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SUMMARY

1. Mud(ApRlac)I insertions in the genes coding for xylose-proton symport

(xylE) and a component of the binding protein dependent xylose transport
system (xylG) were isolated. The ampicillin resistance determinants of the

prophages were used to map the positions of these genes on the E. coli

chromosome. The xylE gene was located at 91.4min between pgi and malB, while

the xylG gene mapped near the xylose metabolic genes, xy1lAB, at 80min.

2. Xylose-proton symport was shown to be susceptible to inhibition by the
sulphydryl reagent N-ethylmaleimide. This inhibition was alleviated by the
substrate, xylose, or by the substrate analogues 6-deoxyglucose and
glucose. This protective effect of 6-deoxyglucose was exploited to label
the XylE protein in membrane vesicles with radioactive N-ethylmaleimide.
Comparison of protected versus unprotected samples for XylE+ and XylE
strains by SDS-polyacrylamide gel electrophoresis identified the XylE

protein to have an apparent molecular mass in the range 36 000-41 000Da.

3. A hybrid XylE-LacZ protein produced by a Mud(ApRia_c)II insertion in xylE
was éhown to be membrane bound. The band on an SDS-polyacrylamide gel
corresponding to this protein was identified. After testing various
methods to purify the protein, a purification scheme was devised involving
gel filtration of Triton X-100 solubilized membrane proteins. The
N-terminal amino acid sequence of the hybrid protein corresponded to that

deduced from the DNA sequence of the cloned xylE gene.

4, A restriction map of the XylE-malB region of the E. coli chromosome was
made using specialised transducing phage derived from AplacMu insertions
in xylE and the nearby malkK gene. A 2.7kb HincII fragment was identified as
containing the intact XylE gene by restoration of xylose-proton symport
activity to a strain lacking both xylose transport systems. The DNA
sequence of this fragment was determined by the Sanger dideoxy chain
termination method. The XylE gene was found toie 1 473bp in length,
corresponding to 491 aminoc acids and a proteijn’ molecular mass of 53 607Da.
Comparison of the amino acid sequences r’eveal’ed considerable homology of
XylE with AraE (arabinose-proton symport), but no significant homol ogy

with LacY (lactose-proton symport) or MelB (melibiose-sodium cotransport).
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INTRODUCTION




1. INTRODUCT ION

The cell membrane defines boundaries between different aqueous
environments by providing a separate hydrophobic phase. It acts as a
permeability barrier, hindering the diffusion of hydrophilic solutes between
these enviromments. The translocation of specific solutes is mediated by
carriers, allowing regulation of the intra-cellular enviromment and
concentration of fuel sources. This translocation may be passive, permitting

the passage of a substance down its electrochemical gradient, or active,

accumulating a substance against its electrochemical gradient by utilising
some other source of energy and thereby resulting in an overall decrease in

free energy.

In @ram—negative micro-organisms there are, in addition to the cytoplasmic
membrane, the barriers of the murein layer and the outer membrane. The murein
layer in the periplasmic space, between the inner (cytoplasmic) and outer
membranes, provides no hindrance to the diffusion of substances required by
the cell. The outer membrane contains non-specific porins for the passage of
substances of molecular weight less than approx. 600Da into the periplasm

(Nakae, 1976).

1.1 Carrier Mediated Transport Systems in Bacteria

There are five recognised types of carrier mediated sugar transport

systems in bacteria, which are summarised in Figure 1.1 (from Dills et al,,

1980), where an example is given of each type for Escherichia coli. The

classification is largely based on the energy source for the process and any

known structural differences.

1.1.1 Facilitated diffusion

J
Facilitated diffusion is dependent on a carri er protein equilibrating a
hydrophilic solute across the membrane, but is not coubled to energy release,
The only known example in the inner membrane of E. coli is for glycerol.
Accumulation results from the rapid phosphorylation of the glycerol inside

the cell by a-glycerokinase, resulting in the intracellular concentration of
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Figure 1.1 Carrier mediated transport mechanisms (from Dills et al., 1980)

Representative examples (in parentheses) are given for E. coli.
Abbreviations: GLYC, glycerol; MAL, maltose; LAC, lactose;—MEL, melibiose; GLC,
glucose; G-6~P, glucose-6-phosphate; PEP, phosphoenolpyruvate; D+P;,
nonphosphorylated donor plus inorganic phosphate; D™P, high-energy
phosphorylated donor; I, enzyme I; II, enzyme II; III, enzyme III.
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free glycerol being kept low (Hayashi and Lin, 1965). The presence of a
facilitator can be deduced from saturable kinetics of uptake, inducibility,
substrate specificity, competitive inhibition by substrate analogues, and

genetic lesions.

The existence of the glycerol facilitator was demonstrated by the rapid
recovery from plasmolysis of cells exposed to hypertonic solutions of
glycerol if they had been grown on glycerol (Sannoe_t al., 1968); this
response was much slower in cells grown on glucose. This result has been
confirmed by the more sensitive techni que of stopped-flow spectrophotometry
(Alemohammad and Knowles, 1974). The inducer is in fact L-q-glycerophosphate,

as no induction was observed for glycerokinase negative mutants.

The requirement of the facilitator for effective utilization of glycerol
has been demonstrated (Richey and Lin, 1972). Cells carrying the gene, glpF+,
coding for the glycerol facilitator grew much faster than glpF strains at

glycerol concentrations of less than 5mM.

Substrate specificity is shown by thé glycerol facilitator. Erythritol,
pentitols and hexitols could enter on the facil itator in addition to
glycerol, but the analogous sugars were not transported (Heller et al., 1980).
However, there was little or no competitive inhibition between the two

substrates glycerol and xylitol. This, together with the observation that
xylitol transport was insensitive to 1ow temperatures was taken to suggest

that the facilitator functions as a membrane channel.

1.1.2 Group translocation

Group translocation involves chemical modification of the substrate
during transport, In the case of the sugar phosphotransferase system (PTS)

phosphorylation of the substrate passing across the membrane occurs, which is
dependent on phosphoenolpyruvate (PEP) via a seri eg of components (Kundig

et al.,, 1964). The system includes both cytoplasmio'and membrane bound
components, and requires magnesium ions. The schem':e for the reactions

involved is shown in Figure 1.2 (from Roseman, 1977).

Enzyme I and HPr are soluble components which initiate the transfer of

phosphate from PEP. Enzyme I and HPr are common to the uptake of all sugars
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Figure 1.2 Sugar translocation and phosphorylation by the phosphoenol-
pyruvate sugar phosphotransferase system i{rom Roseman, 1977)

The product of vectorial translocation is the sugar phdsphate, and the
reaction is catalysed by the sugar binding protein in the membrane (II-B or
II-B'), the phosphoryl group being derived from the other sugar-specific
component, a soluble protein (phospho-III) or a membrane protein (phospho-II-
A). The sugar-specific proteins are phosphorylated by sequential transfer of
the phosphoryl group from phosphoenolpyruvate through the general (non
sugar-specific) proteins of the system, enzyme I and HPr.




transported by the PTS. Mutations in the genes coding for their synthesis,

ptsl and ptsH respectively, prevent the uptake of all PTS sugars, except for
fructose which has its own equivalent of HPr called FPr (Waygood, 1980). The
active form of enzyme I is a dimer (Misset et al,, 1980). The activity
requires a divalent metal ion (Mg?" or Mné+) bound to the enzyme and this also
increases the stability of the dimers (Hoving et al., 1982). Enzyme I has also
been reported to be active as a trimer (Grenier et al.,, 1985). Two classes of
sulphydryl group have been found, one of which is essential for catalytic
activity (Grenier et al,, 1985). Studies with 3-bromopyruvate causing
alkylation of cysteine residues indicated that one residue per enzyme dimer
is alkylated without loss of activi ty, whereas alkylation of the second
residue leads to complete inactivation (HovinggE al., 1984), suggesting that
there is only one active site per dimer. HPr (histidine containing protein)
i1s phosphorylated on the N-1 atom of a histidine residue (Anderson et al,,
1971) to give phospho-HPr, a true high-energy compound with an apparent
standard free energy of hydrolysis of almost twice the value for the

pyrophosphate bonds in ATP (Roseman, 1977).

The membrane bound components of the PTS, enzymes II and III, provide the
Sugar specific part of the system. A pair of proteins is required for the
phosphorylation of a given sugar, one of whi ch, enzyme II-B, is an integral
membrane protein, while the other may be ei ther an integral membrane protein,

enzyme II-A, or a peripheral membrane protein, enzyme III. Glucose may be

~transported by either type of system: a II-A/II-B system called PtsM, which

also'transports mannose, glucosamine and N-acetylglucosamine; or a III/II-B
System called PtsG, which also transports methyl-g-D-glucoside, although PtsG
is the main transport system for normal growth on glucose in wild type E. coli
(Curtis and Epstein, 1975; Stock et al,, 1982). It is the enzyme II-B which
serves as the sugar recognition site and has a strict specificity for both
the sugar and the sugar phosphate (Roseman, 1977). ‘The enzyme II-A or enzyme
III is phosphorylated by phospho-HPr, then passes jhe phosphate on to the
sugar, phosphorylating carbon-6, via enzyme II (Peri et al., 1984). Evidence
for the interaction of enzyme IIIglC with HPr has;;been obtained using enzyme

III81C derivatised with a fluorescent label (Jablonski et al., 1983).

There is a functional association of the soluble PTS proteins with the

membrane. The PEP-dependent sugar phosphorylation is catalysed more
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efficiently by the membrane bound complex than by a mixture of the individual
enzymes (Dills et al,, 1980). However, the rates of phophoryl exchange
reactions catalysed by enzyme I and the enzyme II complexes were essentially
the same for the associated and dissociated forms of the complexes. This
functional association can be destroyed by detergents and by sonication,
indicating that enzyme I and HPr are peripheral membrane constituents
associated with the integral membrane protein enzyme II (Dills et al., 1980).
In addition, cytoplasmic membrane pellets obtained by differential
centrifugation contain larger quan-ti ties of HPr and enzyme I than would be
expected for a cytoplasmic protein with no affinity for the membrane. In
sucrose density gradient centrifugation enzyme I, whilst being found mainly
at the top of the gradient as expected for cytoplasmic proteins, tailed into
the gradient towards the position of the cytoplasmic membranes; this would be

readily explained if the enzyme I was initially bound to the membranes

(Misset and Robillard, 1982). Perhaps the most striking piece of evidence is
that vesicles prepared by an osmotic shock procedure causing release of
soluble proteins are able to transport and phosphorylate methyl-g-D-
glucoside when loaded with PEP (Kaback, 1968), whilst vesicles prepared from a

mutant strain lacking enzyme I could not accumulate the sugar.

The proton motive force (see section 1.1.4) has been shown to affect
transport by the PTS, although not being the primary source of energy. The

transport of methyl-a-D-glucoside was found to be inhibited by the addition

"of respiratory substrates in a manner independent of the ATP concentration in

both the wild type and ATPase mutants (del Campo et al., 1975). The inhibitory
effect could be abolished by the unicoupler CCCP, and was attributed to the
energy rich state of the membrane, with ATP playing no direct role. The use of
a cytochrome deficient mutant indicated that methyl-g-D-glucoside transport
could be inhibited by the formation of an energised state of the membrane
from ATP hydrolysis (Singh and Bragg, 1976). Inhibition was observed on the
addition of galactose, but not on the addi tioh of %—laotate which the mutant
was unable to oxidise, and was reversed by uncouplérs and inhibitors of

ATPase activity. This was explained by glyoolysis? of galactose yielding ATP

which was then hydrolysed by the ATPase to form an energised membrane.
Support for this theory included the stimulation of proline uptake (a Sodium

symport system) by galactose. Sugar transport by the PTS was also found to be
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inhibited by the energised state of the membrane in both intact cells and

membrane vesicles by Reider et al.(1979). Uncouplers relaxing the proton
gradient stimulated uptake by the PTS in aerobic cells; in anaerobic cells
the membrane was of low energisation and PTS transport occurred at the
maximum rate. The inhibitory effect of D-lbactate as a respiratory substrate
in vesicles could be reversed by o‘yani de or prevented by oxamate, a specific
inhibitor of lactate dehydrogenase. The effect was also absent in a strain
lacking cytochromes and thus unable to energise the membrane via the
respiratory chain. A similar ef’fect' on PTS transport has been demonstrated by
the addition of oxidising agents as well as by substrate oxidation, and in
either case this effect could be blocked or reversed by dithiothreitol
(Robillard and Konings, 1981). By studying phosphorylation in the absence of
transport with inside out vesicles, the level of inhibition was identified as
the binding of sugar to enzyme II. A sulphydryl group was implicated as
undergoing reversible oxidation, resulting in the conversion of enzyme II
from a reduced, high-affinity form to an oxidised, low-affinity form with an
affinity for substrate reduced by 100-1000 fold. An identical change in
affinity was observed due to the generation of a proton motive force.
Robillard and Konings proposed that the proton motive force regulates the PTS
via the redox potential in the membrane such that enzyme II is converted to
the oxidised, low-affinity state in its presence. However, it has subsequently
been‘shown that methyl-q-D-glucoside may be phosphorylated by PtsG or PtsM
with different affinities and that these two systems are differentially
Sensitive to oxidising agents (Grenier et al., 1985). The low K, system, 1181¢C
was strongly inhibited by oxidising agents, whilst the high K system, 11™&",
was relatively insensitive to oxidi sing agents. Thus the apparent Ky change
reported by Robillard and Konings (1981) can be explained by this

differential/ sensitivity of the two systems.

