHi(|||||iii-
ptac IV He

I

Xb P Sp H

I I  I T
Me H e P Xb

(B)

E S Kp Sin

piac

545 I 

Pst I deletion

SpH

pGEM-3Z
E S Kp Av Sm B Xb Sa Ac He P Sp H

pB4
Sin

h -

(C) pFE50

E S Kp Av Xb I Sa Ac P Sp

F igu re  4.6. P h ysica l m ap o f c lo n ed  D N A  fragm ent in c lo n e  pB4 (A ) and  its 
d er iv a tiv e s , pB4APsf I (B) and pFE50 (C). The p o lyc lon in g  sites in the vector are 
sh o w n  in boxes. The thick and thin  h orizon ta l lines represent c lo n ed  D N A  and  
vector D N A  fragm ents respectively . Thin line arrow s ind icate the d irection  clon ed  
g en es  are transcribed. The position  o f T7 and tac  prom oters are sh o w n  w ith shaded  
arrow s. E nzym e abbreviations: Av; A v a  I, Ac; A c c  I, B; B am  HI, E; EcoRI, H; H in d  III, 
He; M in e  II, Kp; K p n  I, P; P s t  I, Pv; P v n  11, S; S a l  I, Sa; Sac  I, Sm; S m a  1, Sp; S p h  I, Xb; 
X b a  I.
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1 2  3 4

A

175 kDa

83 kDa 

#  62 kDa

47.5 kDa

32.5 kDa

16.5 kDa

Figure 4.7. A utoradiograph of [35s] m eth ionine labelled po lyp ep tid es  
analysed  by SDS-PAGE. Lane order: 1; E. coli JM109DE3 in d u ced , 2; 
J M 1 0 9 D E 3 p G E M -3 Z f+  in d u ced , 3; JM 109DE3pFE50 u n in d u ced , 4; 
JM109DE3pFE50 induced.

1 2 3 4 5 6

250

Figure 4.8. The K5 lyase activity gel. Lane order: 1 /7 ; uncleaved capsular 
polysaccharide (PS), 2; pFE50 after 10 m ins incubation w ith PS, 3; pFESO 
after 1 hr, 4; K5 phage lysate after 1 hr, 5; pB4 after overnight incubation, 6; 
pB4APsf I after overnight incubation. Sizes are in kDa.
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4.3 Discussion

A n isolated  recom binant from  the bacteriophage K5 D N A  gene library  has 
been  show n  to express K5 capsu le-specific lyase activ ity . The iso la ted  
reco m b in an t clone pB4 con ta in s a b ac te rio p h ag e  K5 in se rt D N A  of 
approx im ate ly  2.8 kb. The D N A  sequence of clone pB4 w as found  to be 
2872 bp  in  len g th  an d  n u cleo tid e  sequence searches of the da tab ase  
revealed  significant D N A  hom ology (83.0%) over the first 571 bp  of the K5 
ly ase  seq u en ce  a n d  the  D N A  seq u en ce  of the b ac te rio p h a g e  K IE  
endosia lidase  described  by  Long et nl . (1995). This hom ologous reg ion  
ex tends from  the non-coding  reg ion  to the first 43 am ino acid residues 
encoded in  the pu ta tive  66.9 kDa p ro tein  of K5 lyase and  a po ten tia l open 
read ing  fram e capable of encoding a 12 kDa pro tein  found  upstream  of the 
K IE endosialidase p ro te in  (Figure 4.9A). Identified  w ith in  the non-coding  
ho m ologous reg io n  in  b o th  the  K5 lyase an d  the K IE  en d o s ia lid ase  
sequences is a p u ta tive  p rom oter region tha t shares 75% iden tity  w ith  the 
bacteriophage SP6 p rom oter described by M elton et n l . (1984) and  Long et 
al . (1995). This D N A  hom ology  b e tw een  the  K5 lyase an d  the  K IE  
endosialidase sequences w ill suggest that the enzym e-bearing  coliphages 
m ay  be sim ilar. C om parison  of nucleo tide sequence of this reg ion  of the 
K5 lyase an d  the sequence 5' to the encoded  PK IE  E ndo NE p ro te in  
(G era rd y -S ch ah n  et al 1995) d id  n o t reveal any n ucleo tide  sequence 
id en tity . W hereas, a p u ta tiv e  12 kDa p ro te in  (found  u p s trea m  of the 
encoded KIE endosialidase protein) is no t presen t in the K5 lyase sequence, 
com parison of the pred ic ted  am ino acid sequences of the encoded K5 lyase 
p ro te in  and  the 12 kDa p ro tein  show s tha t they share 41.3% iden tity  over 
the first 46 am ino acid (Figure 4.9B). This observation suggests tha t the K5 
lyase p ro te in  m ay have fused w ith  the N -term inus of the 12 kD a pro tein , 
thus fu rth e r lending  su p p o rt to the earlier view  tha t the K5 an d  the KIE 
coliphages are related.

