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1.

Stellingen

De indeling van bacteriéle polysachariden in homo- en heteropolysachariden die door
somrnige auteurs gebruikt wordt is gekunsteld en zou vervangen moeten worden door een
indeling gebaseerd op hun biosynthese route.

Rubens en medewerkers kunnen vit hun experimenten, waarbij ze in een assay van
celextracten en radiogelabelde UDP-galactose alleen kijken naar de inbouw van
radioactiviteit in de lipidefractie, niet concluderen dat CpsD galactosyliransferase
activiteit heeft, De mogelijke aanwezigheid van epimeraseactiviteit maakt identificatie

van de ingebouwde suikers noodzakelijk.
Rubens, C. E., L. M. Heggen, R. F. Haft, and M. R. Wessels. 1993. Identification of ¢psD, a gene
essential for type III capsule expression in group B streptococei. Mol. Microbiol. 8:843-855.

De geconserveerde aminozuren die Wang en medewerkers aanduiden als bepalend voor
de glucosyltransferase of galactosyltransferase specificiteit zijn niet terug te vinden in de
overcenkomstige glycosyliransferases van gram-positieve bacterién en zeggen
waarschijnlijk meer over de onderlinge verwantschap van de desbetreffende enzymen dan

over de substraatspecificiteit.

Wang, L., D. Liu, and P. R. Reeves. 1996. C-terminal half of Salmonefla enterica WhaP (RfbP) is the
galactosyl-1-phosphate transferase domain catalyzing the first step of O-antigen synthesis. J. Bacteriol.
178:2598-2604.

Het toekennen van functies aan genen op basis van homologieén zonder daaropvolgende
ondersteuning met experimentele data heeft als gevaar dat deze functies in de loop der tijd
toch als feit aangenomen worden.

De toenemende sequentie data van polysacharide genclusters laten zien dat horizontale
genoverdracht in het verleden al heeft geleid tot polysacharide engineering avant la lettre.

Bij de consumentenacceptatie van toepassing van genetisch gemodificeerde organismen
in voedingsmiddelen in Europa spelen emoties een belangrijkere rol dan argumenten.

Quality assurance (QA) in een research-instelling impliceert kwaliteitsgarantie van het
onderzoek, maar garandeert slechts het handelen volgens standaard werkwijzen.

De gewenning aan automatisering maakt dat veel werknemers niet meer kunnen
functioneren als het netwerk uitgevallen is.




9. De prijzen van voetballers stijgen sneller dan die van huizen.
Vissers, W. De Volkskrant 15 juli 1999,

10. Rekeningrijden is een vorm van betaald fileparkeren.
1 1. Dit is een millenium-proofschrift.
Stellingen behorend bij het proefschrift
“Exopolysaccharide biosynthesis in Lactococcus lactis,

A molecular characterisation”,
Richard van Kranenburg, Wageningen, 22 november 1999.
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Chapter 1

General introduction

Many bacteria are known to produce cell-surface polysaccharides, that are involved in a
wide wvariety of biological functions including prevention of desiccation or other
environmental stresses, adherence to surfaces, and pathogenesis or symbiosis (Roberts, 1996,
Whitfield and Vaivana, 1993). The cell-surface polysaccharides comprise O antigens of
lipopolysaccharides (LPSs), capsular polysaccharides (CPSs) or exopolysaccharides (EPSs).
Both LPSs and CPSs are linked to the cell surface, while EPSs are only loosely attached or
completely excreted into the environment, The O antigens of LPSs are linked to the outer cell
membrane of Gram-negative bacteria via an oligosaccharide core and lipid-A and the CPSs
are covalently attached to either phospholipid or lipid-A molecules in the cell membrane
(Whitfield and Valvano, 1993).

Biosynthesis of bacterial polysaccharides

Biosynthesis of bacterial cell-surface polysaccharides can occur in different ways and
three pathways have been described for O-antigen production by Gram-negative bacteria.
The first one involves growth of the polymer at the reducing end and can be illustrated by the
biosynthesis of the O-antigen polysaccharide from Salmonella enterica (Fig. 1). Btosynthesis
is initiated by the linking of galactose-1-phosphate from UDP-galactose to the undecaprenyl
phosphate lipid carrier by the priming glycosyltransferase WhaP (RfbP) (Wang and Reeves,
1994). Subsequently, specific glycosyltransferases transfer the sugar moiety from a
nucleotide sugar to the lipid-linked acceptor molecule to form a complete repeating unit
{(McGrath and Osbom, 1991, Wang er al, 1996). A multiple membrane-spanning protein
Wzx (RfbX) is thought to serve as a flippase to translocate the lipid-linked repeating units to
the periplasmic side of the cytoplasmic membrane where it is polymerised at the reducing
end by Wzy (Rfc), with Wzz (Rol/Cld) controlling the O antigen chain length (Liu et al.,
1996, McGrath and Osborm, 1991, Reeves et al, 1996). Similar pathways have been
proposed for assembly of the repeating unit of various other polysaccharides including
xanthan gum of Xanthomonas campestris (Ielpi et al., 1993), succinoglycan of Rhizobium
meliloti (Reuber and Walker, 1993), and the CPS of Streptococcus pneumoniae serotype 14
(Kolkman et al., 1997).