The transport of sugars, particularly glucose, by the PTS affects the
|

uptake of other non-PTS sugars. In addi tion, competi‘cion between separate PTS
enzyme IIs for phospho-HPr may result in one PTS sugar inhibiting the uptake
of another. Mutants lacking enzyme I (ptsI) or HPI";; (ptsH) are not only
defective in growth on all PTS sugars but, in addition, are unable to grow on
many non-PTS substrates such as lactose, melibiose, glycerol and maltose

(Saier et al.,, 1976). This has been attributed to two effects (Postma and




Roseman, 1976; Saier, 1977): (i) inability of the mutant cells to accumulate

certain non-PTS compounds which are required inside the cell as inducers
(inducer exclusion); (ii) lowering of adenylate cyclase activity resulting in
intracellular cyclic AMP levels too low for the expression of certain cyclic
AMP dependent operons. Leaky enzyme I mutants could utilise these sugars but
only in the absence of a PTS sugar, and were more sensitive than the wild type
to repression by the PTS substrates. An additional mutation in an enzyme II

relieved the repression by the substrate of that particular enzyme II in a

leaky enzyme I mutant although repi‘ession by other PTS sugars was not
affected. However, neither appreciable uptake nor metabolism of the PTS

sugars was required for these compounds to effect repression.

A single secondary mutation (crr) allows growth on the non-PTS compounds

in these different classes of PTS mutants (Saier and Roseman, 1976a), and maps

near to the ptsI and ptsH genes but outside the pts operon. This second

mutation is not a reversion of the original pts mutation, since the double
mutant remained unable to utilise PTS sugars. The crr mutation also rendered

the wild type strain resistant to PTS mediated repression. The only
biochemical defect detected in crr mutants was the absence or reduced levels
of enzyme IIIglc activity. This could be explained in two ways: (i) err is the
structural gene for enzyme IIIglC, and the mutants contain normal levels of
an altered protein; (ii) crr regulates the synthesis of eﬁzyme III81C and the

mutants contain reduced levels of the normal protein.

Evidence that crr is the structural gene for enzyme IIIglc has been
obtained from comparison of the protein from crr* and crr strains, and from
cloning of the crr’ gene (Meadow et al.,, 1982). These workers found

approximately normal levels of a protein which cross-reacted with an anti-

enzyme II181¢C antibody in both wild type and crr strains. The purified
enzymes IIIglc from these strains were distinguishable by some differences in
behaviour on gel filtration and in polyacrylamide gel electrophoresis under
certain conditions, and the greatly reduced ability of the mutant enzyme
(approx. 2-3% of the wild type) to phosphorylate m;ethyl—u—D-glucosi de

in vitro. A plasmid carrying the gﬁ+ gene, cloned on a‘ small fragment,
restored PTS-mediated repression of the utilization of maltose, lactose,
glycerol and melibiose when transformed into a crr strain. The plasmid also

directed the synthesis of enzyme :[IIglc as determined from maxicells and by
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rocket immunoelectrophoresis (Meadow et al., 1982).

The extent of repression of metabolic enzyme synthesis was found to
correlate with the degree of inhibition of transport of the inducing non-PTS
sugar (Saier and Roseman, 1976b). These workers also found a similar
inhibition of transport for fully induced transport systems of non-PTS
sugars, indicating these non-PTS systems to be subject to control by the PTS,
and that this is responsible for inducer exclusion in the uninduced cells.
This PTS regulation was shown to affect uptake, but not efflux, of the non-PTS
sugar. The inhibition caused by a PTS sugar was shown to be reversible and
the possibility of inhibition being caused by the PTS sugars binding to the

non-PTS transport proteins was excluded. It was also found that mutations in

the structural genes for the non-PTS transport proteins could result in

resistance to regulation by the PTS for the relevant System.

It has been suggested (Roseman, 1977; Sai er, 1977) that enzyme 1118L¢ iy
its non-phosphorylated form (i.e. in the presence of PTS sugar, or ptsl or
DtsH mutations) directly binds to the various non-PTS transport systems and
inhibits transport activity, thus preventing inducer entering the cell. In
addition, the phosphorylated form of enzyme III8lC is proposed to activate
adenylate cyclase. Evidence in favour of this model comes from the
demonstration of an interaction between enzyme IIIglc and membranes
containing the lactose carrier (Osumi and Saier, 1982). Substrate was
required for this interaction, and PEP in the presence of the other phosphate
transfer components of the PTS prevented it, indicating that the
phosphorylated form of enzyme III81C did not interact with the lactose
carrier. A direct interaction between purified enzyme IIIglc and the lactose
carrier was demonstrated by Nelsone_t a_l.(1983). This binding required the
presence of the non-phosphorylated form of enzyme III81C and the substrate of

the lactose carrier. The binding of enzyme IIIglo to the lactose carrier

vesicles and liposomes reconstituted with the puri
)

resulted in the inhibition of galactoside translocition both in membrane
ied lactose carrier,

Interactions in vivo between enzyme IIIglC andjthe glycerol and maltose

transport systems. of Salmonella typhimurium have also been demonstrated

(Nelson and Postma, 1984). Here it was shown that the presence of a second

PTS-sensitive uptake system and its substrate rendered maltose or glycerol




uptake wholly or partially resistant to PTS inhibition, whereas a PTS-

insensitive system and its substrate had no effect. Increasing the
intracellular levels of enzyme III8lC by use of a plasmid carrying _cr_r*+
prevented this protective effect of the second PTS-sensitive uptake system,
and rendered the maltose and glycerol sys‘tems hypersensitive to inhibition by
PTS substrates. The protective effect is attributed to competition for enzyme

IIIglc effectively lowering its intracellular concentration.

The site of interaction of enzyme IIIglc with the maltose transport system
has been identified as the MalK protein, for mutants insensitive to the
inhibitory effect of glucose have been mapped in malK (M.H. Saier and
M. Schwartz, unpublished results quoted in Hengge and Boos, 1983). In the case
of glycerol repression, enzyme III181C has been shown to act on glycerol
kinase and not the glycerol facililtator (Postmae_t al., 1984). Only the
unphosphorylated form of enzyme IIIglc inhibited glycerol kinase. No
inhibition of transport by methyl-q-D-glucoside was observed as measured
from swelling of cells using a spectrophotometer. Previously, measurements of

accumulation of radiolabel from glycerol had been made, but such accumulation

is dependent on kinase activity as unmodified glycerol is lost during the
washing procedures inherent in measuring accumulation due to its rapid

equilibration across the membrane. It was noted that this action of enzyme
ITI81C is still one of inducer exclusion as a-glycerophosphate is the inducer

of the glycerol regulon. Mutants resistant to inhibition by enzyme IIIglc

“have been found to map in glpK, the gene coding for glycerol kinase (Novotny

et al. 1985). It was confirmed using crystalline glycerol kinase that free,
but not phosphorylated, enzyme IIIglc was inhibitory, and it was shown that
inhibition and binding of enzyme IIIglc to the kinase was strongly pH
dependent. Glycerol kinase is also subject to allosteric regulation by
f’r’uctose—1,6r-—bi sphosphate. Although there were many similarities in the
inhibition caused by enzyme IIIglc and by fructose-1,6-bisphosphate, the
presence of two distinct regulatory sites on the kinase was demonstrated.
Mutants were isolated which were resistant to inhipition by either enzyme

IIIglc or fr’uctose-T,6—bisphosphate but fully senpi tiye to the other

regulatory agent.

The proposal that a different gene product, iex, interacts with the non-PTS

transport systems (Par‘rae_t al., 1983; Britton et al., 1983) has been clarified




by the finding that the iex mutation results in an altered enzyme IIIglc

(Nelson et al., 1984a). The mutant enzyme III81C is heat labile, and, although
it functions normally in glucose and methyl-a-D-glucoside transport, cannot
bind to the lactose carrier. Thus in the iex strain, non-PTS systems are
resistant to inhibition by PTS sugars. The introduction of the _ch_'* allele on

a plasmid restores the iex' phenotlype to an iex strain.

It has been shown that the inhibition of lactose transport in E. coli by
glucose or methyl-q-D-glucoside is not immediate even at very high
concentrations of sugar (Koch, 1985). Thus, competition for some membrane

bound component as a mechanism of inhibition is excluded, and production of
the dephosphorylated form of enzyme IIIglC, which then binds to and inhibits

the carrier protein, is further supported.

1.1.3 Binding protein dependent active transport

Binding protein dependent transport systems were discovered as a result of
loss of transport activity by cold osmotic shock (Neu and Heppel, 1965). This

is due to the loss of binding proteins from the periplasmic space, and a
corollary of this is that binding protein dependent systems are inactive in
subcellular vesicles (Lombardi and Kaback, 1972). These systems are encoded
Dy more than one gene, coding \for membrane components in addition to the

periplasmic binding protein. A well studied example is the maltose transport
system, where malE codes for the binding protein (Kellerman and Szmel cman,

i97’4),‘ malF, malG, and malK code for inner membrane components, and, unusual

among such systems, a further gene, 1amB, codes for an outer membrane
component which is involved in transport, as well as being the receptor for

phage A.

The binding proteins have a high affini ty for their particular substrates
with dissociation constants of the order of TpuM. Injaddition to their role in
transport, many of these binding proteins are .recep ors for chemotaxis (Adler
et al.,, 1973; Adler, 1975). The sequence of the maltdse binding protein has
been reported and two main regions of homol ogy wi th the arabinose, galactose,
and ribose binding proteins were identified (Duplay et al.,, 1984); these are
predicted to have similar molecular structures (Argos et al.,, 1981). Use of

mutants deleted for malE indicated that the maltose binding protein is
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essential for detectable translocation of maltose across the cytoplasmic

membrane (Shuman, 1982). Transport may be reconstituted in a malkE deletion
mutant by calcium induced permeabilization of the outer membrane enabling
import of exogenous maltose binding protein into the periplasm (Brass et al,, ‘
1983; Bukau et al., 1985). The requirement for a direct interaction between 1
the binding protein and one of the membrane components (the P protein) of the
histidine transport system in S. typhimurium has been demonstrated; a “
mutation in the binding protein leaving the histidine binding site unaltered |
can be at least partially compensatéd for by a secondary mutation in the P

protein (Ames and Spudich, 1976). |

| Of the remaining components the malF gene product has been shown to be an
inner membrane component of apparent molecular mass approx. 40 000Da by
immunoprecipitation with antibodies raised against a malF-lacZ hybrid
protein (Shuman et al., 1980). The malK product has been identified as an
inner membrane protein of molecular mass 40 000-43 000Da (Bavoil et al,,
1980). However, in mutants lacking the MalG protein the malX product is found
in the cytoplasm, suggesting that the MalkK protein is associated with the
inner surface of the cytoplasmic membrane via an interaction with the MalG
protein (Shuman and Silhavy, 1981). In addi tion, the nucleotide sequences of
the genes malF (Froshauer and Beckwith, 1984), malG (Dassa and Hofnung, 1985)
and malK (Gilson et al., 1982a) have been determined. The molecular mass of
the MalG protein was deduced to be 32 188Da from the DNA sequence although
SDS-polyacrylamide gel electrophoresis of in vitro synthesised protein

| indicated an apparent molecular mass of 22 000Da. This discrepancy was

attributed to anomalous binding of SDS to the hydrophobic protein as has been
found for the lactose carrier protein (see section 1.1.4). Homology between

the malK gene and ndh coding for NADH dehydrogenase was found, Sugsm'_%ins

that the MalK protein may play a role in energisation, possibly involving an

i‘ oxido-reduction reaction.

|
The binding protein dependent transport syétems are sensitive to

inhibition by arsenate (Berger, 1973; Berger and Heppel, 1974) which lowers

intracellular ATP levels (Klein and Boyer, 1972). In addi tion, ATPase mutants

defective in oxidative phosphorylation could not energise binding protein

dependent transport systems with the respiratory substrate D-lactate or the

artificial electron donor ascorbate plus PMS, unlike shock resistant

10
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transport systems (see section 1.1.4). Glucose stimulated binding protein
dependent transport via substrate level phosphorylation (Berger and Heppel,
1974). This has been taken as evidence that the binding protein dependent
transport systems are energised by ATP, It has also been suggested that

acetyl-phosphate is the immediate source of energy for binding protein

dependent transport from experiments with mutants defective in
phosphotransacetylase and using metabolic inhibitors to inactivate acetate

kinase (Hong et al., 1979).

More recently evidence has been presented that the arginine-ornithine
binding protein involved in transport may be found in a phosphorylated or a
non-phosphorylated form (Celis, 1985). The non-phosphorylated protein could
be phosphorylated in vitro by incubation with ATP, magnesium ions, and a
phosphokinase enzyme from the periplasmic fluid. The dissociation constant of
the phosphorylated protein was 5.0uM compared with 0.1uM for the unmodified
protein. It was suggested that the modified protein was the active form
responsible for release of the ligand for its translocation through the
cytoplasmic membrane. The phosphoryl group was identified as most probably
being linked covalently to a carboxyl group on the protein. This was taken as
evidence that ATP is the direct source of energy for this active transport

system and that phosphorylation of the binding protein was involved in

utilization of that energy.