A nalysis of the open read ing  fram es (ORFs) has iden tified  tw o ORFs, one 
of w hich  exceeded the range of the clone DNA fragm ent. The firs t and  
com plete ORF (ORF 635) is im m ed ia te ly  d ow nstream  of the p ro m o te r 
reg io n  an d  encodes a p u ta tiv e  66.9 kD a p ro te in  w ith  635 am ino  acid  
residues. D atabase searches w ith  ORF 635 sequence revealed very  high
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4 3 7 b p

K 5 6 2 . 0  k D a

7 4 . 0  k D a

(A)

12 kD a

N C
K5 I ' I

12 kDa I I
N C

n Nucleotide hom ology (83% /571bp) 

Peptide similarity 
—^  Direction genes are transcribed

Figure 4,9. Sequence comparison of the bacteriophage K5 lyase (K5) and the 
KIE endosialidase (K l). The translated regions of the sequence are show n  
as unfilled  boxes and the non-coding regions as single horizontal lines. 
Shaded boxes represent regions of hom ology betw een the two sequences. 
The identified promoter region is show n (P). The N  and C denote N - and 
C-termini respectively.
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am ino acid sim ilarity  (89.0%) w ith  a p ro te in  of 820 am ino acid residues 
deposited  un d er a US pa ten t as sequence 2 (pat I US 15480800). The pu ta tive
66.9 kDa pro tein  encoded by ORF 635 is also hom ologous (50.8% sim ilarity) 
to bacteriophage KIE endosialidase p ro tein  described by Long et al . (1995) 
and  the bacteriophage K l endoneu ram in idase  p ro tein  (G erardy-Schahn et 
al 1995). The am ino acid sequence of the K5 lyase p ro te in  and  the two 
K IE encoded pro teins show  a h igh degree of iden tity  w ith in  the last 33 C- 
te rm in a l resid u es (see figu re  4.4). The last 32 C -term inal am ino  acid 
resid u es have been  im plica ted  in  bac teriophage P K l-en d o n eu ram in id ase  
(Endo NE) activ ity  (G erardy-Schahn et a l 1995) and  it is likely th a t this 
reg io n  w ill eq u a lly  be essen tia l fo r the en zy m atic  ac tiv ity  of th e  
bac te rio p h ag e  K 5-encoded lyase enzym e. Sequence 2 from  p a te n t US 
5480800 encodes an  enzym e th a t fragm ents n -acety lheparosan  (Legoux et 
ah , u n p u b lish ed ) and  th is su b stra te  is essen tially  iden tica l to the K5 
c a p s u la r  p o ly s a c c h a r id e  (V an n  et al 1981). A lth o u g h  n o t y e t 
dem onstra ted , it is possible that K5 capsu lar polysaccharide, hep a rin  and  
heparin-like com pounds including  n-acety lheparosan can be substra tes for 
b o th  the K5 lyase an d  the enzym e encoded  by Sequence 2. In such  a 
sc en a rio , the  K5 lyase  en zy m e m ay  be fu n c tio n a lly  im p o r ta n t in  
fragm enting  heparin  and  its p recurso r m olecules to y ie ld  substances tha t 
could  be of b io technological value. The chem ical m odifications of the K5 
capsu lar po lysaccharide to yield p roducts w ith  anti th rom bin  activ ity  has 
been reported  (Casu et a l ., 1994). In addition , the K5 lyase enzym e has been 
ch a rac te rised  and  sh o w n  to ra n d o m ly  cleave the K5 po ly sacch arid e , 
y ie ld in g  o ligosaccharide  p ro d u c ts  th a t are m a in ly  hexa-, octa-, an d  
decasaccharides w ith  un sa tu ra ted  4,5-glucuronic acids at their nonreducing  
ends (H anfling et a l ., 1996). The oligosaccharide p roducts of the K5 lyase 
action could therefore serve as acceptors in the study  of polym erisation  of 
the K5 polysaccharide, especially the enzym e involved in  the in itiation  of 
such  process. Searches w ith  the d ed u ced  am ino acid sequence of the 
second  and  incom plete ORF d id  no t reveal any sign ifican t id e n tity  to 
sequences in the database, and  it is assum ed  no t to be requ ired  for the 
function  of the encoded K5 lyase enzym e.

Expression of the K5 lyase p ro te in  in  E. coli revealed a p ro te in  m igra ting  
at approxim ately  62 kDa in  SDS-PAGE, w hich differs from  the p red ic ted  
m olecular m ass of 66.9 kDa. Such d iscrepancy in the ap p a ren t m olecular 
w e ig h t in  SDS-PAGE an d  the p re d ic te d  m o lecu lar w e ig h t has been 
observed w ith  the Endo NE pro tein  w hich has a p red ic ted  m olecular m ass
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of 90.6 kDa, b u t m igrates at -74  kD a in SDS-PAGE (G erardy-Schahn et al ., 
1995). A lthough  the d iscrepancy  in m olecular w eigh t observed  w ith  the 
E ndo NE p ro te in  has been  a ttr ib u ted  to p o st tran sla tio n a l p ro cessin g  
(G era rd y -S ch ah n  et al ., 1995), this is n o t likely to be the  case w ith  the 
encoded  K5 p ro te in  as no pep tidase  processing site is p resen t w ith in  the 
p ro te in . A likely  exp lan a tio n  to the d isc repancy  in  m o lecu lar w e ig h t 
observed  w ith  the K5 lyase p ro te in  can be due to a tran sla tio n al s ta rt 
located  d o w n stream  from  th a t p ro p o sed  in  figu re  4.2. T hough , such  
poten tia l translational s ta rt tha t w ill resu lt in a pro tein  of 62 kDa w as not 
seen , it  w ill be n ecessa ry  to e s tab lish  the N -te rm in a l am ino  acid  
com position  of the K5 lyase p ro te in  th ro u g h  N -term inal sequencing , to 
ascertain  the translational sta rt site.