A second pathway seems confined to simple homopolymer chains (mannan or galactan),
like those of Escherichia coli 09 or Klebsiella pneumoniae 01 O antigens that are synthesised
entirely by glycosyltransferases on the cytoplasmic side of the cytoplasmic membrane
without the involvement of Wzy (Clarke, 1992, Kido et al., 1995). Synthesis is initiated by
the WecA (Rfe) enzyme that links N-acetylglucosamine {GlcNAc) from the nucleotide sugar
UDP-GlcNAc to the undecaprenyl phosphate lipid carrier (Whitfield, 1995). This lipid-linked
GlecNAc is the primer for the assembly of the polysaccharides. Polymerisation occurs by
sequential transfer of glycosyl residues to the non-reducing end, and an ATP-binding cassette
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® Gal O Rha @ Man @ Abe
3 Undecaprenyl phosphate ? Core-ipid A

Fig. 1. Biosynthetic pathway of O-antigen of 8. enterica group B (Liu ef al., 1996). Steps 1 to 4 represent
the assembly of O units by transfer of galactose-phosphate, rhamnose, mannose, and abequose, respectively,
onto the lipid carrier undecaprenylphosphate. These reactions are catalysed by glycosyltransferases and occur
on the cytoplasmie side of the cytoplasmic membrane. Lipid-linked repeating unils are translocated across the
membrane by the activity of Wzx (5) and polymerisation on the periplasmic side of the cytoplasmic membrane
is catalysed by Wzy (6). Finally, Waal transfers the O-antigen chain to corelipid A (7). The
undecaprenylpyrophosphate is retranslocated over the cytoplasmic membrane (8) and undecaprenylpbosphate
is regenerated by phosphatase activity (9). The outer membrane (OM) is only partially depicted.

(ABC) transporter is necessary for transport of the complete O antigen across the cytoplasmic
membrane (Kido ef al., 1995).

A third pathway was described for the assembly of the poly-N-acetylmannosarmine
(ManNAc) O antigen (factor 54) of Salmonella enterica serovar Borreze, consisting of
disaccharide repeating units (Keensleyside, 1996). This is an Wzy-independent pathway that
requires a lipid-linked GleNAc primer, which is provided by WecA activity. First, WbbE
(RfbA), a non-processive glycosyltransferase, adds a single ManNAc to this primer and
subsequently, WbbF, a processive glycosyltransferase (synthase) resembling hyaluronic acid
synthase (HasA) from Streptococcus pyogenes, is involved in polymerisation. By analogy
with the HasA family of proteins, WbbF is believed to have two catalytic domains allowing
the catalysis of two -glycosidic bonds, either simultaneously or sequentially (Saxena et al,,
1995). There is no Wzy homologue or ABC transporter in the system, but the C-terminal part
of WbbF is predicted to form a pore or channel in the membrane through which growing
chain is extruded, thus combining glycosyltransferase activity and transport (Keenleyside and
Whitfield, 1996). Other members of the HasA family, invelved in biosynthesis of hyaluronic
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acid of 5. pyogenes, the type 3 capsule of §. preumoniae, or glucosaminoglycan of
Staphylococcus epidermidis, may also possess this combined transferase/transport function
(Keenleyside and Whitficld, 1996).

Glycosyltransferases involved in polysaccharide biosynthesis

Glycosyltransferases can be divided in non-processive enzymes that catalyse the
conversion of a single residue to the acceptor, and processive enzymes, such as HasA, that
transfer multiple sugar residues to the acceptor. There are two major catalytic mechanisms
for glycosyl transfer proceeding either by retention or by overall inversion of the anomeric
configuration at the reaction cenire (Fig. 2). The bacterial B-glycosyltransferase activity
involved in polysaccharide biosynthesis may be viewed as the reverse reaction of the
glycosyl transfer reaction performed by glycosidases (Saxena et al., 1995). By analogy with
the polysaccharide hydrolase systems, this hypothesis predicts that the formation of a B-
glycosyl linkage from an a-linked sugar nucleotide donor would involve the same type of
catalytic event as that of the inverting glycoside hydrolases (Fig. 2}. Hydrolysis of glycosidic
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Fig. 2. The two mechanisms proposed for glycosyl iransfer from nucleotide diphospho sugars (adopted
from Saxena et al,, 1995). In the inverting mechanism, a single nucleophilic substimtion at the sugar anomeric
carbon leads to the formation of a B-linkage from an «-linked donor; ROH represents the acceptor, and B
represents the catalytic base. The retaining mechanism involves the transient formation of a glycosyl enzyme
and #s subsequent addition to the acceptor. The two nucleophilic substitutions at the sugar anomeric carbon
result in the formation of an a-linkage from an a-linked donor; ROH represents the acceptor, A represents the
catalytic base, and B represents the nucleophile.




General Introduction

Domain B Domain A
-~ —p
Site 1 Site 3
[ UDPI UDP
Qligo-fpckysaccharide, H H
{DP =n) o]
\Uoey
Site 2
+—UDP
. + — UDP .
Site 1 Sita 3
I - 0P
Oligo—lpolysacchafidwg\o’%/ow
Site 2
l +— +2 UDP-Gle
Site 1 Site 3
[ UDPI UDP
Oligo-fpolysaccharide HQ%)
o P = ne2) D Ho/v:%
\Uoe/
Site 2

Fig, 3. Model of polymerisation by double addition showing growth of a polysaccharide chain at its
reducing end using a UDP-monosaccharide as the substrate (adopted from Saxena et al., 1995). (Top) The
processive enzymes feature extended active sites able to bind three nucleotide diphospho sugars. The initiation
of polymerisation does not require a primer, since it is conceivable that 2 UDP-monosaccharide could fill site 1.
{Middle) Two glycosidic bonds are formed, either simultaneously or sequentially, by a mechanism resulting in
the inversion of the anomeric configuration and in the release of two UDP molecules. Bottom) The chain,
which is elongated by two units and bears a UDP group on its reducing end (residue shaded), can move or slide
by two units so as to fill site 1 with the UDP group. Sites 2 and 3 can now bind new UDP-sugars, and the
double addition can proceed. DP, degree of polymerisation.