The presence of a nucleotide binding site on the HisP and maybe the HisM
proteins of the histidine transport system in S. typhimurium was demonstrated

by the use of the photoaffinity reagent 8-azido-ATP (Hobson_e__t al., 1984). The
HisP protein is highly homologous to the MalK protein of the E. coli maltose
transport system (Gilson et al., 1982b). The labelling of HisP by 8-azido-ATP

was reduced in the presence of ATP whilst other nucleotides had less effect,
This indicatéd that ATP or a closely related molecule is the natural
substrate for the site. Evidence for a nucleotide b}nding site on the HisP,
MalK and OppD proteins of the histidine, maltose anioligopepti de transport
systems has also been presented (Higgins et al., 1985). Extensive amino-acid

Sequence homology exists between these three proteins, and a consensus

nucleotide-binding sequence was identified in the same relative position in
each of them. Experimental evidence for OppD included binding of the protein

to a Cibacron Blue affinity column, which is known to retain many ATP-binding

11




proteins, and elution by ATP, and specific labelling by the nucleotide

affinity analogue 5'-p-fluorosulphonylbenzoyladenosine in a reaction which

i1s inhibited by ATP. These results were taken as evidence of direct
energisation of binding protein dependent transport systems by ATP or a

closely related nucleotide, and that the HisP, MalK and OppD proteins are

responsible for this energy coupling.

An inhibitor of g-ketoacid dehydrogenases, 5-methoxyindol e-2-carboxylic
acid, has been shown to be a potent and specific inhibitor of transport by
binding protein dependent systems; it had no effect on lactose transport by
proton symport or on glucose transport by the PTS (Richarme, 1985a). This
inhibition was much more rapid and complete than the effect of

5-methoxyindole-2-carboxylic acid on reducing the ATP pool. The binding
protein interaction with its substrate was shown to be unaffected.

5-Methoxyindole-2-carboxylic acid strongly inhibits lipoamide dehydrogenase,

although not affecting NADH dehydrogenase or lactate dehydrogenase
activities in E. coli, Subsequently it was shown using a mutant deficient in

the synthesis of lipoic acid that binding protein dependent transport Systems

were inhibited under conditions of lipoic acid deprivation, whereas lactose
and glucose transport were unaffected (Richarme, 1985b). The ATP levels under

conditions of lipoic acid deprivation and supply were similar. The lipoic

acid dependent transport was arsenate sensi tive, but the transport activity
remaining in lipoic acid deprivation was not inhibited by arsenate. It was

suggested that arsenate inhibition may result frfom in vivo reduction to

'arsen'ite which then acts as an inhibitor of thiol functions, and that a lipoic
acid dependent reaction might be the main target for arsenate inhibition of

binding protein dependent transport.

The mechanism of transport by the binding protein dependent systems can be
envisaged in two ways (Figure 1.3 from Ames and Higgins, 1983). In the 'pore

membrane components causes a conformational change|resulting in the

model the interaction of the binding pr’otein-substyate complex with the
formation of a pore within or between the proteins 'in the membrane and thus
allowing entry of the substrate into the cell. In the 'binding site' model a
substrate binding site is found on some or all of the membrane components, and
interaction of the binding protein-substrate complex would sequentially

'activate' one or more of the intramembrane binding sites resulting in the

12
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Figure 1.3 Models for transport by a binding proteﬁn dependent system
(from Ames and Higgins, 1983) ¢

The figure represents the components of the histidfne transport system in
S. typhimurium: J, binding protein; M, P, Q, membrane components. The two
possible models for transport, A, the 'pore' model, and B, the 'sequential

binding site' model, are described in the text.




substrate being transported through the membrane.

Evidence in favour of the second model comes from mutants which can
transport maltose in a strain with a non-polar internal deletion of malE. One
such strain has been shown to be mutated in the malF and malG genes coding for
membrane components of the maltosé transport system. This transport is
specific for maltose, and the transport activity is retained in spheroplasts
confirming the independence of any binding protein (Shuman, 1982). A further

series of similar mutants were found to be mutated either in malF or in malG.

In some of these strains maltose binding protein inhibited maltose transport
(Treptow and Shuman, 1985). It thus appears that the cytoplasmic membrane

components in the mutants possess a substrate recognition site. It is likely
that this site exists in the wild type cells but is only available to

substrate molecules bound to the maltose binding protein.

The lamB product, maltoporin (or A receptor), is found as a trimer in the

outer membrane (Palva and Westermann, 1979; Maezawa et al., 1983). Its
importance in maltose transport was demonstrated in ) resistant strains by
reduced maltose transport and reduced growth at l1ow maltose concentrations
(Szmelcman and Hofnung, 1975). Antibodies against purified maltoporin added
to a wild type strain had a similar effect on maltose transport at low
concentrations. The dissociation constant for maltose binding to maltose
binding protein was found to be approximately 100-fold higher in a i
resistant strain than in the wild type, where the value (1uM) was equal to the
in vitro value, whilst the maximum rate of transport r*emarined unaltered
(Szmelcman and Schwartz, 1976). In addi tion, the lamB strain was unable to
transport maltotriose, whilst even in the wild type full access of
maltotriose to the binding protein was not achieved, the dissociation
constant being approximately 13-fold higher than the in vitro value for
maltotriose binding, indicating that maltoporin was necessary for the

transport of higher oligomers of glucose.

/
Maltoporin may also facilitate the diffusion of other sugars, for in a

J .
strain lacking other porin proteins the transmembrane diffusion of glucose

and lactose was aéceler‘ated in the presence of maltoporin, although there was

no such effect for histidine or 6-aminopenicillanic acid (von Meyenburg and

Nikaido, 1977). The presence of a binding site within maltoporin was
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demonstrated by the selection of mutants in lamB wi th enhanced affinity for

maltose but not starch, or for starch but not maltose (Clune et al.,, 1984).

Conflicting results have been presented on the role of the maltose binding
protein in the general porin activity of maltoporin. Addition of maltose
binding protein gave steps in a conductance measurement experiment
indicating the opening and closing of channels (Neuhaus et al.,, 1983). It was
suggested that the association of the maltose binding protein with maltoporin
altered the equilibrium in favour of closed channels. However, in a porin
deficient strain measurement of lactose uptake under conditions where
transport was limited by diffusion through maltoporin indicated no

difference in kinetics irrespective of whether the strain was malE’ or

carried a malE deletion (Brass et al., 1985).

Interaction of the maltose binding protein with maltoporin in relation to
the transport of maltodextrins has been demonstrated (Wandersman et al,,
1979). The wild type grows equally well on maltose and on maltodextrins of up
to seven glucose residues. Some mutants which were unable to grow on
maltodextrins higher than maltotriose but could still grow on maltose were
affected in malE (the maltose binding protein). The phenotype was the same as
for a lamB mutant. The malk mutants were altered in substrate binding

properties but in such a way that the highest affini ty was for the

maltodextrins on which the strain could not grow. The malE mutants were
resistant to inhibition of maltose transport by maltotetraose in a way
analogous to a lamB mutant, indicating that the tetraose could not reach the
periplasm. Thus these malE mutants were impaired in their ability to
transport maltodextrins across the outer membrane. A direct physical
interaction between maltose binding protein and maltoporin has been
demonstrated using maltose binding protein linked to Sepharose (Bavoil and
Nikaido, 1981). On passing an extract of the outer membrane through such a
column, maltoporin was quantitatively and specifica‘llly adsorbed, whereas no

binding was observed using activated Sepharose alore or Sepharose linked to
)
the histidine binding protein of S. typhimurium.
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1.1.4 Proton symport

Proton symport systems belong to the class of transport systems which are

resistant to cold osmotic shock (Neu and Heppel, 1965). A more useful |
distinction is that such shock resistant systems remain active in subcellular |

vesicles, indicating that no cytoplasmic or periplasmic components are

required for transport. The use of vesicles has provided a means of studying
transport by these systems under more closely defined conditions than is

possible with intact cells.

Proton symport is one way that can be envisaged to utilise the
electrochemical potential, or proton motive force (pmf), across the membrane
to energise transport (Mitchell, 1961). The pmf is generated by the electron
transport chain from oxidative respiration, or from ATP hydrolysis by the
F,F,-ATPase complex under non-oxidative conditions. In either case protons

are expelled from the cell, setting up a chemical gradient of protons across

the membrane and so a pH difference (inside alkaline) and also a potential
difference (inside negative). These two effects sum to give the
electrochemical potential, Aug+t, or proton motive force, Ap (Mitchell, 1970 &
1976; Rosen and Kashket, 1978):

Fay — 2.3RTApH

Ap AY — ZApH

This proton extrusion may be viewed as primary transport, and the sugar
transport resulting from the coupling of the pmf produced to uptake as

secondary transport (Rosen and Kashket, 1978).

The most studied proton symport system is that for lactose in E. coli.

Evidence that the system operates by proton symport has been provided by a
variety of experiments. An alkaline pH change is observed on addition of
substrate (West, 1970; West and Mitchell, 1972). Uncouplers stimulate the
downhill transport of substrate in energy depletedlcells by dissipating the
initial unfavourable pmf developed by the transpor) (Cecchini and Koch,
1975). An artificially produced pmf in cells deple@ed of endogenous energy
reserves provided energy for transport of galacto;ides‘and this could be

achieved by either a ApH or a Ay (Flagg and Wilson, 1977). Transport activity

in vesicles could be driven by various electron donors with an effectiveness

which correlated with their ability to generate a pmf (Ramos et al., 1976). By
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using valinomycin to abolish Ay or nigericin to abolish ApH at pH5.5 lactose
transport was found to depend on both components of the pmf; at pH7.5 only Ay

was available to energise transport (Ramos and Kaback, 1977a&b).

A stoichiometry of 1:1 for protons:lactose was initially measured at pH7.0
from parallel uptakes of lactose and protons in cells and extrapolation to
zero time (West and Mitchell, 1973). Extrapolation to zero time is required
because as time increases protons leak out of the cell due to the pH
difference which builds up across the membrane, restoring the pmf at
equilibrium, However, it has been claimed that in subcellular vesicles the pmf
is insufficient to account for the accumulation of substances e.g. lactose
which is found to occur at pH7.5, assuming a stoichiometry of 1:1 for
protons:lactose (Ramos and Kaback, 1977b). Further work suggested that the
stoichiometry varied with pH from 1:1 at pH5.5 to 2:1 for protons:lactose at
pH7.5 (Ramos and Kaback, 1977c). This was in agreement with a model put
forward by Rottenberg (1976) based on the assumption that the inward moving
complex of carrier, proton(s) and substrate must be neutral. However, the

values for the stoichiometry put forward by Ramos and Kaback were determined

using the equation:

Zlog([sji/[sjo) = (n+m)Ay - nZApH
which only holds if substrate is accumulated until it reaches thermodynamic
equilibrium with the pmf. Kaback's conclusions are disputed by Booth et al.
(1979,1980) who claim that accumulation reaches a kinetic steady state and
who present evidence that a thermodynamic steady state is not reached. At no
point over a pH range of 5.9-8.7 was the lactose accumulation and the pmf in
equilibrium but throughout this range the pmf was in excess of what was

required for the transport observed, indicating that the accumulation was
governed by Kinetic factors. These workers have found a value of 1:1 for the
proton:lactose stoichiometry in intact cells throughout the pH range 6.5-7.7,
which is supported by a stoichiometry of 1:1 found 5 the pH range 6-8 by
Zilberstein et al. (1979). In both these cases the v;lue was obtained by
direct determination from measuring proton and lac;ose uptake in parallel

experiments. Stoichiometries and possible kinetic models are reviewed by West
(1980). ”

The lactose carrier protein is susceptible to inhibition by

N-ethylmaleimide and has been labelled using radioactive N-ethylmaleimide
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with prior protection by thiodigalactoside (Fox and Kennedy, 1965). This

allowed the identification of the protein by SDS-polyacrylamide gel
electrophoresis as having an apparent molecul ar mass of 30 000Da (Jones and
Kennedy, 1969). This apparent molecular mass was also observed for lactose
carrier labelled with the photoaffinity reagent 4-nitrophenyl-q-D-
galactoside which was specific for the lactose carrier (Kaczorowski et al,,

1980).

Cloning of the lacY gene allowed overexpression of the lactose carrier
protein and again an apparent molecular mass of 30 000Da was observed by SDS-
polyacrylamide gel electrophoresis (Teather et al.,, 1978). The DNA sequence of
the lacY gene revealed the true molecular mass of the LacY protein to be
46 502Da (Buchel et al., 1980). The in vitro lacY gene product was identical
to the in vivo lactose carrier isolated from cytoplasmic membranes as
determined by apparent molecular mass and N-terminal sequence analysis, and
the amino acid composition of the in vivo product was in good agreement with
that predicted by the DNA sequence (Ehring et al.,, 1980). This indicated that
the lower molecular mass of the protein compared with that predicted by the

DNA sequence was not the result of post-translational modification.

It has been suggested that the di screpancy between the molecular mass
deduced from the DNA sequence and that observed by SDS-polyacrylamide gel
electrophoresis is due to abnormally high binding of SDS by the lactose
carrier (Beyreuther et al., 1980). The resulting increased charge-to-mass
ratid causes the protein to run ahead of its true molecular mass. This effect
can be overcome at sufficiently high gel concentrations where the molecul ar
sieving factor predominates, and a value of 46 000Da is found by SDS-
polyacrylamide gel electrophoresis on gels of 20% or more. The molecular mass
of the lactoée carrier has also been determined by gel filtration in
hexamethylphosphoric triamide giving a value of H’Z‘ 500Da (Konig and
Sanderman, 1982) in agreement with the value determined from the DNA sequence.
The cysteine residue which is labelled by N-ethylmaleimide has been

ldentified as Cys'*® (Beyreuther et al., 1981). g

The lactose carrier has been purified and reconstituted into
proteoliposomes which are active in counterflow and energised transport

(Newman et al.,, 1981; Viitanen et al., 1984; Wright and Overath, 1984). These
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| results indicate that the carrier protein is the ohly polypeptide species ’
required for active galactoside transport. However, the maximum rate of
active transport was considerably lower than in cells, although similar to

the value found for cytoplasmic vesicles..