In  vitro  determ ination  of lyase activity  from  the p lasm id  encoded enzym e 
sh o w ed  th a t the  lyase w as successfu lly  o ver-exp ressed  u s in g  the T7 
p rom oter, w ith  K5 capsu lar po lysaccharide cleavage w ith in  10 m ins. The 
enzym e encoded in clone pB4 transla ted  in  the opposite o rien tation  to the 
tac p rom oter in  p lasm id  vector pTTQ lS and  needed  over 8 hrs to cleave 
the polysaccharide substrate. The reduced  activity observed for clone pB4 
could be a ttribu ted  to low  level of p ro tein  expression from  the native SP6- 
like p ro m o te r located  u p stream  of the K5 lyase open  read in g  fram e. A 
slight substra te  degradation  w as observed w ith  the enzym e expressed from  
p la sm id  pB4APsf I w hich  lacks the native p rom oter region, inc lud ing  the 
first 36 am ino acid residues of the encoded lyase pro tein  and  w ith  the tac 
p rom oter in  the opposite orien tation  to the translated  p ro te in  (see figure 
4.6). This observed  activ ity  could  have resu lted  from  a rea d -th ro u g h  
ex p re ss io n  fro m  u n k n o w n  p ro m o te r  sequence(s) in  the vec to r. In 
ad d itio n , the reduc tion  in activ ity  observed  w ith  clone pB4APsf I could  
have resu lted  from  the deletion  of the native p rom oter sequences an d  the 
first 36 am ino acid residues of the K5 lyase protein. One w ay  to establish 
the effect of this deletion  w ill be to clone the K5 lyase D N A  fragm ents in 
p lasm ids pB4 and  pB4APst I 3' to the tac p rom oter in pTTQ18 and  then  to 
determ ine the enzym e activity obtained from  these p lasm id  derivatives.
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The expression of group  II capsu lar polysaccharide in  E. coli is believed to 
be d e te rm in e d  by  a m e m b ran e-b o u n d  he tero -o ligom eric  b io sy n th e tic / 
tran slo ca tio n  com plex (R oberts, 1995, 1996; Bliss an d  S ilver, 1996). A 
general p ic tu re  em erg ing  from  the processes involved  in  this com plex is 
v iew ed  to proceed in  th ree stages of biosynthesis, translocation  across the 
inner m em brane and  the cell surface expression. It shou ld  be no ted  tha t 
this categorisation is only for the sake of convenience, as b iosynthesis and  
translocation  appear to be in  a concurren t process w ith  no in term ediate(s). 
F rom  stud ies of the E. coli K5 and  K l capsule gene clusters, it has been 
e s tab lish ed  th a t b io sy n th esis  of g ro u p  II capsu lar p o ly sacch arid es is 
ach ieved  th ro u g h  a series of reactions m ed ia ted  by  reg io n  2 encoded  
proteins. T ranslocation of polysaccharide to the cell surface is m ed iated  by 
pro teins encoded by regions 1 and  3. The region 3 encoded proteins, KpsM  
an d  KpsT are m em bers of the A T P -b ind ing  cassette (ABC) superfam ily , 
invo lved  in  the export of capsu lar po lysaccharide across the cytoplasm ic 
m em b ran e  (Sm ith et al ., 1990; Pavelka et al ., 1991; P igeon  and  Silver, 
1994). A fter the  K psM T -m ed ia ted  tra n s p o r t across th e  cy to p lasm ic  
m em brane, the final stage involves the export across the perip lasm ic space 
to the cell surface. This stage in  the export of capsular polysaccharide is the 
least-characterised . M utational analysis of reg ion  1 genes have p ro v id ed  
som e insights into the encoded pro teins th a t m ay be involved. M utations 
in  kpsE  and  kpsD  abo lish ed  capsu le  exp ression  on  the  cell su rface  
(Bronner et a l ., 1993a). In addition , the localisation of both  KpsD and  KpsE 
suggests a role in  the final stage of polysaccharide export. The KpsD is a 
p e rip lasm ic  p ro te in  th a t is secreted  via the classical sec - d e p e n d e n t  
p a thw ay , and  its cleavable leader sequence has been estab lished  (W under 
et a l ., 1994). O ur earlier data has show n th a t the KpsE p ro te in  is localised 
in  the in n e r m em brane (R osenow  et al ., 1995). KpsE is hom ologous to 
BexC and  CtrB p ro teins from  the capsule gene clusters of H . in fluenzae  
and  N . m eningitidis respectively , and  on the basis of their likely function  
and  localisation  they  have been suggested  to form  a com ponen t of the 
A B C -m ediated  tra n sp o r t of ca p su la r po ly sacch arid e  in  these b ac te ria  
(Reizer et a l ., 1992). Thus, the m em brane organisation  of the KpsE p ro tein

123



w as investigated  to ascertain  its possible export role in  this m odel for the 
cell surface expression of g roup II capsular polysaccharide.