bonds by these enzymes results in a net inversion of configuration. The catalytic mechanism
involves two acidic active site amino acids that act as acid-base catalysts, The two catalytic
residues are located in flexible loop regions in the active site cleft, between substrate binding
subsites. A model for glycosyltransferase activity is shown in Fig. 3. In this model, the
function of domain A is the transfer of a glycosyl residue from a nucleotide sugar to an
acceptor molecule. Fer non-processive enzymes, which only carry domain A, the acceptor is
an intermediate in the subunit assembly and the subunit chain grows from the nonreducing
end. In the case of processive enzymes that have domain B fonctioning along with domain A,
site 3 is occupied by a nucleotide sugar as well, leading to the formation of two glycosidic
linkages. The oligo- or polysaccharide chain now grows from its reducing end. The
simultaneous formation of two glycosidic linkages provides a simple mechanism for the
generation of the 2-fold screw axis that arises from a disaccharide repeat with two -
glycosidic bonds, without invoking a concomitant rotation of either the enzyme or the
substrate (Saxena et al., 1995).
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Fig. 4. Two models for the role of Wzz in Q-antigen chain-length determination. (A) Wzy has two states,
one of which favours polymerisation (E-state) and the other (T-state} favours transfer of the polysaccharide to
WaalL that links it to core lipid A. Wzz is involved in the timing mechanism that transfers Wzy from E- to T-
state {Bastin et al., 1993). (B) Wzz facilitates the intevaction between Wzy, Waal, and lipid-linked
polysaccharide. The Wzz-dependent ratio Wzy: Wzz determines chain-length (Morona et al., 1995).

Polymerisation and export processes

Although enzymes implied in polymerisation, chain-length determination and export of
the cell-surface polysaccharides have been described for several organisms, the underlying
mechanisms are still poorly understood. As described above, the first pathway for O-antigen
biosynthesis involves a flippase (Wzx), polymerase (Wzy), and a regulator of O-antigen
chain-length (Wzz). Wzx is a hydrophobic protein with 12 potential transmembrane domains.
A Salmonella wzx mutant strain accumulates lipid-tinked O-units at the cytoplasmic side of
the cytoplasmic membrane, implying that wzx encodes a flippase (Liu ef al., 1996). Wzy is an
integral membrane protein located in the cytoplasmic membrane, with 12 transmembrane
segments and two large periplasmic loops and is involved in polymerisation of O-repeat units
into long-chain O antigen (Daniels et al., 1998, Morona ef al., 1994, Reeves et al.,, 1996). It
has been speculated that apart from a polymerase, Wzy might also be a permease using the
electrochemical gradient to drive O-antigen polymerisation or acting as a pump to
retranslocate the lipid carrier to the ¢ytoplasmic side of the membrane afier the O-antigen
repeating unit has been transferred (Daniels et al., 1998). Furthermore, Wzy has an impact on
O-antigen chain length by the Wzy/Wzz ratio, as overproduction of Shigella flexneri Wzy
results in an unregulated O-chain length which can be modulated by introducing wzz on a
low-copy plasmid (Daniels ef al., 1998). Wzz proteins have two highly conserved potential
transmembrane domains in the N- and C-terminal regions and are located in the cytoplasmic
membrane with the central domain exposed to the periplasm (Morona ef /., 1995, Whitfield
et al., 1997). As it has been demonstrated that single or double amino acid changes in Wzz
can have an effect on the chain length of O antigens, the heterogeneity of Q-antigen chain
length might be the result of amino acid sequence variation of the Wzz protein (Francoet al.,
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1998, Klee et al., 1997). Two models for Wzz activity have been proposed (Fig. 4). In the
first model, Wzz is considered to act in concert with a Wzy enzyme which can exist in two
functional states (Bastin et a/., 1993). The ‘E-state” favours further polymerisation of a lipid-
linked polymer, whereas the “T-state’ favours its transfer to WaaL, the lipid A-core ligase,
and, upon ligation, polymerisation ends. Modality is established by a Wzz-mediated ‘timing’
mechanism in which Wzy moves from the E-state to the T-state after a given time period,
allowing addition of a consistent number of repeating units in the polymerisation phase,
Another model suggests that Wzz might act as a molecular chaperone facilitating the
interaction of WaalL with Wzy and lipid-linked O-antigen chains. Specific modality would
result from a given ratio of Wzy:WaaL in the Wzz-dependent complex (Moronaet al., 1995).
Wzz homologues are found in many other gene clusters responsible for cell-surface
biosynthesis, but their involvement in chain-length determination is rarely supported by
experimental evidence (Whitfield et al., 1997). R. meliloti ExoP influences succinoglycan
chain length. Its N-terminus is homologous to Wzz and it has an additional C-terminal
domain with an ATP binding domain. Both the C-terminal domain and a proline-rich motif
(RXGPXGPXLSPRKXIXGXMXGXG) close to the second transmembrane helix in the N-
terminal domain are involved in its activity (Becker ef al., 1995, Becker et al., 1998). The
ExoP-like proteins, containing an ATP-binding domain, are found in other CPS and EPS
biosynthesis systems and are named Wzc (Reeves ef al., 1996). Their activity is expected to
more complex than Wzz that has no ATP-binding domain (Whitfield and Roberts, 1999).