The secondary structure of the lactose carrier protein has been proposed ‘
to consist of at least 12 g~helical segments spanning the membrane (Foster y
et al., 1983). This is based on circular dichroism measurements of the
purified protein, which indicate 85% of the amino acids to be in helical
secondary structures, and the hydropathic profile of the protein. However,
until sufficient membrane proteins have their structures determined by

physical methods any such predictions cannot be considered to be reliable.

The translocator has been found to be intrinsically symmetrical, since
both right-side out and inside out vesicles exhibit similar rates of flux by
efflux, counterflux and potassium/valinomycin induced active transport
(Teather_gE g}n 1977). In addition, using inverted vesicles counterflow has
been demonstrated in either direction, the efflux of internal lactose was
driven by respiration or ATP hydrolysis dependent on the F,F,-ATPase, and
accumulation of lactose against a concentration gradient was achieved by the
formation of an artificial pmf with Ay negative inside or ApH basic inside

(Lancaster and Hinkle, 1977).

It has been proposed that the pmf imposes asymmetry to the system such
that the carrier has a high affinity for its substrate on the outside, and a
low affinity on the inside, of the membrane. It has been suggested from a
comparison of the Kt of exit and entry in energised cells and cells poisoned
with metabolic inhibitors that the effect of energy coupling is to reduce the
affinity of the carrier for its substrate on the inner surface of the
membrane, since no apparent change in Kt of entry was observed whilst Kt for

1966). It has also been reported that the affinity

exit decreased by approximately two orders of magnjtude (Winkler and Wilson,
f the galactoside binding

site on the carrier is much lower (approx. 60-fold) than the half saturation
constant for active transport; this increase in aﬁfinity has been considered

in terms of a change in the affinity of binding or an increase in mobility of

the loaded carrier in the presence of the pmf (Wright et al,, 1981).
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The generation of a pmf was also observed to decrease the apparent Km for

lactose by at least 100-fold compared with the value under de-energised |
conditions by Robertson et al.(1980). This low apparent Km could be elicited
by either ApH or Ay. a decrease in Km, and partial dissipation of the pmf

resulted in biphasic kineties of transpor"t with one component characteristic i
of active transport and the other of facilitated diffusion. This was evidence |
that the pmf alters the distribution of the lactose carrier protein between

two kinetic states. It was tentatively suggested that the carrier protein may

exist in two forms, the monomer responsible for catalysing facilitated

diffusion and the dimer responsible for catalysing active transport, and that
the pmf promotes the aggregation of monomers to dimers. It was also
acknowledged that a change in the rate 1imi ting step for transport by the pmf
could account for these results without a change in the structural state of

the carrier.

Evidence in support of the lactose carrier being active as a dimer came
from the discovery of negative dominant mutations in the lacY gene
(Mieschendahl et al., 1981). The presence of dimers or oligomers as the active
form of the carrier is the easiest way to explain such mutants. However,
measurements of the rate of galactoside transport in diploid strains did not
verify the negative dominant mutant phenotype (Wright et al., 1983). In
addition, purified lactose carrier was shown to be a monomer by sedimentation
equilibrium in detergent micelles of dodecyl-maltoside, a nonionic detergent
not expected to disrupt protein-protein interactions and in which
galactoside is bound with a 1:1 stoichiometry (Wright et al., 1983). It was
also noted that the affini ty change observed with lactose on energisation of
the membrane was not found for all substrates, e.g. TDG. As a result it was
suggested that the membane embedded carrier functions as a monomer in

transport.

Studies by radiation inactivation analysis and cttermination of the

functional molecular mass by target theory suggesteld that the pmf may cause
)
an alteration in subunit interactions and indi cated that the functional

molecular mass of the lactose carrier might be a dimer (Goldkorn et al,,

1984). After irradiation the protein was extracted with octyl-g-D-glucoside,
reconstituted into proteol iposomes, and assayed for transport activity. For

non-energised vesicles the functional molecular mass was determined to be
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45 000-50 000Da, whereas for energised vesicles the functional molecular mass
of the lactose carrier was 85 000-100 000Da, whilst no change in the target

size of the control lactate dehydrogenase was observed. When the vesicles
were energised under conditions in which the pmf was collapsed the target
size of the lactose carrier was also 45 000-50 000Da. Two possibilities were
suggested to explain these results: (i) in the non-energised membrane the

lactose carrier is a monomer and dimerisation occurs in the presence of the

pmf; (ii) the membraneous lactose carrier is always a dimer and generation of

the pmf causes an increased interaction between the subunits.

Purified lactose carrier in the non-ionic detergent dodecyl octaethylene

glycol monoether, a detergent that appears to maintain the trimeric state of

maltoporin, was used to determine the molecular mass of the carrier by
analytical ultracentrifugation and gel filtration (Houssin_gE al., 1985).
These experiments indicated that the lactose carrier existed mainly as a
dimer in this detergent, and it was suggested that this may reflect the
situation that prevails in the membrane. During centrifugation to determine
the sedimentation equilibrium it was noticed that some of the dimer
dissociated to monomer. It was suggested that such dissociation may be more
pronounced in dodecyl maltoside explaining the results of Wright et al.(1983)

where only a monomer was found.

Proteolysis experiments with right-side out and inside out vesicles
containing photoaffinity labelled lactose carrier protein demonstrate
directly that the polypeptide spans the membrane (Goldkorn_gE al.,, 1983).
Studies with antibodies have yielded further information on the structure and
function of the lactose carrier protein. Site directed polyclonal antibodies
against the C-terminal decapeptide indicated that the C-terminus is directed
towards the cytoplasmic surface of the membrane (Seoklerlgz al., 1983).
Binding of these antibodies did not inhibit substrate binding or

translocation.

/
One monoclonal antibody, 4B1, has been producedﬂwhich inhibits transport,

but only those reactions involving net proton traﬂslocation;the antibody has

little effect on equilibrium exchange and no effect on the ability of the

vesicles to generate a pmf from reduced PMS, or on the ability of the carrier

to bind a high-affinity ligand, p-nitrophenyl-q-D-galactoside (Carrasco
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et al., 1984a). This antibody, and another monoclonal antibody, 5F7, bind to
distinct non-overlapping epitopes on‘the lactose carrier protein. It has been
shown that these antibodies bind to spheroplasts and right-side out vesicles,
but only slightly to inside out vesicles (Herzlinger_gg.gl" 1984). This
demonstrates that the lactose carrier has an asymmetric orientation within
the cytoplasmic membrane and that the epitopes for both these antibodies are
located on the periplasmic surface. It also appears that, with regard to the

4B1 epitope at least, the lactose carrier protein in reconstituted

proteoliposomes has the same orientation as in the native membrane, since the
antibody bound to proteoliposomes with a stoichiometry very close to that

observed for right-side out vesicles.

However, although antibodies directed against a C-terminal dodecapeptide
located the C-terminus of the carrier on the cytoplasmic surface of the
membrane in vesicles, these antibodies bound stoichiometrically in the same
manner as antibody 4B1 to proteoliposomes. This indicated that in
proteoliposomes the 4B1 epitope and the‘C—terminus of the carrier were
present on the exterior surface (Carrasco.gg al.,, 1984b). Furthermore,
digestion with carboxypeptidase A and B reduced the binding of the anti-C-
terminal antibodies by more than 80%, while the binding of antibody 4B1 and

transbort activities were essentially unaffected. It was suggested that
during reconstitution the lactose carrier protein undergoes intramolecular
dislocation of the carboxyl terminus with no significant effect on catalytic
activity. The epitope of another site directed polyclonal antibody, present
on the cytoplasmic surface of the membrane in vesicles, was inaccessible in
protecliposomes, providing evidence that a significant number of molecules

were not scrambled in the reconstitution system.

The orientéfion of the lactose carrier in native and reconstituted
vesicles has also been investigated by Seckler and Wright (1984) using

antibodies against the C-terminal decapeptide and carboxypeptidase. A1l
accessible external C-termini were digested with carpoxypeptidase A followed
by detection of any remaining internal C-termini wi;h labelled antibody after
electrophoresis and blotting. Alternatively, external C-termini were labelled
With the antibody. Spheroplasts and right-side out vesicles were thus
confirmed to contain the carrier molecule in a single orientation. In

Proteoliposomes only 48% of the carrier molecules were orientated in the same
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way as in the cell. Cycles of freeze-thawing or sonication resulted in a

reshuffling of the carrier molecules between the inside out and right-side
out populations, while maintaining 41% in the right-side out orientation.
Digestion of the C-terminus was again found to have no effect on transport

properties.

It has also been shown that the first eight N-terminal amino acids of the
LacY protein can be replaced by varying amounts of the N-terminus of
B-galactosidase without impairing lactose carrier activity qualitatively
(Bocklage and Muller-Hill, 1983). However, the N-terminal region from amino
acid 9 to 34 is required. These LacZ-LacY hybrids were shown to transport
in vivo and have a similar affinity for TDG to the wild type although a
reduced maximum velocity; immunoblotting indicated that the hybrid was

present in the membrane (Griesser et al., 1983).

Histidine residue(s) have been implicated in the response of the lactose
carrier to the pmf (Padan et al., 1979; Garcia et al., 1982).
Diethylpyrocarbonate inactivated lactose transport and counterflow in
vesicles but this effect could be blocked by substrates of the carrier
protein. Lactose counterflow was regenerated by subsequent exposure to
hydroxylamine which reacts to regenerate a histidine imidazole ring. The
variation of the effect of diethylpyrocarbonate with pH was very similar to
that for reaction with histidine, and it was determined that acylation of z
single site in the transport system was sufficient for inactivation. However,
the abiiity of the carrier to bind ONPG or to catalyse facilitated diffusion
of lactose was unaffected. Treatment with diethylpyrocarbonate was shown to
confer biphasic kinetics on the lactose transport system, analogous to the
biphasic kinetics observed on partial dissipation of the pmf, but with no
reduction in the pmf. It was concluded that histidine residues are involved
in the response of the lactose carrier to the pmf. Diethylpyrocarbonate was

\
observed to cause inactivation of lactose-induced prfton influx in vesicles,

The rate of lactose facilitated diffusion was enhanc’d in a manner similar to
the effect of the proton uncoupleéer CCCP, but without increasing the
permeability of the membrane (Patel et al., 1982). Ié was‘suggested that the
altered lactose carrier catalysed lactose influx without the symport of
protons. The hypothesis was put forward that acylation of a histidine

residue(s) in the lactose carrier dissociates lactose influx from proton
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influx, and that this residue plays an important role in the pathway of proton

translocation.

However, diethylpyrocarbonate is reported to inhibit completely the
binding of the substrate p—nitrophenyl-g-D-galactoside to the carrier, and
with partial inhibition loss of transport was found to parallel loss of
binding sites (Neuhaus and Wright, 1983). The modified carrier molecules were
completely inactive, while the remaining active carrier molecules exhibited
normal transport and binding parameters. Substrate binding could not be
regenerated by treatment with hydroxylamine. Thus it was suggested that there
is no direct evidence for the involvement of histidine residues in coupling

transport to the pmf.

Deuterium oxide has no effect on the initial rate of accumulation in
vesicles, but that of efflux is retarded over three fold in deuterium
(Viitanenlgg al., 1983). Also, counterflow at saturating external lactose
concentrations is independent of the solvent, but at subsaturating
concentrations the efficiency of counterflow is stimulated by deuterium.
These observations indicated that protonation or deprotonation was not rate

determining for uphill lactose transport in the presence of a pmf.

Experiments reconstituting lactose carrier transport activity in
proteoliposomes composed of different phospholipids have indicated that the
amino group of amino phospholipids (e.g.phosphatidylethanolamine,
phosphatidylserine) is required for the full function of the lactose carrier
(Chen énd Wilson, 1984). Blockage of the amino group by either
trinitrophenylation or methylation greatly reduces the function of the
carrier. Partial restitution of transport activity was obtained by detergent
extaction of the carrier from inactive proteoliposomes and reconstitution

into proteoliposomes containing normal E. coli lipid.

1

The N-ethylmaleimide reactive sulphydryl group hads been shown not to be
freely accessible from the external medium using va;]oué,géleimides
including hydrophobic and impermeant ones (Cohn_gE E;" 1981). Also, the
substrate binding site of the lactose carrier has béen implicated to lie
within a segment(s)‘of the protein which is embedded in the lipid bilayer,

since proteolysis of vesicles had no effect on substrate binding (Goldkorn
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et al., 1983). The location of the galactoside binding site was further }

identified as being within the carrier with respect to both the lipid and i

aqueous phases, and the suggestion was made that this binding site H
communicates with the aqueous phase through a pore (Mitaku et al.,, 1984). ‘
These workers determined the posi‘;ion of %luorophor'es specifically bound to u
the lactose carrier by the use of various collisional guenchers. The ;
fluorophores were the pyrenyl residue of N-(1-pyrenyl )-maleimide attached to ‘

Cys'*®, which is presumed to be at or near the galactoside binding site, and

the dansyl moieties of a series of fluorescent substrate molecules. The
position of these fluorophores within the lipid phase was determined using
nitrosyl-labelled fatty acids and phospholipids carrying the quencher at ‘H
different positions in the acyl chain, and the accessibility of the

. fluorophores from the aqueous phase was ascertained using a water-soluble

quencher, the N-methylpicolinium ion.