A  topological m odel consisting  of tw o transm em brane dom ains w ith  the 
N - an d  C -term in i located  in  the cy top lasm  w as p ro p o sed  for the KpsE, 
based  on the hydropath ic profile of the pred ic ted  am ino acid sequence and  
by  u s in g  the  v o n  H eijn e 's  'p o s itiv e  in s id e  ru le '.  T he p re d ic te d  
tran sm em b ran e  dom ains (Rost et al ., 1994) and  those p ro p o sed  in  the 
to p o lo g ica l m o d e l fo r the  KpsE w ere  in  ag reem en t. The p ro p o se d  
m em brane topology  w as in v estig a ted  u sin g  bo th  TnphoA  m u tag en esis  
and  (3-lactamase gene fusion  approach . TnphoA  m u tag en esis  gen e ra ted  
only  tw o PhoA + fusions a t residues 54 and  56 w ith in  the KpsE pro tein . 
The PhoA  fusions w ith in  the KpsE rep resen ted  a low  isolation  frequency 
(2 ou t of 15 insertions w ith in  the KpsE in  a total of 128 p lasm id  insertion  
m u tan ts analysed). This low  frequency of isolation can be a ttribu ted  to the 
inefficient random  m utagenesis approach  in  defin ing p ro te in  topology, as 
KpsE w ill only constitute a sm all target area relative to other genes w ith in  
the recip ien t in  the m ating  experim ent. Secondly, it could be due to som e 
h o t-sp o t for T nphoA  w ith in  the  rec ip ien t chrom osom e or to som e yet 
u n k n o w n  in trinsic  p ro p ertie s  of the kpsE  gene, as p rev ious a ttem p t by 
C ieslew icz et a l . (1993) to generate TnphoA  fusions w ith in  the kpsE  gene 
p ro v ed  unsuccessfu l. F u rth e r (3-lactamase (b laM  ) gene fusion  analysis 
p ro v id ed  add itional insigh t into the m em brane organisation  of the KpsE 
pro tein . A BlaM fusion at am ino acid position  24 of the KpsE gave a low  
level of am p icillin  resis tance  (A m p^), suggestive  of the  cy top lasm ic 
location of this position  of the KpsE. The perip lasm ic locations of residues 
51, 211 and  345 w ere ind icated  by the h igh  levels of Am p^ conferred  by 
BlaM fusions at these positions and  by the isolation of PhoA+ insertions at 
residues 54 and  56. BlaM fusion  at position  381 gave a h igh  Am p^ value 
com pared  to the fusion a t the cytoplasm ic position 24, w hich suggests th a t 
the  C -term inus of the KpsE p ro te in  is no t located  in  the cy top lasm . 
C onfirm ing this view  is the proteolysis of BlaM fused to position  381, and  
the lack of net positive charge at the C -term inus is in  keep ing  w ith  this 
finding. W hilst, it is certain th a t the C -term inus of the KpsE is no t inserted  
in to  th e  c y to p la sm  th u s  c o n firm in g  th e  ab sen c e  of a se c o n d  
transm em brane dom ain, the exact localisation w ith  regards to the inner or 
o u te r  m em b ran e  rem a in s u n ce rta in . It w as n o t p o ssib le  to d ra w  a 
topological conclusion from  the A m p^ values of BlaM fused  to residues 
361 ( lO p g m l'l)  and  381 (15 |igm l“l)  w hich  rep resen t two m ost C -term inal
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fu sio n s to the KpsE p ro te in . H ence, w ith  th e  C -term inus no t located 
w ith in  the cytoplasm , the KpsE can ad o p t tw o possible m em brane topology 
(F igure 5.1) in  w hich  the C -term inus m ay  be associa ted  either w ith  the 
in n e r or ou te r m em brane (Figure 5.1, p an e ls  A  and  B respectively). The 
"coiled coil" conform ation of the large perip lasm ic  segm ent as suggested 
from  the so lven t accessibility p red ic tio n  u s in g  the neura l netw ork profile 
of Rost et a l . (1994), indicates th a t th is seg m en t of the KpsE m ay no t loop 
back  in to  the inner m em brane after sp a n n in g  the perip lasm ic space. This 
th e re fo re  fav o u rs  a m em brane  to p o lo g y  in  w h ich  the C -term inus is 
associated  w ith  the outer m em brane (Panel B, figu re  5.1).

OM

IM

A

F ig u re  5.1. M em brane to p o lo g y  of th e  K psE  p ro te in , show ing  the 
association of the C -term inus eiü ier w ith  the inner m em brane (A) or w ith 
the o u te r m em brane (B). The in n e r (IM) a n d  ou ter (OM) m em branes are 
ind icated .

O ne w ay  of confirm ing the C -term inal location  of the KpsE protein will be 
th ro u g h  carboxyl pep tidase and  m app ing . In  add ition , epitope tagging has 
been  u sed  to study  the topology of ou te r m em brane  p ro teins (Newton et 
al., 1996). This app roach  is p a rticu la rly  u se fu l in  p ro v id in g  topological 
in fo rm a tio n  on the ex ternal o r p e r ip la sm ic  locations of segm ents of 
p ro te in  u n d er study. Thus, in the case of the  KpsE p ro tein  the C-term inus 
associa tion  w ith  the outer ra the r th an  the  in n e r m em brane can only be 
confirm ed using  epitope tagging w hen  such  fusion  to the KpsE C-term inus 
is exp o sed  to the  cell surface , w h ich  can  th e n  be detec ted  th ro u g h  
cytofluorom etric (FACS) analysis w ith  the w ho le  cell. Also, the deletion of
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the transm em brane segm ent m ay resu lt in  the KpsE being anchored  to the 
o u te r m em brane w hich  can then  be p ro b ed  for the presence of KpsE 
pro tein  or an epitope tagged to its C-term inus.