The two other pathways of O-antigen synthesis (see above) do not involve a separate
polymerase. In the ABC-fransporter dependent pathway, modality could be established by
selection for molecules in a given size range by the transport components (Whitfield et al.,
1997). The ratio of the ABC-transporter and the polysaccharide synthesis enzymes is
important for the modality, as overproduction of the ABC-transporter results in a decrease in
O-antigen chain-length (Bronner er al., 1994). If glycosyliransferases act in an efficiently
coordinated complex, and transport and polymerisation are essentially continuous processes,
the complexity of glycosyltransferase substrate- and acceptor-binding specificities might
determine modality (Whitfield er al., 1997). An alternative model is that one transferase in
the system operates more slowly than others, making the synthetic process discontinuous. At
the slowest point in the cycle of glycosyltransferase activities, export by the transporter may
be favoured over addition of the next residue (Kido ef al, 1995). For S, enterica O:54,
polymerisation and export are believed to be performed by a single enzyme, WbbF
(Keenleyside and Whitfield, 1996). The chain-length of the 0:54 antigen is quite broad and
resembles a non-modal unregulated pattern (Whitfield ez al., 1997).

Genetics of polysaccharide biosynthesis

Many studies describing gene clusters involved in bacterial polysaccharide biosynthesis
have appeared over the last years, in particular those directing O-antigen and CPS synthesis
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in Gram-negative bacteria. In general, the genes invelved in cell-surface polysaccharide
biosynthesis are clustered, which allows coordinate regulation (Roberts, 1996). Although
they may include one or more operons, a conserved organisation has been observed for
several of these gene clusters, especially those involved in CPS biosynthesis. In all these
cases glycosyltransferase genes that direct repeating unit synthesis are flanked by genes
involved in polymerisation and/or transport (Roberts, 1996). In some cases genes directing
the biosynthesis of specific nucleotide sugars are located in these gene clusters as well. This
conserved organisation allows allelic exchange of glycosyliransferases resulting in capsule
switching, which may be an important virulence mechanism of encapsulated bacterial
pathogens. Neisseria meningitidis is able to switch from serogroup B (a(2—8)-linked
polysialic acid) to serogroup C (o(2—9)-linked polysialic acid), probably after horizontal
DNA transfer in vive resulting in the exchange of the polysialyltransferase (Swartley ef al.,
1997). Likewise, recombination within or around the cps locus involved in CPS synthesis,
could have resulted in the generation of serotype 19F variants of S. preumoniae (Cofley et
al., 1998). Serotype switching has also been proposed for O antigens. The S. enterica
serogroup D2 is proposed to be the product of intraspecific recombination from a D1 strain
with a El strain resulting in the exchange of the D1 wzy (#fc) polymerase gene and wha(?
{r/b0) B(1—>4) mannose transferase gene for the E1 wzy polymerase gene and wbal (rfbU)
a{l—4) mannose transferase gene. This exchange could have been mediated by the Hinc
repeat (H-rpt) resembling an insertion sequence (Xiang et @l., 1994). Similarly, the E. coli
0O9a serotype is believed to be generated by recombination with the Klebsiella O3 O-antigen
gene cluster (Sugiyama ef al., 1998).

For EPSs the gene clusters involved in xanthan and succinoglycan synthesis are best
documented. Xanthan is produced in high amounts by the phytopathogenic bacterium X
campestris and is widely used in food industry (see Becker et al., 1998 for a review). Its
synthesis is controlled by the 16-kb gumBCDEFGHIJKLM gene cluster, The encoded GumD
is the priming glucosyltransferase, GumM, GumH, GumK, and Guml are the
glycosyliransferases involved in the subsequent steps of repeating unit synthesis, GumF and
GumG are mannosyl acetyltransferases, GurnL is the mannosyl pyruvylase, and GumB,
GumC, and GumE are involved in polymerisation and export (see Beckeret al,, 1998 for a
review). R. meliloti harbours a 1.5-Mb megaplasmid that contains the gene clusters involved
in succinoglycan (EPS I) and galactoglucan (EPS 11} biosynthesis. Both polysaccharides are
involved in processes leading to nitrogen-fixing symbiosis of the bacterium and alfalfa
plants (Leigh and Walker, 1994). A 27-kb exo/exs gene cluster directing succinoglycan
biosynthesis contains 19 exo and 2 exs genes organised in 10 operons (Glucksmann et al.,
1993, Becker et al, 1995) and is separated by 200 kb from the 32-kb exp gene cluster
directing galactoglucan biosynthesis containing 25 genes organised in 5 operons expA, expC,
expG, expD and expE (Becker et al, 1997). The exo genes encode enzymes involved in
repeating unit synthesis and polymerisation and export as well as those required for UDP-
glucose and UDP-galactose generation (Leigh and Walker, 1994). The exp genes encode
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enzymes for dTDP-glucose and dTDP-rhamnose synthesis, repeating unit synthesis, export,
and regulation of exp gene expression (Becker et al., 1997).

Regulation of polysaccharide biosynthesis

Several bacteria can adapt to their environment by modulating their capacity to synthesise
cell-surface polysaccharides. It appears that environmental factors may affect gene
expression via two component regulatory systems, but other regulatory factors have been
described as well.