Site directed mutagenesis of Cys!“® has been used to convert this residue
to glycine (Trumble et al.,, 1984) and to serine (Neuhaus et al.,, 1985). In both
cases the mutant carrier was much less sensi tive to inhibition by
N-ethylmaleimide, and TDG provided no protection against the residual slow
inactivation, confirming that Cys!“® is the residue labelled by
N-ethylmaleimide. However, although the rate of transport was found to be
reduced, both mutants were capable of active transport. Thus it would appear
that Cys!'*® is not essential for lactose-proton symport. Neuhaus et al.

suggested that the inhibition caused by N-ethylmaleimide may result from
alkylation of the side chain prohibiting access of the substrate to the

binding site by steric hindrance.

Mutants of the lacY gene have been descri bed which transport maltose (not

normally a substrate for the lactose carri er) independently of all normal

maltose transport system components in a strain constitutive for lacy

expression (Shuman and Beckwith, 1979). The alteredjtactose transport system

still transported lactose, had a decreased ability )

and had an increased affinity for ONPG and TMG. Similar mutants able to grow

/o transport melibiose,

on maltose have been described by Mieschendahl et al.( 1981 ). A malB strain
having a wild type lacY gene could apparently grow on 0.1M maltose plus IPTG
(a gratuitous inducer of the lac operon) but not on normal concentrations

(bmM) required for growth in a malB” strain, indicating a low affini ty for
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maltose in the wild type lactose carrier. The DNA sequences of some of these
mutants have been determined (Markgraf et al,, 1985). A mutant in lacY able to
grow on 5mM maltose in the absence of the maltose transport system, but only
able to grow on elevated concentrations of lactose (0.1M), was shown to have a
single base change resulting in Thr2é¢ bec;oming an isoleucine residue. Another
mutant only able to grow on hi gh concentrations of lactose but unable to grow
on maltose, was shown to have a si ngle base change such that Tyr2® became an
aspartate residue. A further 18 mutants in the lactose carrier able to
transport maltose have been described and their DNA sequences determined
(Brooker and Wilson, 1985). In these cases single base pair changes caused
replacement of Ala'?’” with valine or threonine, or of Tyr23¢ with
phenylalanine, asparagine, serine or hi stidine. The mutants at position 177
retained the ability to transport galactosides such as lactose or melibiose
at rates similar to the wild type. However, the mutants at position 236 were
defective in the ability to transport galactosides. The residues Alal”’’? and
Tyr?®® are located on adjacent hydrophobic segments of the lactose carrier
pr:otein that are predicted to span the membrane, further suggesting that the
substrate recognition site of the lactose carrier is located within the lipid

bilayer.,

An energy uncoupled mutant of lacY was isolated and found to have a
greatly reduced ability to accumulate lactose analogues (approximately 10%
of the capacity of the parental strain) despite an increase in total membrane
carriers (WOnge_t al.,, 1970). Exit of TMG occurred faster than in the parental
strain, explaining the inability of the mutant to maintain high intracellular
concentrations of galactosides. Growth was normal at high concentrations of
lactose but the mutant was unable to grow at low concentrations. The defect
was inferred to be in the coupling of metabolic energy to lactose transport,
and was oons;stent with the hypothesis that the eénergy requiring step in
transport is a change from high affinity to low affini ty for substrate at the

inner surface of the membrane (Winkler and Wilson, 1966).

Vesicles of the uncoupled mutant described by Wong et al.(1970) have been

shown to be defective in the ability to accumulate;-TMG in the presence of a

pmf, and exhibited reduced TMG-induced proton influx (H‘erzlinger et al,,
1985). However, vesicles of the mutant strain bound p-ni trophenyl-q-D-

galactoside and the monoclonal antibody 4B1, and catalysed facilitated
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diffusion and equilibrium exchange, as well as the wild type vesicles. The
effect on counterflow at saturating and subsaturating substrate
concentrations was similar to that of deuterium oxide (Viitanen et al., 1983),

and the isotope had no effect on the mutant vesi cles.

It was suggested that the mutation results in a lactose carrier molecule
with a higher pKa, limiting the rate of deprotonation or altering the
equilibrium between protonated and deprotonated forms (Herzl inger et al,,
1985). A monoclonal antibody against a cytoplasmic epitope which is partially
related to the C-terminus of the lactose carrier exhi bited reduced binding to
inside out mutant vesicles. In view of the finding that carboxypeptidase
digestion of the C-terminus of the wild type carrier does not inhibit
transport (Carrasco et al.,, 1984b), it was suggested that the mutation
probably causes a conformational change in the C-terminal region rather than
actually occurring there. This view was supported by the finding that
polyclonal antibodies directed against specific hydrophilic segments
elsewhere in the protein exhibited altered binding to the mutant vesicles

compared with the wild type, indicating a significant alteration in the

conformation of the protein.

Another mutant was described as being energy uncoupl ed, having a severe
defect in active transport of TMG with no reduction in the total membrane
carriers (Wilson_e_zE al., 1970). Again TMG exit occurred faster than in the
parent, and accumulated to only 17% of the level observed for the parental

strain.

The effective inflow of protons caused by the addition of TMG was much
reduced in both mutants described compared with the parental strains (West
and Wilson, 1973). In both mutants the defect in accunulation was most
striking at about pH5.8 and became progressively less marked at higher pH. It

was shown that there was no loss of the ability to establish a pH difference

coupling in these mutants such that the stoichiometr
I
Substrate was decreased several fold. The mutation was shown to map at the

across the membrane. The suggestion was made that there was a defect in energy
for protons to

extreme C-terminus of the lacY gene or to be a dele‘éion between the lacY and

the adjacent lacA genes by Hobson et al.(1977).
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However, this mutant has subsequently been shown to possess normal coupled
Symport and its phenotype has been attributed to the lower rate of transport

it exhibits (Wright and Seckler, 1985). Both the maximum velocity for active
transport and the level of accumulation of TDG were lower in the mutant at

PH6, although no different from the parental strain at pH8-9. At pH6 and 1low

galactoside concentrations the symport stoichiometry was shown to be close to
1:1 for both the mutant and the parental strains. The mutant carrier was shown

to be similar to the wild type in terms of apparent molecular mass, C-terminal

sequence, and level of incorporation into the membrane, using a C-terminal

directed antibody.

1.1.5 Melibiose-Na* cotransport

The cotransport of sodium ions and TMG by the melibiose transport system

of Salmonella typhimurium was first identified by Stock and Roseman (1971). A

second permease for TMG in<§.££g£'was discovered which was inducible by
melibiose or galactinol, and in E. coli K12 was temperature sensitive
(Prestidge and Pardee, 1965). Using strains deleted for the lactose transport
system it was shown that the transport of TMG by this melibiose transport
system of E. coli was dependent on sodium ions (Tsuchiya et al.,, 1977). An
inwardly directed electrochemical gradient of sodium ions resulted in

accumulation of TMG. Conversely, addition of TMG gave a transient
acidification of the medium in the presence of sodium ions. In the absence of
sodium ions no pH change was observed. This acidification was attributed to
sodium ions moving inwards causing a charge imbalance such that protons moved
out of the cell to compensate. These effects were specific to sodium or

lithium ions; a pH gradient caused no uptake of TMG.

Use of a sodium electrode provided direct evidence for sodium cotransport.
On addition of TMG the sodium ion concentration in the medium decreased. The
stimulation of TMG uptake by sodium and lithium ioné was due to an increase
in the affinity of the carrier for the substrate; th; Kp decreased while the

VmaX remained essentially unchanged (Lopilato_gE g&u 1978).
! :

The decrease in-external sodium ion concentration on addition of TMG was
only observed for induced cells, and ocurred with melibiose, TDG, methyl-g-D-

galactoside,methyl—8~D—galactoside,and galactose in addition to TMG. In the
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absence of sodium or lithium ions, an alkalinization of the medium indi cating
Sugar-proton cotransport was observed but only for melibiose and methyl-o-D-
galactoside (Tsuchiya and Wilson, 1978). However, when sodium ions were

present monitoring the pH revealed an acidification on addition of mel ibiose,

as with TMG, consistent with the entry of sodium ions with the sugar.

Although both lithium and sodium ions stimulated TMGC uptake by the
melibiose transport system, 1ithium ions inhibited the transport of melibiose
(Tsuchiya et al.,, 1978). Thus, the cation specificity for the melibiose
carrier varies with different substrates. By measuring radioisotope-labelled
melibiose transport it was four_'ld that in the presence of lithium ions the Km
of melibiose transport is reduced to approximately the same value as by
sodium ions, but with lithium ions the Vmax is also severely reduced (Tanaka
et al,, 1980). It was also shown that in a sodium free medium melibiose or
methyl-a-D-galactoside stimulated the rate of proton entry in response to an
acid pulse with the same characteristics as the melibiose carrier (Tsuchiya
et al., 1980), indicating an obligatory coupling between protons and melibiose

translocation in the absence of sodium ions.

Use of a 1ithium ion selective electrode has shown that lithium influx
occurs with TMG, methyl-a-D-galactoside, methyl-g-D-galactoside and galactose
in the presence of a functional melibiose carrier (Tsuchiya et al.,, 1983).
Melibiose itself gave a small lithium uptake indi cating inefficient
melibiose-lithium cotransport and maybe providing an explanation of the

inhibitory effect of lithium ions on melibiose transport.

Various mutants in the cation coupling of melibiose transport have been
described. In one case the mutants had lost the ability to utilise protons,
had retained the ability to utilise sodium ions, and had gained the ability to
utilise lithium ions for cotransport with melibiose (Niiya et al., 1982). In
addition, TMG and methyl-g-D-galactoside were no longer substrates (Tsuchiya
et al, 1983). Camparison of five such independent mutants with the wild type
nucleotide and amino-acid sequences of the melB geng (Yazyu et al., 1984)
indicated that in each case Pro*?? was replaced with 'serine (Yazyu et al.,
1985). A second mutation in these strains in the soéium—pr‘oton exchanger was
shown to be unlinked (Shiota et al.,, 1984). Another category of mutants had

become resistant to lithium ions, but could not utilise lithium in
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cotransport with melibiose; these mutants had also lost coupling of melibiose

transport to protons although retaining coupling to sodium ions (Shiota

et al., 1985).

Experiments using vesicles have indicated that energisation causes a

large increase in the Vpay of TMG-sodium cotransport with little or no

apparent change in K (Cohn and Kaback, 1980). A similar result has been found
for melibiose-sodium cotransport, although for melibiose-proton cotransport

imposition of the membrane potential affected the apparent affinity constant

selectively (Bassilana et al., 1985).

The gene product of melB has been indicated to have an apparent molecular
mass of 30 000Da from SDS-polyacrylamide gel electrophoresis of
proteoliposomes reconstituted from induced and uninduced preparations
(Hanatani et al.,, 1984). Further experiments to substantiate this
identification, for example, overexpression of the cloned gene, would be of
value. The molecular mass from the DNA sequence is 52 202Da (Yazyu et al,,
1984). This discrepancy is attributed to a similar effect as for LacY, an
increased binding of SDS to the hydrophobic protein. The carrier has also
been solubilised and reconstituted into proteoliposomes (Tsuchiya et al,,

1982; Wilson et al., 1985).

1.2 Xylose

Xylose enters the cell by an active transport system and is isomerised to
D-xylulose then phosphorylated to xylulose-5-phosphate which enters the
pentose phosphate pathway. The enzymes of xylose metabolism and transport in
E. coli have been shown to be coordinately controlled and induced by xylose
(David and Weismeyer, 1970). In addition the induction of all three enzymes

(transport, xylose isomerase, and xylulokinase) was sensitive to actinomycin
D and chloramphenicol and was, therefore, attribute to de novo enzyme
synthesis. The enzymes were also all subject té catapolite repression by
glucose and by glycerol. Pleiotropic negative mutants exhibited a reversion
frequency comparable with that of mutants deficient in only one of the three

enzymes, indicating a common controlling element.
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The equivalent systems in Salmonella typhimurium have also been shown to

be xylose inducible (Shamanna and Sanderson, 1979a). The transport of xylose
was found to be inhibited by D-xylitol and to a lesser extent by L-arabinose,
and it was assumed that this was a result of competition, Osmotic shock
reduced the transport by 50% and a bindiné protein was detected. Xylose
transport was claimed to be by only one system having a Km of 0.41mM, although
it was reported that E. coli possessed two transport systems with Kms of 110
and 24uM;, it should be noted that 24uM is an unusually high Ky for a binding
protein dependent system. The tranéport in S. typhimurium was induced by L-
arabinose in addition to D-xylose. The genetics of xylose metabolism and
transport in S. typhimurium indicated that the genes involved were clustered
at 78min on the chromosome map, and under positive control by the regulatory
gene xylR (Shamanna and Sanderson, 1979b). The presence of nonsense mutations
which were pleiotropic negatives, ahd the high frequency of pl elotropic
negative but absence of constitutive mutants, provided evidence of positive
control; F'xylR"/xylR partial diploids were Xyl® indicating that the
pleiotropic negatives could not be due to a super-repressor for negatlve

control as this would be dominant over xy1R*.