The m em brane organisation  of KpsE, w ith  an N -term inal transm em brane 
dom ain  fo llow ed by a large perip lasm ic dom ain  and  a C -term inus th a t 
m ay  be associated  w ith  the ou ter m em brane is iden tical to the topology  
adop ted  by the C vaA  (Skvirsky et al ., 1995), a p ro tein  th a t belongs to the 
m em brane fusion  p_rotein (MFP) fam ily. Sim ilar m em brane topology  w as 
estab lished  for LcnD, a p ro te in  im plicated  in the tran sp o rt of bacteriocins 
from  Lactococcus lactis an d  th is p ro te in  w as p ro p o sed  as the M FP 
hom ologue in  the transpo rt process (Frank et a l ., 1996). A lthough  analysis 
of the  p red ic ted  am ino acid  sequences betw een  the KpsE and  som e 
m em bers of the MFP fam ily has revealed  identities (17.5 - 20.7%) w hich are 
w ith in  the "tw ilight zone" of 15-25% iden tity  described by D oolittle (1986), 
the m em brane topology of the KpsE w ith  a large perip lasm ic dom ain  and  a 
C -term inus tha t m ay  be associated w ith  the outer m em brane is consistent 
w ith  the p roposed  function  of the MFPs (Path and Kolter, 1993; D inh  et a l ., 
1994). This observation  is in  line w ith  the view  of re la ted  p ro te ins w ith  
s im ila r fu n c tio n  th a t have  d iv e rg e  over the years (D oo little , 1986). 
C onsisten t w ith  this view  is the find ing  th a t ABC exporters of un re la ted  
po lypep tides show  poor sequence iden tity  (Delepelaire and  W andersm an, 
1990) and  the observation of the polysaccharide exporters (KpsE, BexC, and  
CtrB) clu ste ring  to one side in  the phy logenetic  tree analysis of these 
pro teins and  som e m em bers of the MFPs.

T hus, in  the m odel for the cell surface expression of g roup  II capsu la r 
po lysaccharide, the KpsE p ro te in  is p ro p o sed  as the MFP com ponen t (on 
the basis of s truc tu ra l sim ilarity) in the K psM T-m ediated  export. In this 
role, the KpsE m ay in te ract w ith  the K psD  pro te in  to effectively export 
capsu lar polysaccharide unto  the cell surface. Though the function  of KpsD 
rem ains enigm atic w ith  no know n hom ologues even in  the very  sim ilar 
polysaccharide export system s like hex and  ctr w hich have ded icated  outer 
m em brane com ponents, the KpsD pro te in  has been p ro p o sed  to function  
in  the  "recruitm ent" of a p o rin  (p ro te in  K) to the  tra n sp o rt m ach inery  
com plex  (Bliss and  S ilver, 1996). This p o rin  w as th en  su g g e sted  to 
com plete the assem bly of capsular polysaccharide on the cell surface (Bliss 
and  Silver, 1996). A lternatively , the find ing  tha t the p red ic ted  am ino acid 
sequence of KpsD shares a 20.1% iden tity  w ith  the TolC pro tein , an  outer
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m em brane com ponent in  haem olysin  secretion  (Figure 5.2) suggests th a t 
KpsD  m ay function  in  a role analogous to ou ter m em brane pro teins. In 
add ition , the p red ic ted  am ino acid sequences of the KpsD and  the GumB 
pro tein  of Xanthom onas campestris is 25.3% identical over 170 am ino acid 
residues. The Gum B p ro te in  has been  im plica ted  in  the expression  of 
x an th an  gum  po lysaccharide  in  th is b ac te riu m  (H ard in g  et al ., 1987). 
Therefore, in  line w ith  the p ro p o sed  function  of the M FPs it is possib le 
th a t b o th  KpsE and  KpsD m ay in te ract to effectively allow  fusion  of the 
ou ter and  inner m em branes or the form ation  of an o ligom eric pore, tha t 
w ill enable the passage of po lysaccharide d irectly  to the cell surface. In 
keep ing  w ith  th is view  is the  observa tion  th a t cell surface expression  of 
capsu lar po lysaccharide m ay be achieved th rough  sites (Bayer junctions) 
w here the inner and  ou ter m em branes come in close ap ertu re  (Bayer and  
T hurow , 1977). W hereas the existence of such adhesion zones betw een  the 
inner and  ou ter m em brane has been  d isp u ted  (K ellenberger, 1990), their 
in v o lv em en t in  the exp ression  of cap su la r po ly sacch arid e  have  been  
suggested  by electron m icroscopy (Bayer, 1990; Kronke et a l ., 1990b). The 
m odel (Figure 5.3) for the expression of capsular po lysaccharide in  E. coli 
K5 sero type therefore, involves the b iosynthesis of the K5 po lym er a t the 
inner face of the cytoplasm ic m em brane by proteins encoded  by reg ion  2 
genes (Petit et al ., 1995; R oberts, 1995, 1996). The lip id -linked  and  KDO 
substitu ted  polysaccharide is then  translocated  across the inner m em brane 
by the ABC exporters, KpsM  and  KpsT proteins encoded by region 3 genes 
(Sm ith  et ah , 1990) an d  the cell su rface  assem bly  of the  ca p su la r  
polysaccharide determ ined by the KpsE and  KpsD proteins (Figure 5.3).