One of the best documented systems for regulation of polysaccharide synthesis is that of
the E. coli colanic acid, a mucoid CPS which improves the survival of the bacterium in
various hostile environments. The ¢psABCDE genes directing colanic acid biosynthesis are
positively regulated by ResA, ResB, and ResF, negatively regulated by the ATP-dependent
Lon protease, and probably both positively and negatively regulated by ResC (Fig. 5). The
availability of the positive regulator ResA is normally limited, as it is rapidly degraded by the
Lon protease. ResB and ResC are the response-regulator and sensor of a two-component,
environmentally responsive, regulatory system, while RscA is thought to interact with ResB
to induce transcription of the ¢ps genes (Gottesman and Stout, 1991). Furthermore, ResA can
activate its own expression and a putative ResA binding site has been found in the res4 and
cps promoter regions (Ebel and Trempy, 1999). ResF seems to have an accessory role in
activation which could be stabilisation of ResA (Kelly and Georgopoulos, 1997). Recently, a
new factor DjlA was described which together with the DnaK and GrpE chaperones can
positively regulate the ResB/C two component system (Kelly and Georgopoulos, 1997). It
has not been established whether DjlA interacts with ResC, ResB, or both. Stress responses
influence ¢ps expression. Osmotic shock induces c¢ps transcription in the presence of RcsB
and ResC (Sledjeski and Gottesman, 1996), and dji4 transcription is induced or stabilised
upon cold shock (Kelly and Georgopoulos, 1997). The res system might be common to many
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Fig. 5. Model of Rcs B/C two-component signalling system and the role(s) of DjlA, DnaK, and GrpE
{adopted from Kelly and Georgopoulos, 1997).
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other bacteria and Res homologues have been described in group 1 capsule-producing E. coli
strains, Klebsiella pnewmoniae, Erwinia amylovora, and Salmonella typhi (Whitfield and
Roberts, 1999). In E. amylovora, RcsA and ResB were shown to interact with the promoter
of the ams operon controlling the biosynthesis of the EPS amylovoran and disntption of resB
resulted in mutants which were deficient in amylovoran synthesis (Bereswill et ai., 1997,
Kelm ez al., 1997). The ResA/ResB recognition motif of the promoter of the ams operon has
been characterized and is also found in the promoter of the exopolysaccharide biosynthetic
operon of Pantoea stewartii (formerly Erwinia stewartii) (Wehland et al., 1999). In addition
to resA/resB, another positive regulator of the E. amylovora ams operon, res¥, has been
identified that can suppress an rcsd mutation (Aldridge et al., 1998). In S. yphi the Vi
antigen genes directing CPS synthesis are controlled by two two-component regulatory
systems, OmpR-EnvZ and R¢sB-ResC, that respond to osmolarity and by the positive
regulatior TviA, which interacts with RcsB to promote optimal transcription of the Vi
synthesis genes (Arricau et al., 1998, Pickard ef al., 1994).

Environmental factors also influence the expression of the eps gene cluster of
Pseudomonas solanacearum directing EPS [ biosynthesis (Huang ef al., 1995). This gene
cluster is controlled by a complex regulatory network consisting of three separate signal
transduction systems: PhcA, a LysR-type transcriptional regulator, and the two-component
regulatory systems VsrA/VsrD) and VsrB/VsrC. PheA and VsrA/VstD control transcription
of a sixth regulation factor xpsR. XpsR is requived by VsrB/VsrC to activate eps gene
expression and interconnects the three signal transduction systems (Huang et al., 1995).
Another factor regulating eps gene expression is EpsR. Depending on its phosphorylation
state, EpsR reduces or induces eps gene expression by binding the eps promoter in the
phosphorylated form (Chapman and Kao, 1998).

R. meliloti succinoglycan production is under control of the exoR and exoS gene products,
as Tnj-insertions in the chromosomaly-located exoR and exoS result in an increased
succinoglycan synthesis {Doherty ef al., 1988). The exoS mutant, like wild-type Rhizobium,
synthesises less succinoglycan in the presence of amrnonia, while succinoglycan-production
of the exoR mutant is not influenced by ammonia, indicating that ExoR is involved in sensing
ammonia in the medium (Doherty et al., 1988). Both exoR and exoS genes have been cloned
and sequenced (Cheng, 1998, Reed, 1991) and ExoR was found to be a negative regulator for
the transcription of the exo genes (Reed, 1991). The exoS gene is located downstream of chv/
and both genes may encode a two-component regulatory systern with ExoS as the sensor
domain and ChvI as the response regulator (Cheng, 1991). Another form of succinoglycan
regulation involves exoX and exoY. ExoX may interact with ExoY, the plycosyltransferase
initiating repeating unit synthesis, thereby preventing its activity (Gray et al., 1990, Gray and
Rolfe, 1992). Additionally, posttranscriptional regulation of succinoglycan synthesis occurs
by the mucR gene product encoded by the chromoseme and by the exsB gene product
encoded in the exs operon that have a positive and negative effect, respectively (Becker ef al.,
1995, Keller et al., 1995). Production of galactoglican by R, meliloti occurs at low phosphate
concentrations or in strains with mutations in expR or mucR, which are located in the
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chromosome. MucR represses transcription of the 5 operons of the exp gene cluster (directing
galactoglucan synthesis), has a positive effect on the exo genes (directing succinoglycan
synthesis) via posttranscriptional regulation (see above), and is negatively regulating its own
expression {Becker et al, 1997, Keller et ol, 1995). Furthermore, the exp gene cluster
contains the expG (mucS) gene that may be a transcriptional activator of exp gene expression,
as it is known to be required for the activation of at least one gene of the expE operon by low
phosphate concentrations (Astete, 1996, Becker ef al., 1997).

Lactic acid bacteria

Lactic acid bacteria (LAB) are Gram-positive bacteria comprising the genera Lactococcus,
Lactobacillus, Leuconostoc, Streptococcus, and Pediococeus. For centuries, they have been
used in food fermentations for the production of e.g. dairy products, wine or sausages. The
most important property of LAB is their rapid conversion of lactose into lactate. This results
in acidification and preserves the food from spoilage. In addition, LAB provide taste and
texture to fermented food products. From the LAB, the species Lactococcus lactis is best
studied for its genetics and metabolism {Gasson and de Vos, 1994). L. lactis is used for the
production of cheese, buttermilk and butter. Its proteolytic system consists of an extracellular
proteinase, several peptide uptake systems, and intracellular peptidases and is responsible for
the conversion of milk caseins into small peptides and amino acids that coniribute to the
determination of the flavour and texture of the final preduct (see Kunji er al., 1996 for a
review). Some lactococel are able to form diacetyl from citrate or lactose, which is an
important flavour and aroma compound in products such as buttermilk, lactic butter, or
coltage cheese.