Evidence for a xylose-proton symport system in E. coli has been provided
by Lam et al. (1980). An alkaline pH change which was susceptible to the
action of uncouplers was elicited on addi tion of xylose to energy-depleted
cells. Transport of ['“C]-xylose occurred in energised vesicles and uptake in

both cells and vesicles was inhibited by uncouplers. Xylose transport was not

Susceptible to inhibition by fluoride or arsenate, however. It was concluded
that transport was energised by the proton motive force rather than directly

by phosphorylation or by the PTS. In addi tion, both the induction of transport
and the transport activity were shown to be specific for xylose of the sugars

tested (D-ribose, L-arabinose, fucose, IPTG).

The presence of a binding protein dependent xylose transport system has
been demonstrated by the isolation of a D-xylose binding protein (Ahlem
et al., 1982). The binding protein had an apparent molecular mass of 37 000Da
from SDS- polyacrylamide gel electrophoresis and amino acid analysis, and was
specific for xylose (out of a wide range of sugars tested) with a Kd of 0.6uM,
Two transport systems for xylose were indicated by uptake studies, with

reported Ky values of 5 and 25uM. Osmotically shocked cells showed
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preferential reduction of the high affini ty system, in line with the general

nature of binding protein dependent systems.

It would, therefore, appear that E. coli possesses both a proton symport

system and a binding protein dependent system for the transport of D-xylose.

The gene coding for xylose isomérase, XylA, has been cloned by several
groups, and the DNA sequence has been determined (Schellenberg et al., 1984).
A sequence resembling a rho-independent transcriptional terminator was
identified downstream of the XylA gene and preceding the region coding for
the xylB gene. The DNA sequence reported by Briggs et al. (1984) appears to
contain some errors and as a result the protein sequence deduced from it
terminates prematurely. However, contrary to the finding of Schellenberg
et al,, cloning and identification of promoters indicated that the XxylA and
XylB (xylulokinase) genes were organised as an operon with XylA promoter
proximal (Rosenfeld et al., 1984). The cloned E. coli genes also complemented
S. typhimurium mutants in xylose isomerase, xylulokinase, and a xylose

regulatory gene (Maleszka et al.,, 1982).

1.3 Bacteriophages Mud(ApRlac) and AplacMu

1.3.1 Bacteriophage Mu

Bacteriophage Mu may lysogenise on infecting E. coli, but is unusual among
temperate phages in that it may integrate at random anywhere around the
chromo.some. If there is a specific host sequence for an integration site it
must be very short. Mu, or the mutator phage, gives approx. 2% lysogens with a

new nutritional requirement, mutagenesis being caused by prophage insertion
into the relevant gene. Within a lysogenic population the mutation frequency
of any particﬁlar gene is 50-100 times greater than its spontaneous mutation
frequency (Howe and Bade, 1975), although this frequ(ency may be reduced if the
gene concerned is transcribed at a high rate during Mu infection. In addition
Mu-induced mutations are very stable with a reversien frequency of less than

107°~107'° per colony forming unit. The 1ow frequengy of curing may be due to

lack of excision, lack of rej oining of the ends of the chromosome after
excision, or death of the cell due to lytic development of the excised phage.

All these factors make Mu a useful mutagen.
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The DNA of Mu exists in a double-stranded 1linear form when isolated from
phage heads and contains E. coli DNA particularly at one end, the variable
end, as 3-4% of the total Mu DNA. The prophage DNA is colinear with the DNA
from particles, i.e. it is not a circular permutation, but the variable end is
not found in the prophage. It is thought that in lytic cycle replication of Mu
DNA occurs in circles of alternating phage and host DNA, and then packaging of

headfuls results in the inclusion of host DNA, mainly at the variable end.

The formation of lysogens is not efficient but the proportion of lysogens
among survivors may be increased by prolonged incubation (e.g. overnight) of
the phage-cell mixture. Multiple cycles of infection ensure the selective

survival of lysogens, which are immune to superinfection.

Mutations of Mu include the temperature inducible _cts mutation. Phage
containing this mutation can lysogenise at low temperature (30°C) but not at
high temperatures (42°C), and on exposure to high temperature lysogens enter

lytic phase.

1.3.2 Bacteriophage Mud (ApRl ac)I

Casadaban has used phages Mu and ) to fuse the lac structural genes to
selected promoters to study gene regulation by assaying B-galactosidase
(Casadaban, 1976a&b). More recently the lac structural genes have been
incorporated into the genome of a Mu already carrying a gene from Tn3 coding
for ampicillin resistance to form a Specialised transducing phage (see Figure
1.v14) (Casadaban and Cohen, 1979). The properties of this Mud(ApR_l__@)I with
respect to integration are normal for Mu (section 1.3.1). Lysogens of
Mud(ApRE)I can be readily selected by ampicillin resistance. There are no
transcriptional termination sites between the beginning of the lac genes and
the end of Mu nearest to this, either in Mu itself or in the trp genes
preceding the lac genes. When integration has occurred in the ori entation of
transcription of the gene involved, the lac structur" 1 genes will be
expressed solely under the control of that prcmoter,jforming an operon fusion
mutant. Thus the activity of that gene may be followl,ed by monitoring
R-galactosidase levels., The E. coli strain infected!must' have the lac operon
deleted otherwise r.ecombination may occur at that region of homology, and

there will be a background level of B-galactosidase activity. This Mu phage
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Figure 1.4 Mud(ApRlac)I insertion into a gene X in theg orientation that
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symbol indicates that it is deleted or interrupted on the side on which the
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has been used to study the regulation of the L-arabinose transport operons
(Kolodrubetz and Schleif, 1981), where it was shown that the Mud(ApRlac)I
insertion permitted a reliable measurement of the expression of a gene by

assaying B-galactosidase activi ty.

1.3.3 Bacteriophage Mud(ApRlac)II

A further derivative of Mu, Mud(ApRlac)II, having no transcriptional or
translational termination signals between the end of Mu and the lac

structural genes has been constructed (Casadaban and Chou, 1984). This phage

is lacking the first eight codons of lacZ, which are not necessary for

B-galactosidase activity. Up to 26 amino acids can be removed and replaced by

apparently any number of amino acids from another protein without eliminating

enzymatic activity (Brickman_e_t al.,, 1979). Insertion of Mud(ApRlac)II into a
gene in the correct orientation and reading frame results in gene fusion and

the formation of a hybrid protein, having the N-terminus of the gene into

which the phage is inserted fused to R-galactosidase.

1.3.4 Bacteriophage i

Phage X is also a temperate phage of E. coli, but it differs from Mu in

that it only inserts into the chramosome at a specific site, att, between gal

and bio. In the event of this site being deleted insertion may occur at a few
other secondary attachment si tes, but not at random. The DNA in the prophage
State is a circular permutation of the DNA in the phage particle, through the
cohesi've ends, or cos sites. Thus, in the prophage the two ends of the phage

DNA are defined by the integration sites, whereas in the phage particle the

ends are defined by the cos sites.

The gene c_I is responsible for the maintenance of the lysogenic state, by
repressing the expression of the genes involved in lytic development. A
mutation in this gene, c_I“’, codes for a temperatur ; sensitive repressor
protein. This allows induction of the lytic state b;} raising the temperature

at which the lysogen is growing. Another useful ) mutation is the g’ mutation

which prevents the cell from being lysed by the pha;ge inside it.




On entering the lytic pathway, early replication in the § form proceeds to
relication by means of a rolling circle for a@+ phage. Oligomeric DNA is
required for packaging. Therefore, for a gam phage the ﬁ%‘“ function of the
host is required for homologous recombination to occur between single copies
of the phage DNA in order to allow packaging, unless the host is recBC. In a
recBC host a gam phage can replicate by the rolling circle method as &rﬁ
normally acts to inhibit RecBC' nuclease, which otherwise prevents the

transition from the 6 form to the rolling circle form of DNA replication.

Phage 1 has the advantage that when a lysogen is induced to excise,
excision may occur at the wrong site such that the DNA carried in the phage
particle is partly phage DNA and partly bacterial DNA. The lysogen may pick up
DNA from either side of its point of integration, but the amount of DNA
carried by the phage is limited by packaging constraints, This DNA will then

be replicated and transferred as part of the phage DNA, forming a specialised

transducing phage.

Phage X cannot grow on a strain lysogenic for phage P2 (Spi+, sensitive to
P2 inhibition), unless it has lost the red and gam functions (Spi ) (Hershey,
ed. 1971; Hendrix et al., ed. 1983). However, the correct amount of DNA is
required for packaging, so chromosomal DNA must be picked up from the other

end of A. Thus the Spi~ selection yields phage carrying DNA from only one side

of its point of integration.

1.3.5 Bacteriophage AplacMu

The advantages of both Mu and A have been combined in phage AplacMu
(Bremer et al., 1984). This phage is a A plaque-forming phage which contains

Sequences from Mu enabling it to integrate into the chromosome at random by

the Mu transposition system. Phage AplacMu also carries the lacZ and lacY

genes adjacent to the terminal Mu sequence as in Mud(ApRlac)II, with no
i

transcriptional or translational termination signais (Figure 1.5 from Bremer
et al., 1984). Thus insertion of AplacMu in the corrgct orientation and
reading frame creates protein fusions. Induction of such a lysogen and

J

selection for Spi~ phage yields specialised transducing phage carrying the

entire gene fusion and any adjacent gene(s) (Figure 1.5).
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Figure 1.5 Insertion of AplacMu into malK and isolation of transducing I
phages (from Bremer et al., 1984)

Upon introduction of the mature iAplacMu chromosome (a) into the cell, it
circularises (b) and inserts into the malK gene (c), resulting in a
.Lac® Mal—&lK—Laiz_ gene fusion. Upon u.v. induction, the/prophage is excised ‘
Dy an illegitimate recombination event (d), leading to.a Lac® malkK-lacZ ‘
\
I

specialised transducing phage which also carries the malE gene. The black dot
represents the divergent promoters (P) of the malB region.




1.4 Aims of this Work

At the start of this study little was known about xylose transport in
E. coli except that there were two systems, a proton symport system and a
binding protein dependent system (section 1.2). The positions of the genes

coding for these two transport systems on the chromosome were unknown.

Therefore, the initial research was aimed at making Mud (ApRlac) insertion
mutants in the genes coding for the xylose transport systems which would then

enable the genes to be located on the chromosome, This knowl edge would permit

experiments aimed at cloning the gene(s). In addition, it was hoped to
identify the XylE protein by a method similar to that used to identify the

LacY, AraE and GalP proteins using radioi sotope labelled N-ethylmaleimide.

The main aim of this study was to clone and sequence the DNA of the gene
coding for xylose-proton symport. It was hoped that comparison of the

Sequence obtained with those of other proton symport systems would identify
residues which might be important in substrate binding or the transport
process. The effect of altering such residues by, for example, site-directed
mutagenesis, would provide a means of exploring the roles played by these
residues. In addition, the availability of the cloned gene should enable
overexpression of the XylE protein to be achieved, making experiments to

purify the protein worthwhile, Ultimately, structural studies on the purified

protein could be undertaken to probe stucture-function relationshi ps.

-~
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2. MATERIALS AND METHODS

2.1 Materials

2.1.1 Chemicals

The chemicals used were of Analar grade wherever possible, D-[U-1*C]-
xylose, [D-glucose-1-'*C]-lactose, N-ethyl-[2,3-!%C]-maleimide, adenosine 5'-
a-[®°S]-thiotriphosphate, 'Smal cut and phosphatased' M13mp10 and restriction
enzymes were from the Radiochemical Centre, Amersham, Bucks. N-[ethyl-2-3H]-
maleimide was from New England Nuclear, Swindon, Wilts. DNA polymerase I
(Klenow fragment) and T4 DNA ligase were the kind gifts of Dr. T. Hunt; 'Smal
cut and phosphatased' M13mp8 was the kind gift of Mr. M.C.J. Maiden.
Dideoxynucleotide triphosphates and deoxynucleotide triphosphates were from
BCL-The Boehringer Corporation (London) Ltd., Lewes, East Sussex, and M13
Sequencing primer was from New England Biolabs (distributer C.P. Laboratories
Ltd., Bishop's Stortford, Herts.). Affini ty matrix p-aminophenyl-g-D-
thiogalactoside-agarose was from Sigma Ltd., Poole, Dorset; DEAE-Toyopearl-
650M was from TSK Toyo Soda MFG Co. Ltd., Tokyo, Japan; and Bio-gel A-5m was
from Bio-Rad Laboratories Ltd., Watford, Herts. Anti-g-galactosidase
monoclonal antibody-Sepharose-4B resin was the kind gift of Dr. H. Chase.
Bacto Yeast Extract was from Difco Laboratories, Detroit, Michigan, USA. Agar,

Nutrient Broth, Tryptone, Casein Hydrolysate, and Nuflow cellulose acetate

membrane filters (pore size 0.45um) were obtained from Oxoid Ltd,,
Basingstoke, Hants. Millipore cellulose nitrate membrane filters (pore size

0.45um) were from Millipore Sa, Molsheim, France.