In  the ligh t of existing know ledge on the m echanism  involved  in  the cell 
surface expression of g roup  II capsular polysaccharides, it is possible tha t 
the KpsE, KpsD, KpsM  and  KpsT m ay form  a hetero-oligom eric com plex 
involved in  the export of capsular polysaccharide in E. coli . H ow ever, it is 
n o t know n w hether the KpsE interacts physically  w ith  the K psM  and  T or 
d irectly  w ith  the po lysaccharide on crossing the cytoplasm ic m em brane. 
T hus, fu r th e r  w o rk  w ill be to u n d e rs ta n d  the KpsE fu n c tio n  an d  
in te rac tio n  w ith  o th er kps encoded  p ro te in s. This w ill req u ire  som e 
p ro te in -p ro te in  in teraction  analysis, th ro u g h  cross-linking and  im m uno-
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KPSD MKLFKSILLIAACHAAQASATIDINADPNLTGAAPLTGILNGQKSDTQNMSGFDNTPPPA
TOLC MQMKKLLPILIGLSLSGFSSLSQAENLMQVYQQARLSNPE-LRKSAADRDAAFEKINEAR

KPSD PPWMSRMFGAQ--LFNGTSADSGATVGFNPDYILNPGDSIQVRLWGAFTFDGALQVDPK
TOLC SPLLPQLGLGADYTYSNGYRDANGINSNATSASLQLTQSIFDMSKWRALTLQEKAAG— I

KPSD GNIFLPNVGPVKIAGVSNSQLNALVTSKVKEVYQSNVNVYASLLQAQPVKVYVTGFVRNP
TOLC QDVTYQTDQQTLILNTATAYFNVLNAIDVLSYTQAQKEAIYRQLDQTTQRFNVGLVAITD

KPSD GLYGGVTSDSLLNYLIKAGGVDPERGSYVDIWKRGNRVRSNVNLYDFLLNGKLGLSQFA
TOLC VQNARAQYDTVLANELTARNNLDNAVEQLRQITGNYYPELAALNVENFKTD-- K - - PQPV

KPSD DGDTIIVGPRQHTFSVQGDVFNSYDFEFRESSIPVTEALSWARPKPGATHITIMRKQGLQ
TOLC NALLKEAEKRNLSLLQARLSQDLAREQIRQAQDGHLPTLDLT ASTGISDTSYSGSK

KPSD KRSEYYPISSAPGRMLQNGDTLIVSTDRYAG-TIQVRVEGAHSGEHAMVLPYGSTMRAVL
TOLC TRG-AAGTQYDDSNMGQNKVGLSFSLPIYQGGMVNSQVKQAQYNFVGASEQLESAHRSW

KPSD EKVRPNSMSQMNAVQLYRPSVAQRQKEMLNLSLQKLEEASLSAQSSTKEEASLRMQEAQL
TOin OrVR SSFNNINASISSIN------------------------AYKQAWSAQSSLDAMEAGYSVGTRT

KPSD ISRFVAKARTWPKGEVILNESNIDSVLLEDGDVINIPEKTSLVMVHGEVLFPNAVSWQK
TOLC IVDVLDATTTLYNAKQELAN-ARYNYLINQ LNIKSALGTLNEQDLLALNNALSKPV

KPSD GMTTEDYIEKCGGLTQKSGNARIIVIRQNGARVNAEDVDSLKPGDEIMVLPKYESKNIEV
TOLC STNPENVAPQTP---------------E----------- QN----------- AIADGYAP-DSPAPWQÇ/TSARTTT

KPSD TRGISTILYQLAVGAKVILSL
TOLC SNGHNPFRN-----------------------

F igu re  5.2. A m ino acid sequence com parison  of the KpsD and  the TolC 
proteins. A lignm ent of the am ino acid sequences using  CLUSTER W  (1.5). 
C aps in troduced  by the com puter are show n w ith  hyphens. The asterisks 
and  dots denotes identical and  sim ilar am ino acid residues respectively.
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Figure 5.3. The schematic diagram sh ow in g  the biosynthesis and export of 
polysaccharide in E. coli K5. The proteins believed to be involved in each 
process are represented.
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prec ip ita tion  studies. Such cross-linking stud ies can be achieved th ro u g h  
the use of several cross-link ing  agents like g lu ta ra ld eh y d e  trea tm en t of 
w ho le  cells, d im e th y lsu b erim a te  (DMS) an d  acy lazides trea tm e n ts  of 
p ro te in s u n d e r study , fo llow ed by tw o d im ensional SDS-PAGE analysis. 
L ikew ise, ev idence  of p ro te in  in te rac tio n  can be o b ta in ed  th ro u g h  
im m unoprécip ita tion  of a cross-linked p ro te in  p ro d u c t in  the p resence or 
absence of a cross-linking reagent, u sing  m onoclonal an tibody  to one of 
the pro teins u n d er study. In  add ition , site-d irected  m utagenesis especially 
w ith in  the perip lasm ic dom ain  m ay reveal conserved residues th a t m ay be 
necessary  for the KpsE function . F urtherm ore , com plem enta tion  stud ies 
betw een  the KpsE and  the MFPs m ay confirm  the functional conservation 
of these p ro te ins in  the ABC tran sp o rt system . A lso, since there are no 
K psD  h o m o lo g u es in  the hex and  ctr capsu le gene c lu ste rs of H .  
influenzae  and  N . m eningitid is respectively, it w ill be in te resting  to see if 
kpsE  m u ta tion  can be com plem ented  by its hom ologues, BexC and  CtrB 
pro teins. In add ition , it w ill be im p o rta n t to show  if the  BexC or CtrB 
p ro te in s  can  fu n c tio n  in  a k p sE /D  d o u b le  m u ta n t .  T h ese
com plem entation  stud ies w ill p rov ide  an insigh t as to w hether the KpsD 
functions in  a role ana logous to ou te r m em brane p ro te in s , w h ich  are 
involved in  the export process in  the hex and ctr system s.