Many industrially relevant characteristics of lactococci, such as lactose fermentation,
protease activity, bacteriophage resistance, are encoded by plasmids that in most cases can be
transferred by conjugation. Lactococcal plasmids are known to replicate via the rolling circle
or theta mechanism. Rolling circle replication seems to be restricted to relatively small
lactococcal plasmids with cryptic functions, while those encoding the metabolic functions all
scem to replicate via theta mechanism (Khan, 1997, Seegers et al., 1994). For the plasmids
that can be conjugally transferred, self-transmissible conjugative plasmids, which have the
ability to form effective celi-to-cell contact, and mobilisation plasmids, which are able only
to prepare their DNA for transfer can be distinguished (Steele and McKay, 1989).

Exopolysaccharides from LAB
Several LAB are known to produce EPSs that can be beneficial for the structure of dairy

products. It has been demonstrated that EPSs play a significant role in the rheology of stirred
yoghurt (van Marle ef al., 1998). Furthermore, they may be used to replace polysaccharides
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that are used in food industry as thickeners, stabilisers, emulsifiers, bodying agents, foam
enhancers, gelling agents, or fat replacers. EPSs produced by LAB could serve as alternatives
for xanthan gum produced by the phytopathogenic X. campestris, with the advantage that
LAB are food-grade organisms that have a long history of safe use in food fermentations.
The EPSs can be produced in situ resulting in a ‘natural” product with no need for additives
to improve the structure. In addition, some studies indicate EPS from LAB may be health
beneficial and that consumption of fermented products containing EPS has a stimulatory
effect on the immune response, an antitumoral activity, or cholesterol-lowering activity
(Kitazawa et al., 1991a, Kitazawa ef al., 1991b, Nakajima et al., 1992a).

EPS-producing LAB strains have been isolated from dairy products such as Scandinavian
ropy fermented milk products (Macura and Townsley, 1984, Nakajima et al., 1990) and
yoghurts (Cemning ef al., 1986, Cerning et al., 1988), and from other fermented foods such as
salami sausages and olives (van den Berg et al, 1993). The nature of the slime material
produced by these ropy LAB has been a matter of dispute. In early studies the slime extracted
from ropy sour milk was found to consist of a protein-like material (Nilsson and Nilsson,
1958, Sundman, 1953). Later, Macura and Townsley reported that the slime produced by L.
lactis strain L416, the parental strain of NIZO B40, consisted of a glycoprotein (Macura and
Townsley, 1984). However, the reported protein content resembled that of the growth
medium. Forsén er al. (Forsén et al, 1989) focused on the differences in lipoteichoic acid
from the cell wall of L. lactis strains in relation to slime production, Other studies showed
that the carbohydrate parts from the carbohydrate-protein mixture of the produced slime can
be purified and indeed are polysaccharides (see below). In general, these polymers contain
{branched) repeating units consisting of a various number of sugar residues that are coupled
via different types of linkages, and can be decorated with non-sugar groups (acetyl,
phosphate, or glycerol). The molecular structures of EPSs formed by various Strepfococcus
thermophilus strains, Lactobacillus acidophilus LMG9433, Lactobacillus delbriickii subsp.
bulgaricus 1, various Lactobacillus helveticus strains, Lactobacillus paracasei 34-1,
Lactobacillus sake 0-1, and L. lactis subsp. cremoris strains H414, SBT 0495 and NIZO B40
have been elucidated (see Fig. 6).

Some strains produce more than one type of EPS. Lb. delbriickii subsp. bulgaricus
NCFB2772 produces a high-molecular weight (HMW) EPS with a molecular mass of 1.7 x
10° and a low-molecular weight (LMW) EPS (4 x 10*) that differ in types of sugar linkages
{Grobben et al., 1997). The production of HMW EPS is dependent on the carbohydrate
source in the growth medium, while LMW EPS is produced continuously. Similarly, L. lactis
LC330 produces HMW (>1 x 10%) and LMW (approximately 1 x 10%) EPS with different
sugar composition (Marshall er al., 1995). Moreover, the production of LMW EPS by this
strain is not influenced by growth conditions, while that of HMW EPS is. For S
thermophilus LY03, a HMW (1.8 x 10°) and LMW (4.1 x 1(°) fraction of EPS with identical
sugar composition can be distinguished, the ratio and production level of which is dependent
on carbon/nitrogen ratio of the growth medium (Degeest e al., 1998).
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Little is known about the intrinsic characteristics of EPS that determine its texturising
capacities. The structure of the repeating unit will affect the secondary and tertiary
conformation. However, the variety of structures of EPSs found (Fig. 6) gives no clue about
essential common features. Two S. thermophilus strains, Rs and Sts, from yoghurt starters
that differ markedly in viscosifying properties, were found to produce similar amounts of
EPS consisting of identical repeating units, but with different molecular masses (2.6 x 10°
and 3.7 x 10°, respectively), indicating that for these bacteria the size of the EPS determines
the viscosity of the stirred milk cultures (Faber er 2f., 1998).