2.1.2 Organisms and media

The strains of Escherichia coli K12 used are listed in 'fable 2.1. The

genetic terminology is as defined by Bachmann (1983) or is defined in the
text. Strains were maintained on nutrient agar slopes, or in glycerol deeps at
)

-80°C, and streaked out to obtain single colonies before use.
J

The media used are defined in Table 2.2. Minimal medium was supplemented

with the appropriate amino-acids at 80ug ml~! and a carbon source at a
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Table 2.1 Strains i

AB26Y (ng+)

AB1157 thr leu his arg pro lac ara mtl xylA gal

MAL103 A(proAB lacIZYA)X111 araD139 rpsL
araB::Muc®® (Mud(apF1ac)1)

NB1 zwf pgi zjb::Tn10
PB13 rech srl::Tnio |
P085 Hfr malBA107(malF-lamB) his

SP2 (his-gnd)® 1lac® araD ptsF ptsM

argH ppc (xylE-lamB)A xXylF
JM559 (his-gnd)? rda®S Hfr cavalli

JM2087  (his-gnd)® lac® araD fda ptsF ptsM rpsL
JM2235 leu thr argH mtl mal pheA cysA his trp

gal lac rpsL
JM2336  as JM2087 but fda* xylE::Mud(ApFlac)II
JM2349 argH metA acek (Mug+)
JM2365  (his-gnd)® 1ac® araD ptsF ptsM

(metA-xylE) D
JM2390 (his-gnd)A lac® arap ptsF ptsM

argH ppc (xylE-malB)A

JM2433 arahB araD (his—gnd)A lacd rpsL

EJ13  'as JM2087 but (Mud(ApPlac)1) JM2087 + Xy1%(G1y) |
EJTH  as JM2087 but xylE::Mud(ApRlac)I JM2087 » Xy1%(G1y) @
EJ15 as JM2087 but fda' P1.K10 x JM2087 |
EJ17 as EJ13 but fda’ ~ P1.K10 x EJ13 |
EJ18 as EJ14 but fda* P1.K10 x EJ14
EJ20 as JM2235 but xylE::Mud(ApPlac)1 P1.EJ18 x JM2235
EJ21 as EJ20 but arg’ Hfr JM559 x EJ20
EJ22 as JM2349 but xylE::Mud(ApRlac)I P1.EJ21 x JM2349 ;
EJ23 as PO85 but (Muc’) |
EJ25 his malB (Mud(Apflac)1) (Muc*) P1.EJ18 x EJ23
EJ26 his malB zjb::Tn10 (Muc*) 1.NB1 x EJ25
EJ32 as EJ14 but Alace pgi malB) S ‘ Jik » hk &

(Xy1 + Lac)R
EJ38 his zhj::Tn10 ;
EJ39 as AB1157 but zhj::Tn10 P1.EJ38 x AB1157

continued




EJ40
EJ54
EJ61

EJ62
EJ63
EJoY4
EJ65
EJ68
EJ70
EJ71

EJ80
EJ81

EJ82
EJ83
EJ84
EJ93
EJ9l
EJ95
EJ96
EJOT

as

as

as

as

as

as

as

as

as

as

as

as

as

as

as

as

as

as

as

Table 2.1 continued

SP2 but zhj::Tn10
JM2336 but xylA zhj::Tni0
JM2087 but xylABR::iplacMu
JM2087 but XylE::iplacMu
EJ62 but zjb::Tn10

EJ62 but xylE® zjb::Tn10
EJ15 but xylE::\placMu
JM2433 but xylA zhj::Tn10
JM2365 but xylF zhj::Tn10
EJ32 but fda’

JM2390 but xylG::Mud(Aphlac)I
EJB0 but xylE® zjb::Tnl10
EJ39 but (Muc*)

EJ68 but (Muc")

JM2433 but malK::iplacMu

EJ71 but (Muc’)

EJ93 but xylG::Mud(Apflac)I
EJ94 but recA srl::Tnl0

EJ95 but sri® TcS

EJ94 but (A(xylE)¢(malK'-lacZ))

P1.EJ38 x SP2
P1.EJ39 x JM2336
JM2087 » xy1® (G1y)
JM2087 » xy1® (c1y)
P1.NB1 x EJ62
P1.NB1 x EJ62
P1.EJ63 x EJI5
P1.EJ39 x JM2433
P1.EJ4O x JM2365
P1.EJ15 x EJ32
JM2390 » Xyl (ace)
P1.EJ6Y x EJ8O

IJM2h33 » AR
P1.EJ80 x EJ93

P1.PB13 x EJ94
P1.EJ94 x EJ95




Table 2.2 Media

2 x Nutrient Broth: 26g Oxoid No.1 nutrient broth
2ml 2% cysteine in 0.5M HC1
2ml 6% thymine in 0.5M NaOH

made up to 11

2 x Tryptone Broth: ' 20g tryptone
10g NaCl
2ml 1M MgSo,
0.5ml 0.2mg m1~?! thiamin
2ml 2% cysteine in 0.5M HC1
2ml 6% thymine in 0.5M NaOH
made up to 11 and pH7Y

2 x Tryptone-Yeast Extract: 10g tryptone
10g yeast extract
5g NaCl
made up to 11

CY Medium: 10g Casamino acids
5g yeast extract
3g NaCl
2g KC1
made up to 11 and pHY

2 x minimal medium: 3.81g KH,PO,
10.23g Na,HPO,
2.70g NH,C1 -
0.5ml 0.2mg ml~?! thiamin
made up to 11

2ml trace salts added per 100ml medium before use.

Trace salts: 0.4ml 1M HC1
0.54g CaCl,.2H,0
1.60g MgSO,.TH,0
0.08g Fesoq.7ﬁ%o
0.08g MnCl,.LH,)0

made up- to 200ml
) .




concentration of 10mM for monosaccharides or 5mM for disaccharides.

2.1.3 Preparation of subcellular vesicles

Spheroplasts were prepared by the procedure of Witholt et al. (1976), and
these were used to make vesicles by the method of Kaback (1971). The principles
behind these procedures are to form s‘pheroplasts by digestion of the cell
wall with lysozyme. Osmotic shock of these spheroplasts results in lysis
followed by the resealing of membrane fragments into vesicles with the
concomitant loss of cytoplasm and periplasm. Vesicles prepared by this method
have been shown mainly to have the same orientation as the membrane of the
intact cell (Stroobant and Kaback, 1975). The vesicles may be stored at -80°C
with retention of transport activity; they are devoid of any transport
activity dependent on binding proteins as these are removed by the osmotic

shock procedure.

2.1.4 French press membrane preparation

Cultures (101) were grown in minimal medium (11 per 21 flask)
appropriately supplemented overnight at 30°C and 220 revolutions per minute.
The cells were harvested at 3 800g, 15min, 4°C in a Sorvall GS3 rotor, and
washed in 2.51 50mM Tris-HC1/1mM magnesium sulphate/50mM 2-mercaptoethanol,
pH7.2. The cells were then resuspended to a final volume of 70ml in the same
buffer with the addition of protease inhibitors (0.1mM PMSF, 1mM benzamidine),
and passed through the French Pressure cell in two batches at 20 000 psi. The
resultihg suspension was centrifuged at 20 000g, 20min, 4°C in a Sorvall SS34
rotor to remove cell debris. The supernatant was then centrifuged at 145 000g,
60min, 4°C in a MSE SS65 10x10ml titanium angle rotor (with the addition of
fresh PMSF) to obtain the membranes. The reddish pellets were resuspended in

30ml buffer pluﬁs protease inhibitors and re-centrifuged at 145 000g. The

resulting pellets were resuspended in a final volume of 10ml and stored in
|

aliquots at -80°C. Some preparations were of half this|size.
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2.2 Genetical Techniques

2.2.1 Mutagenesis by phage Mud(ApRlac)I \

An overnight culture in Tryptone Broth< (see Table 2.2) supplemented with ’
10mM sodium gluconate of strain MAL1 03, the Mu lysogen (Casadaban and Cohen,
1979), was diluted 50-fold into more of the same medium and incubated, with
shaking, at 30°C for 2h. The culture was transferred to 42°C (and bubbled with
air) for 20min to induce the prophage. It was then transferred to 37°C and
incubated for 1h, with shaking, to allow lysis. Chloroform (5-10 drops) was
added and the mixture whirlimixed bri efly to kill any surviving bacteria. The
chloroform was allowed to settle out by standing for 10min, and then half the i
supernatant was pipetted into a centrifuge tube and cell debris removed by i

centrifugation (MSE bench centrifuge, full speed, 10min). 1

A mixture of 0.1ml of 0.05M calcium chloride/0.1M magnesium chloride

(required for phage attachment), 0.1ml phage suspension, and 1.0ml of an
overnight culture of the strain to be infected was incubated at 30°C wi thout

shaking for 20min (to allow attachment and infection by phage). |

|
Nutrient broth (10ml) was added, and the resulting Suspension dispensed ““
into 10 test-tubes and incubated overnight at 30°C to allow expression of Mu
genes and genotypic and phenotypic segregation of the bacteria, Separation at
this stage ensures that mutants obtained from each tube are independent of
those from other tubes, as the 20min allowed for infection is insufficient I
for the bacteria to have divided. Multiple infectionis unlikely to have  “

occurred owing to an immune system set up once a cell has been infected with a

phage (Howe and Bade, 1975).

A sample (0.1ml or 0.2ml) of each culture was plated onto the selection j

medium. Single colony isolates were then patched out and screened on various

medi a. ‘

2.2.2 Propagation and titration of phage A
g
Propagation and titration of phage X was performed according to the method
of Miller (1972).
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2.2.3 Mutagenesis by phage AplacMu

A mixture of 1.0ml overnight culture in Tryptone Broth (see Table 2.2,
containing 10mM magnesium sulphate required for infection, and with 5mM
maltose added to induce the ) receptor) of‘ the strain to be infected and
sufficient of AplacMu3 (Br'emer'e_t al.,, 1984) stock to give amultiplicity of
infection of two and of ApMu507.3 (Bfemer‘ et al.,, 1984) stock to give a
multiplicity of infection of five, was incubated at 37°C without shaking for

30min. Where necessary segregation was allowed as described for Mud(ApRlao)

in section 2.2.1, before plating onto selection media.

2.2.4 Phage P1 mediated generalised transduction

Generalised transduction by phage P1 was carried out as described by
Miller (1972).

2.2.5 Conjugation

The Hfr strains JM559 and KL16 were tested for fertile colonies as
follows. Single colony isolates were patched in squares on nutrient agar, and
incubated at 37°C for 4-6 hours, until the patches were just visible. The

recipient strain (0.1ml per plate) was Spread onto a selection plate for the

nearest marker to the origin for each Hfr. The patched out colonies were then
replica-plated to the relevant lawn, and incubated at 30°C overni ght. Fertile
colonies gave dots of growth within the patch on the selection plate.
Unfortunately strain KL16 gave no fertile coloni es, so the conjugation was
performed with strain JM559 alone, and fortunately the XylE gene was found in

the half of the chromosome satisfactorily covered by this Hfr (Chapter 3).

An overnight culture of the Hfr strain was diluted 50-fold into nutrient
broth and grown at 37°C to exponential phase (such that the absorbance
approximated that of a 10-fold dilution of the origiral culture). An
overnight culture of the F™ strain was diluted é—fol:jyand incubated at 37°C
for the same length of time (approx. 2h). Nutrient brdth (2ml), 1ml of the

culture of the F_ strain, and 1ml of that of the Hfr ’étrain were mixed and

incubated without shaking at 37°C for 2-3 hours.
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One, 107!, 1072, 10~2 dilutions of the mating mixture (0.1ml) were plated
onto the selection media, and 1075, 10~%, 10~7 dilutions onto nutrient agar
plates to indicate the number of cells. Control plates of the F~ and Hfr

strains alone were also plated onto the sélection media.

2.2.6 Lysogenisation with phage Mug+

The cells from an overnight culture of AB264 (a Mug+ lysogen) were removed
by centrifugation. The supernatant was decanted onto chloroform, whirlimixed
and the chloroform allowed to settle out. A soft (0.4%) agar overlay
containing 0.2ml of this supernatant and 0.1ml of an overnight culture of a
sensitive strain was poured on a nutrient agar plate, and incubated at 37°C
for 7 hours. This was to amplify and concentrate the phage suspension. The
phage were harvested as for phage P1 (section 2.2.4), an overlay poured using
0.1ml of this concentrated phage suspension, and this was incubated overnight

at 37°C.

In addition, 3 drops of the concentrated phage suspension were dropped
onto a Tryptone soft agar lawn of the strain to be lysogenised, This was not
spread. If this did not give a satisfactory area of lysis this stage could be

repeated with phage from the second concentrating step.

The soft agar from the area of clean lysis was cut out, suspended in 2ml
nutrient broth and incubated at 37°C for 6 hours. This was to allow surviving
bacteria to grow out of the agar. Single colony isolates were made by
streaking out directly from the liquid culture; 40 colonies were patched out,
with a control non-lysogenic strain. After 6-8 hours incubation at 37°C this
was replica-plated onto a soft agar lawn of a sensi tive strain, which was

incubated overnight at 37°C. Mug+ lysogens gave rise to plaques in the lawn.

2.2.7 Induction of AplacMu lysogens by ultra-violet light

An overnight culture of the lysogenic strain was diluted 50-fold into
nutrient broth and incubated for 2 hours, to an absorbance at 680nm of 0.18-
0.25. The cells were harvested by centrifugation, re;uspe‘nded in an equal
volume of 10mM Tris;HCl,/10mM MgS0,/0.1mg m1™! gelatin, pH7.4, and u.v.

irradiated at a distance of 15cm giving an intensity of 250J m~2 s~! for limin,
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After 10min in the dark an equal volume of CY (Table 2.2) was added and the
induction mixture divided into 10 aliquots. These were incubated at 37°C for
approx. 5 hours, then lysed with chloroform and the debris removed by

centrifugation.