The cell surface expression of capsular polysaccharide w as abolished by an 
in fram e deletion  of 65 am ino acid residues of the KpsE p ro te in  encoded 
w ith in  the kps gene locus. The kpsE  m u ta n t can be com plem ented  by  a 
fu n c tio n a l kpsE  gene. The co m plem en ta tion  of th is m u ta n t u s in g  the 
p lasm id  construct, pPC6 w hich encodes the kps genes excluding the kpsF  

(see table 2.2) resu lted  in  tu rb id  p laque  m orpho logy  as oppose to clear 
'norm al' p laque m orphology  observed w ith  clone pFE9 (see table 3.2). O ne 
in te rp re ta tio n  of the re su lt is th a t the m u ta te d  kpsE  gene encodes a 
p ro te in  (KpsE'^) w h ich  fo rm s som e fo rm  of d y sfu n c tio n a l com plex  
d isru p tin g  the b io sy n th e tic /e x p o rt com plex. This suggests th a t the kpsE  
m u ta n t exerts a do m in an t negative effect on this com plex. In su p p o rt of 
th is hypo th esis  is the fin d in g  th a t this dysfunctional com plex can be 
titra ted  ou t using  m ultip le copy of the kpsE  gene (see section 3.2.4.2). This 
o b se rv a tio n  is consisten t w ith  the  existence of a b io sy n th e tic /e x p o rt 
com plex an d  p o in ts  to an  im p o rta n t ro le for the KpsE p ro te in  in  th is 
com plex.
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The polysaccharide lyases are find ing  increasing application  in  a num ber 
of biological processes, includ ing  the structu ra l determ ination  and  analysis 
of glycosam inoglycans fo und  in  tissues and  body  flu ids (L inhard t et al 
1991, 1992) and  the p rep ara tio n  of novel therapeutic  agents (Jandik et a l ., 
1994). The isolation and  characterisation at m olecular level could  therefore 
p ro v id e  som e u se fu l in fo rm a tio n  on  th is  le as t c h a ra c te r ise d  an d  
im portan t g roup  of enzym es.

The iso la tion  an d  sequencing  of the bac te riophage K5 lyase gene has 
iden tified  nucleo tide sequence hom ology (83.0%) over the first 571 bp of 
the K5 lyase sequence to the nucleotide sequence of the bacteriophage KIE 
en d o sia lid ase  described  by Long et al . (1995). A p ro m o te r reg ion  th a t 
shares 75% id en tity  w ith  the bac teriophage SP6 p ro m o te r described  by 
M elton et a l . (1984) and  Long et a l . (1995) w as iden tified  w ith in  the no n ­
co d ing  h o m ologous reg ion . This n u c leo tid e  hom ology  m ay reflec t a 
com m on orig in  for these bac teriophage genes. W hilst, an  open  read in g  
fram e capable of encod ing  a 12 kD a p ro te in  w as fo u n d  b e tw een  the  
p rom oter reg ion  and  the encoded K IE endosialidase pro tein , no po ten tia l 
open  rea d in g  fram e w as observed  u p s trea m  of the en co d ed  K5 lyase 
p ro te in . H ow ever, com parison  of the  p red ic ted  am ino ac id  sequence 
betw een  the K5 lyase and  the 12 kDa revealed  a 41.3% id en tity  over the 
first 46 am ino acid residues of the tw o proteins. A lthough the 12 kDa has 
been postu la ted  no t to p lay  a role in  the KIE endosialidase activity, if the 
suggestion  of a b ind ing  role for a 38 kDa pro tein  that co-purifies w ith  the 
E ndo NE p ro te in  (G erardy-S chahn  et al ., 1995) is tru e  for the 12 kD a 
p ro te in , th en  it  is likely th a t the  N -term inus of the  encoded  K5 lyase 
p ro te in  m ay p lay  a sim ilar role in  b ind ing  of the enzym e to the phage. A 
sim ilar b in d in g  function  for the N -term inus of a bac teriophage encoded  
Endo N F pro tein  has been postu la ted  (Fetter and  Vimr, 1993). The deduced  
am ino acid sequences of the tw o bacteriophage K l proteins (Endo NE and  
K IE endosialidase) and  th a t of the K5 lyase pro tein  are identical in  the last 
C-term inal 32 residues. This region have been im plicated  in  the Endo NE 
activity and  w as suggested  to function  in  the stabilisation of the secondary  
or te rtia ry  s tru c tu re s  of the  E ndo N E (G erardy-S chahn  et al 1995). 
Likewise, this reg ion  in  the K5 lyase p ro te in  m ay p lay  a sim ilar role and  
m ay therefore be requ ired  for the insertion  of the enzym e into the phage 
head  assem bly. As a com ponen t of the phage tail structu re , the K5 lyase 
specificity  for K5 capsu lar po lysaccharide defines host range in teraction , 
w hich  explains the low  iden tity  observed over the central region betw een
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the  p re d ic te d  am ino  acid  sequences of the K5 lyase a n d  the  K IE 
endosialidase . This v iew  together w ith  the nucleo tide hom ology  suggest 
th a t the K5 and  the K IE phages m ay belong to the sam e fam ily of D N A  
bacteriophages b u t w ith  different capsule specificities.