Genetics of EPS biosynthesis by LAB

EPS production by LAB is an unstable property and this is manifested by either instability
of the texture itself or instability of synthesis at the genetic level (Cerning, 1990). For several
strains of L. lactis and for two strains of Lactobacillus casei, plasmids have been associated
with EPS production and their loss results in the inability to produce EPS (Kojicet ai., 1992,
Neve ef al, 1988, Vedamuthn and Neville, 1986, Vescovo et al., 1989, von Wright and
Tynkkynen, 1987), Genetic transfer of two of these lactococcal plasmids was achieved and
resulted in an EPS-producing phenotype for the recipient strain (Vedamuthy and Neville,
1986, von Wright and Tynkkynen, 1987). For thermophilic LAB, EPS production has not
been found to be linked to plasmids (Cerning, 1990, Vescovo et af., 1989). For these strains
genetic instability may be the result of disruption of essential gene activity by mobile genetic
clements or gencralised genomic instability caused by deletions and rearrangements (Gancel
and Novel, 1994),

Genes directing EPS synthesis in LAB strains were first described for S. thermophilus Sfi6
(Stingele et al., 1996). The 14.5-kb eps gene cluster comprises 13 genes that seem to be
organised in a single operon (epsABCDEFGHIJKLM). The organisation of the eps gene
cluster is comparable to that of §. preumoniae and Streptococcus agafactiae cps gene
clusters directing CPS synthesis and the epsdABCDE gene products are highly homologous

Fig, 6. (Following pages) Molecular structures of EPSs formed by various LAB. (A) Lb. delbriickii subsp.
bulgaricus rr (Gruter et al., 1993) and Lb. delbriickii subsp. bulgaricus NCFB 2772 (Grobben et af., 1997). (B)
Lb. acidophilus LMG9433 (Robijn et al., 1996b). (C) Lb. kelveticus 766 (Robijn et al., 1995b). Staaf ef al,
1996, (D) Lb. helveticus TY1-2 (Yamamoto et al., 1994). (E) Lb. helveticus TN-4 (Yamamoto et al., 1995) and
Lb. helveticus Lh39 (Stingele et ai., 1997). (F) Lb. helveticus ssp. (Staaf ef al., 1996). (G) Lb. paracasei 34-1
(Robijn ef al., 1996a). (H} Lb. sake 0-1 (Robijn et al., 1995a). (I) Lb. rhamnosus C83 (Vanhaverbeke ef al.,
1998}, (1) 8. thermophilus Sfi6 (Doco et al., 1994, Stingele ¢t al., 1996). (K) S. thermopilus 8§12 (Lemoine et
al.,; 1997). (L) S. thermophilus Sfi32 (Lemoine et al., 1997). (M) 8. thermophilus OR 901 {(Bubb ef al., 1997), S.
thermophilus Rs (Faber ef al., 1998), and S. thermophilus Sts (Faber et al., 1998). (N) S. thermophilus MR-1C
(Low et al., 1998). (0) L. {actis SBT 0495 (Nakajima ef af., 1992b), L. factis NIZQ B40 (van Casteren ef al.,
1998). (P) L. lactis H414 (Gruter, 1992). Abbreviations: Glc, glucose; Gal, galactose; Rha, thamnose; GlcNAc,
N-acetylglucosamine; GalNAc¢, N-acetylgalactosamine; Fuc, fucose; Ac, acetyl. The D- (D) and L- (L)
configuration, and pyranose (p) and furanose (f) structure are indicated.
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with the pneumococcal cpsABCDE gene products (Stingele ef al, 1996). Based on
homologies, the functions of the different gene products may be regulation (EpsA), chain-
length  determination and export (EpsC/EpsD), repeating unit synthesis
(EpsE/EpsF/EpsG/EpsH/EpsI}, and polymerisation and export (EpsJ/EpsK). Griffin et al.
(1996) cloned part of a putative eps gene cluster from S. thermophilus NCBF 2393
(cpsABCDE) which is almost identical to that of Si6. Based on the sequence of the $fi6 eps
gene cluster, part of a highly homologous eps gene cluster of S. thermophilus MR-1C
(approximately 98% identity on DNA-level} was cloned using PCR-methods and designated
epsABCDEF (Low et al., 1998). The EPS produced by this strain has a repeating unit with a
different structure compared to that of Sfi6 (see Fig. 6 I and M). Attempts to characterise the
MR-1C region from epsG to epsM by PCR were unsuccessful (Low et al., 1998), indicating
that this part of the gene cluster has a lower degree of homology or a different organisation,
which may be expected for genes directing the synthesis of a polymer with a different
structure.

Outline of the thesis

Both to study the structure-function relation of EPS and for industrial applications, it
would be desirable to be able 1o control the EPS-production level, the chain-length of the
EPS molecule, and the primary structure of the EPS repeating unit, enabling polysaccharide
engineering. To achieve this, knowledge of e¢ps gene expression and its regulation, the
mechanism of EPS synthesis, polymerisation and export, and diversity of gps genes is
essential. At the start of the research described in this thesis, no data on genetics of EPS
production were available apart from reports describing its possible plasmid association in Z,
lactis strains. Therefore, a study was initiated to clone and characterise genes involved in
EPS production in L. lactis strains and use these to engineer the EPS production level and
biosynthesis pathway. Chapter 2 describes the identification of the EPS plasmid pNZ4000
from L. lactis NIZO B40 and the transfer of the EPS-producing capacity to another L. Jactis
strain by conjugation of this plasmid. The molecular structure of the EPS produced by L.
lactis NIZO B40 was studied, the eps gene cluster involved in EPS biosynthesis was
localised on pNZ4000, its DNA-sequence determined, and its transcription analysed.
Furthermore, the functional analysis of the priming glycosyltransferase gene by a single-gene
disruption and heterologous expression demonstrated its involvement in EPS biosynthesis.
Chapter 3 describes the biosynthesis route of the NIZO B40 repeating unit. Homologous and
heterologous expression of the glycosyltransferase genes was used for their functional
analysis and to determine the substrate specificities of the encoded enzymes. In Chapter 4 the
diversity of lactococcal EPSs and eps gene clusters is described together with the functional
analysis of the parts of two of these eps gene clusters encoding glycosyltransferase activity.
Furthermore, a system that may enable polysaccharide engineering is described and was
demonstrated to be useful for complementing a disruption of the NIZO B40 priming
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glycosyltransferase activity by priming glycosyltransferases from different polysaccharide
synthesis systems. Chapter 5 describes factors involved in natural transfer of the EPS-
producing phenotype and stability of EPS-production. Genes and genetic elements involved
in plasmid mobilisation and replication were studied. Replicon stability and transfer to
various L. lactis strains were analysed. Chapter 6 describes the complete nucleotide sequence
analysis of the 42810-bp EPS plasmid pNZ4000. Next to the regions involved in replication,
mobilisation, and EPS biosynthesis, two regions putatively involved in transport of divalent
cations were identified. Finally, the results of Chapters 2 to 6, combined with additional data
are discussed in the general discussion in Chapter 7 focussing on EPS biosynthesis, including
glycosyltransferases, polymerisation and export processes, regulation, and practical
applications and perspectives of this work.
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Chapter 2

Abstract

Lactococeus lactis strain NIZO B40 produces an extracellular phosphopolysaccharide
containing galactose, glucose, and rhamnose. A 40-kb plasmid encoding exopolysaccharide
production was isolated through conjugal transfer of total plasmid DNA from strain NIZO
B40 to the plasmid-free L. lactis model strain MG1614 and subsequent plasmid curing. A 12-
kb region containing 14 genes with the order epsRXABCDEFGHIJKL was identified
downstream of an iso-IS982 element. The predicted gene products of epsABCDEFGHIJK
show sequence homologies with gene products involved in exopolysaccharide, capsular
polysaccharide, lipopolysaccharide, or teichoic acid biosynthesis of other bacteria.
Transcriptional analysis of the eps gene cluster revealed that the gene cluster is transcribed as
a single 12-kb mRNA. The transcription start site of the promoter was mapped upstream of
the first gene epsR. The involvement of ¢psD in exopolysaccharide (EPS) biosynthesis was
demonstrated through a single gene disruption rendering an exopolysaccharide-deficient
phenotype. Heterologous expression of eps?) in Escherichia coli showed that its gene product
is a glucosyl transferase linking the first sugar of the repeating unit to the lipid carrier,
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eps Gene Cluster of Lactococeus lactis

Introduction

Cell-surface polysaccharides are produced by a wide variety of bacteria. They can be
attached to the cell membrane as the O-antigen of lipopolysaccharides (LPSs), form a capsule
around the cell as capsular polysaccharides (CPSs), or be completely excreted as
exopolysaccharides (EPSs). The biological functions of polysaccharides are diverse as they
may play a role in pathogenesis and symbiosis, protect the cell from desiccation or other
environmental stresses, or facilitate adherence of bacteria to solid surfaces (Leigh and
Coplin, 1992, Whitfield and Valvano, 1993). The biosynthesis of polysaccharides that consist
of repeating units shares common features. The repeating units are assembled at the
membrane by sequential addition of sugar residues by specific glycosyltransferases from
nucleotide sugars to a growing repeating unit that is coupled to an undecaprenylphosphate
carrier. Subsequently, the repeating units have to be exported and polymerised to form the
cell-surface polysaccharide (Sutherland, 1985, Whitfield and Valvano, 1993).

Recently, several gene clusters have been identified in Gram-positive and Gram-negative
bacteria that are involved in the biosynthesis of LPSs (Jiang et al., 1991, Brown et ai., 1992,
Morona et al., 1994, Allen and Maskel, 1996), CPSs (Rubens ef al., 1993, Guidolin et al,
1994, Lin et al., 1994, Arakawa ef al., 1995, Kolkman et al., 1996), and EPSs (Glucksmann,
et al., 1993, Bugert and Geider, 1995, Huang and Schell, 1995, Stingele et al., 1996). Some
of these clusters contain genes involved in the biosynthesis of specific nucleotide sugars
(Jiang et al, 1991, Allen and Maskel, 1996). All contain genes for specific
glycosyltransferases and genes that are involved in the process of polymerisation and export.

EPS production is a characteristic of Lactococcus lactis strains that are isolated from
highly viscous Scandinavian fermented milk products. Various reports describe the
involvement of specific plasmids in EPS production in L. lactis (Vedamuthu and Neville,
1986, von Wright and Tynkkynen, 1987, Neve et al.,, 1988). However, none of these EPS
plasmids has been further characterised and no evidence for the presence of eps genes on
these plasmids was presented. In this study we describe the identification, characterisation,
and transcriptional analysis of a novel 12-kb eps gene cluster tocated on a 40-kb plasmid,
which is essential for EPS biosynthesis.

Materials and methods

Bacterial strains, plasmids, and media. The bacterial strains and plasmids used in this
study are listed in Table 1. L. lactis subsp. cremoris NIZO B40 is a single-colony isolate
from L. lactis subsp. cremoris L416 isolated from Scandinavian ropy milk (Macura and
Townsley, 1984). L. lactis subsp. cremoris SBT 0495 was a gift from Snow Brand European
Research Laboratories (The Netherlands). Escherichia coli was grown in Luria (L)-broth-
based medium at 37°C (Sambrook et al., 1989). L. lactis was grown at 30°C in M17 broth
{Difco Laboratories) supplemented with 0.5% glucose (GM17) or 0.5% lactose (LM17) or in
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