Furtherm ore , database searches w ith  the deduced  am ino acid sequence of 
the K5 lyase p ro te in  revea led  h igh  am ino acid id en tity  (54.0%) (89.4% 
sim ilarity) to a p ro te in  of 820 am ino acid residues deposited  u n d e r a US 
p a ten t as sequence 2 (pat I US 15480800). This hom ology does im ply  th a t 
these tw o pro teins are n o t the sam e b u t are very  sim ilar. The 820 am ino 
acid  (sequence 2) p ro te in  functions in  frag m en tin g  n -ace ty lh ep aro san  
(Legoux et al ., unpub lished), a substra te  w ith  sim ilar s tru c tu re  to the K5 
capsu la r po lysaccharide . Therefore, the sim ilarity  betw een  th is enzym e 
and  the K5 lyase suggest th a t the K5 lyase enzym e m ay be capable of 
utilising  n-acety lheparosan as substrate.

T he ac tiv ity  of the  p la sm id  en c o d ed  K5 lyase  en zy m e has been  
d e m o n s tr a te d  in v itro  an d  sh o w n  to effec tive ly  c leave the  K5 
p o lysaccharide  substra te . The specificity  of the bac teriophage-bo rne K5 
lyase on K5 capsu lar p o ly saccharide  w hich  is a po lym er w ith  sim ilar 
structu re  to an  in term ediate  of heparin  biosynthesis could  therefore p rove 
to be a valuable tool for the s tudy  of the com plex reactions involved  in  the 
b iosynthesis of both  heparin  and  K5 capsular polysaccharide. H ence, fu tu re  
s tu d ies  on  the K5 lyase w ill in c lu d e  the d e te rm in a tio n  of su b s tra te  
specificity against heparin  or heparin-like com pounds found  in  tissues and  
biological fluids and its applications.

In one of such likely applications, the gene encoding the K5 lyase can be 
in tro d u c e d  in to  the  kps gene c luste r w here  it can be in d u c ed  in  a 
contro lled  ferm entation  process to y ie ld  defined K5 oligosaccharides tha t 
can be processed  into heparin-like substances w ith  an ti-th rom bin  activity  
as have been repo rted  (Casu et a l ., 1994) using  chem ically m odified  E. coli 

K5 polysaccharide. In addition , a specificity of the K5 lyase for heparin  and  
heparin-like substances m eans th a t th is enzym e can be em ployed  for the 
rem oval of h ep a rin  from  circu lation , especially  d u rin g  ex tra-corporea l 
th e ra p y  (L anger et al ., 1982). F u rth e rm o re , e n z y m a tic a lly  d e r iv e d  
o ligosaccharides could  serve as sugar acceptors for transferase reactions 
involved  in  bo th  h eparin  and  K5 polysaccharide biosynthesis. Such GlcA 
an d  G lcN A c tran sfe r reactions in v o lv ed  in  h e p a r in /h e p a ra n  su lp h a te  
b io sy n th e s is  h av e  b ee n  d e m o n s tra te d  u s in g  ch e m ic a lly  d e r iv e d
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oligosaccharides from  the E. coli K5 polysaccharide (Lind et al 1993). This 
suggests a possible p rospect for the com m ercial p roduction  of heparin.

The K5 lyase can also be used  in vitro  to s tudy  the b iosynthesis and  export 
of the  K5 ca p su la r p o ly sacch arid e  by  d iffe ren t kps m u ta n ts . H ere , 
p o ly sa cc h a rid e  p ro d u c e d  by  th ese  m u ta n ts  are ra d io la b e lle d , an d  
sp h e ro p la s t or in v e rted  m em brane  vesicles m ade from  the m u tan t(s)  
un d er study. The K5 lyase enzym e can then be used to cleave radiolabelled  
p o ly sa c c h a r id e s  ex p o sed  to  th e  p e r ip la sm ic  s id e  (in  th e  case of 
spheroplasts) and  the cytoplasm ic side (for reverse m em brane vesicles) of 
the  in n e r m em brane, before assay ing  for the am o u n t of rad io lab e lled  
p o lym er w ith in  the cy toplasm  or exported  across the inner m em brane to 
the  perip lasm . The difference in  radioactiv ity  betw een the spherop last for 
in stance, an d  the in tact cells w ill give an  ind ication  of the am o u n t of 
po ly saccharide  ex p o rted  across the in n er m em brane. In a pu lse-chase  
experim en t w here  cells are collected a t d iffe ren t tim e po in ts , such da ta  
gen e ra ted  can give an  ind ica tion  of the efficiency in  b io syn thesis  and  
export of capsular polysaccharide by different m utants.

T hus, the purification  of the K5 lyase enzym e w ill be of g reat im portance 
in  p r o v id in g  a h o m o g e n o u s  en z y m e  th a t  c o u ld  f in d  u se fu l 
b io techno log ica l app lica tions. S truc tu ra l stud ies in c lu d in g  s ite -d irec ted  
m u tagenesis w ill be req u ired  to add ress som e of the s tru c tu re -fu n ctio n  
properties of the K5 lyase enzyme.

As a re su lt of m y stud ies, w e have gained  sign ifican t in sig h t in to  the 
m echanism s invo lved  in  the cell surface expression of g roup  II capsu lar 
po lysaccharides in  E. coli . In  add ition , the cloning and  expression  of an 
active K5 lyase m ay p rovide an enzym e for use in a num ber of com m ercial 
biotechnological ven tures.
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