Serial dilutions of these phage ;ysates were used in spot tests on 1awns
of the relevant indicator bacteria (a wild type strain and a P2 lysogen) to
determine the quantity to be plated out. Using the appropriate dilution of
phage lysate, Spi~ phage were selected using the P2 lysogenic strain RB341,
and phage with inducible B-galactosidase were screened for using

XGal + inducer in a lawn of a wild type strain, JM2433. |

Suitable plaques were picked, propagated, and screened for inducible
B-galactosidase (by stabbing into a lawn of JM2433 containing XGal and a ‘H‘
similar lawn containing XGal + inducer), for being Spi~ (by stabbing into a i
lawn of RB341) and, for phage from the malK—l_amE insertion, for car‘r’yingilE‘

(by spot tests on a lawn of a xylgD XylFG strain, EJ70 or EJ9L4). Spi~ phage

with inducible B-galactosidase, and an indication of complementing xylE if

relevant, were plaque purified and rescreened. One in particular giving a I

positive result in the screen for xy1lE was plaque purified and rescreened a

second time to be sure of having pure phage for DNA preparation.

2.3 B-galactosidase A ssays

2.3.1 Plate assay for B-galactosidase

The plates to be tested were inverted over approx. 2ml chloroform on a o
watchglass for 10min, to render the cells permeable to subsequent reagents., A
sof't agar overlay containi ng 4mM ortho-ni trophenyl-g-D-galactoside was
poured evenly 6ver the plates. The presence of B-galactosidase gave rise to
yellow colonies.

2.3.2 Quantitative assay for B-galactosidase
] ‘
Samples were assayed and their activi ty calculated according to the method

of Miller (1972), using the value of 380 for the extinction coefficient of
nitrophenol. |

41




2.3.3 Preparation to determine if B-galactosidase is membrane bound

Cultures were grown and harvested as described in section 2.6.1. The

pellets were resuspended in Z buffer (Miller, 1972) to give an absorbance at
680nm of 20-30. Samples (8ml) were soni catled (MSE sonicator, probe diameter
9mm) on ice with four bursts of 30s on, 30s off, at 9-12ym. Samples were taken
for g-galactosidase assay, and the remainder was centrifuged at 145 000g for
T hour at 4°C as described in section 2.1.4. The supernatants were decanted,

and the pellets resuspended in an equal volume of Z buffer. Samples of each
were assayed for B-galactosidase, and the results expressed as a percentage

of the total.

2.4 Protein Assay

Protein assays were performed by the method of Schaffner and Weil ssmann
(1973) using bovine serum albumin standards. The principles of this method
are to (i) precipitate the protein with trichloroacetic acid, (ii) filter the
precipitate onto Millipore 0.45um pore size membrane filters, (iii) stainit
with naphthalene black, (iv) dissolve the protein-dye complex in alkaline
ethanol, and (v) read the absorbance at 630 nm. The advantages of this method
over others (e.g. Biuret, Folin) are that the results are less variable, few
reagents interfere with the assay, and this techni que has greater

sensitivity.

2.5 Gel Electrophoresis

2.5.1 SDS-polyacrylamide gel electrophoresis

SDS-PAGE was performed according to the basic procedure of Laemmli (1970).
The composition of the running gel was as given in Table 2.3 for the relevant

APS and 10pl TEMED immediately prior to pouring. The

percentage gel. The solution was degassed before the|addition of 100pl 10%
&el was overlayed with

water-saturated n-butanol while it was setting to extlude air and to obtain a
level surface. The butanol was carefully washed awa); with distilled water and

the region above the running gel dried off before pouring the stacking gel.

The stacking gel was made up as given in Table 2.3, with the addition of 50u1

10% APS and 5ul TEMED after degassing and immediately before pouri ng and
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insertion of the comb.

Table 2.3 Composition of polyacrylamide gels

Gel Concentration (%)

5 7.5 108 1258 15§ Stacking Gel

30% Acrylamide (ml) 5.0 7.5 10.0 12.5 15.0 1.67
1% Bisacrylamide (ml) 7.8 5.8 3.9 3.1 2.6 1.3
1.5M Tris-HC1, pH8.7 (ml) 7.5 1.5 7.5 7.5 7.5 =
1.5M Tris-HC1, pH6.8 (ml) = - - o= = 1.25
Water (ml) 9.2 8.7 8.0 6.4 4.y 4,35

The running buffer consisted of 6g Tri s-HC1, 28.8g glycine, 10ml 10% SDS in
11; electrophoresis was carried out at 25 mA for 4-5 hours or at 60 V
overnight. The samples were prepared by the addition of one third volume of
4 x SDS-di ssolving buffer, and solubilised at 100°C for 2min or at 37°C for

30min as indicated in the text. The 4 x dissolving buffer consisted of: 1.26g
glycerol, Tml 10% SDS, 0.3ml water, 0.1ml 2-mercaptoethanol, 0.1ml 1M Tris-HCI,

PHT7.2 and 60pl 0.5% bromophenol blue. The gels were stained in Coomassie
Brilliant Blue (0.1% in 45% methanol/10% acetic acid/L45% water) at room
temperature overnight or at 55°C with agitation for 30min, and destained in 5%
acetic acid/7% methanol at 37°C or at 55°C. Alternatively, they were fixed in

4% sulphosalicylic acid/10% acetic acid at 55°C for 30min, soaked overnignht in

50% methanol, then silver stained by the method of Wray et al. (1981).

2.5.2 Agarose gel electrophoresis

Agarose gel electrophoresis was performed as described by Maniatis et al.
(1982). The agarose gels were run in TAE buffer consisting of: 242g Tris-HC1,
18.6g disodium EDTA, brought to pH7.7 with glacial acetic acid in a final
volume of 11. The gels were routinely stained after running in Tug ml~?
ethidium bromide in the running buffer, except for minigels which were run in
buffer containing 0.5ug ml~! ethidium bromide. The DN was then visualised
using a transilluminator at 254nm, and photographed yith a polaroid camera.

J
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2.5.3 DNA Sequencing gel electrophoresis

The reactions were run on a 4% polyacrylamide wedge gel (0.2-0.7 mm)

b

containing 7M urea cast by the sliding pl@te method of LKB (Olssen et al,
1984). The gel was run at a circulating temperature of 55°C in 100mM Tris-
HC1/83mM boric acid/0.5mM disodium EDTA, pH8.6. When using the 36 track comb
the applied potential was 2 000V, with the 44 track comb it was 1 500V. These
conditions were found to give optimal resolution of the Seéquencing ladder,

allowing 300-400 bases per clone to be read routinely.

The gel was fixed and urea washed out by soaking in 10% acetic acid for 30=

45min, dried on the glass plate at 90-100°C and autoradiographed directly.

The sequence data was transferred to disc using the program GELIN wri tten
by Dr. M. Bishop on a BBC microcomputer with Torch discdrive and GP7 sonic
digitiser (made by Science Accessories Corporation). The data was processed

on an IBM3081 using the DBUTIL and DBAUTO programs of Dr. R. Staden.

2.6 Sugar Transport Assays

2.6.1 Uptake of radioisotope-labelled Sugar into intact cells

Cultures (200ml) in minimal salts medium (Hendersone_t al.,, 1977)
supplemented with appropriate amino-acids (80 ug ml7!), glycerol or succinate
(20mM), and, where relevant, xylose (10mM) were grown from a 2ml inoculum in
250ml fiasks overnight (approx. 16 hours) in a Gallenkamp orbital incubator
at 30°C with shaking at 220 revolutions per minute, The cells were harvested,
and depleted by incubation for 1 hour at 220 revolutions per minute and 30°C
in an equal volume of 150mM KC1/5mM MES/1mM 2-mercaptoethanol, pH6.5. They
were then washéd in 150mM KC1/5mM MES, pH6.5 and finally resuspended in the
same buffer to an absorbance at 680nm of 1.8-2.2. The method for measuring
uptake was as described by Henderson et al. (1977) using 50uM labelled sugar,
except for Km evaluations when the concentration of sugar was varied. In

cases where inhibitors were used these were added 3min before the addition of

the labelled sugar. ‘
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2.6.2 Uptake of radioisotope-labelled sugar into vesicles

Vesicles were diluted to a final concentration of approx. 1.5mg ml1™!
protein in 50mM potassium phosphate/10mM magnesium sulphate, pH6.6. At time
t=0 a sample (250pl final volume) of this was placed at 25°C and bubbled with
oxygen. At t=2.5min phenazine methosulphate was added to a final
concentration of 0.1mM. At t=2.75min potassium ascorbate, pH6.5 was added to a
final concentration of 20mM. At t=3min labelled sugar was added to a final

concentration of 40uM. Samples (100ul) were withdrawn and filtered at 15s and

after addibion Supor
2mir}\, and washuéd with approx. 5ml 0.1M lithium chloride, Any inhibitors were

added at time t=0, except for NEM when the procedure was as described below

(section 2.8).

2.6.3 Measurements of sugar-promoted pH changes

Cells were grown as described in section 2.6.1. They were depleted and

washed (using glycylglycine as buffer), and pH changes following the addition

of substrate were measured, as decribed by Henderson et al. (1977). The

measurements were made within 24 hours of preparing the cells.

2.7 Binding Protein Assay

Cultures were grown as described in section 2.6.1. The cells were washed
with 0.2M Tris-HC1, pH8.0, then made into spheroplasts by the method of Witholt

et al. (1976). The supernatants (60ml) were concentrated using an Amicon

ultrafiltration cell with PM10 filter at 60psi. to a volume of approx. 5ml.

Samples (1ml) of the concentrated shock fluids were dialysed in a total
volume of 10ml 10mM potassium phosphate, pH6.9 containing 1uM ['*C]-xylose at
89.9 mCi mole;J at 4°C for 18 hours (Ahlemgg al., 1982). Samples (0.3ml) were
taken from inside the dialysis bag and from the solution outside it, 15ml
methoxyethanol/toluene/PPO/POPOP (500m1/21/10g/0.5g) scintillant added, and
the radioactivity measured using a Packard 3385 or a/Beckman LS2800
scintillation counter. In addition the protein concegntration within each bag

was determined.
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2.8 Use of N-ethylmaleimide for Inhibition and Labelling Studies

2.8.1 Inhibition of uptake into vesicles by N-ethylmaleimide and protection

by sugars

Vesicles (in the absence of 2-mercaptoethanol) were diluted to a known
final concentration of approx. 1.5mg‘ml'1 protein in 50mM potassium
phosphate/10mM magnesium sulphate, pH6.6. Samples (2501l final volume) were
equilibrated to 25°C. Unlabelled sugar was added where appropriate to a final
concentration of 20mM (except where indicated otherwise) and the samples
incubated for 5min at 25°C. NEM was added to a final concentration of 1mM
(except where indicated otherwise) and incubation continued for a further
15min. The reaction was terminated by placing in ice followed by
centrifugation at Y4°C (Eppendorf microfuge, 5min). The vesicles were washed
four times by resuspension in 50mM potassium phosphate/10mM magnesium

sulphate, pH6.6 and centrifugation. The final resuspension was to 250pl in the

same medium. The vesicles were equilibrated to 25°C and then PMS/ascorbate

energised uptake of ['*C]-xylose was measured (as above).

2.8.2 Labelling of vesicle proteins with radioisotope-labelled
N-ethylmal eimide

Fresh vesicles (stored overnight as a pellet at 4°C) were diluted to
approx. 1.5mg ml™! as above. Samples (0.6ml) were incubated at 25°C as
described in section 2.8.1 with or without protecting sugar (20mM 6-
deoxyglucose), and with TmM unlabelled NEM. In this step non-protected
sulphydryl groups should react with unlabelled NEM. After the series of
washes the pellets were resuspended in 0.2ml of the same buffer, and incubated
either with [®*H]-NEM or with ['“CJ-NEM (1mM) for 1 hour at 25°C. In this step
previously profected sulphydryl groups should be labelled by the radioactive
NEM. The samples were washed three times in 0.6ml of the same buffer, and then
resuspended in 50mM sodium phosphate/10mM magmesium \ulphate, pH6.6. They were
then combined in pairs (with washing to ensure complete transfer) such that a
protected [*H]-NEM labelled sample was mixed with an; unprotected ['“C]-NEM
labelled sample, or a protected ['“C]-NEM labelled samplevwas mixed with an
unprotected [*H]-NEM labelled sample. These joint samples were finally

resuspended in 0.25ml of the sodium phosphate buffer, and stored at -80°C.
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2:8.3 Separation of proteins and analysis of the dual isotope label

The radioisotope-labelled preparations (45ul per track) were fractionated

on a 15% SDS-polyacrylamide gel at 25mA and 4°C. Pyronin was used to mark the
intermediate tracks and the point of juncgion of the stacking gel and the
running gel. The gel was electro—blqtted onto nitrocellulose at 150mA and 4°C
overnight, having pre-soaked the gel in the blotting buffer (25mM Tris-
HC1/190mM glycine/0.1% SDS/20% methanol) for 30min to allow any size changes

to occur.

The gel was stained with Coomassie Blue to ensure the transfer had been
complete. Strips of the nitrocellulose blot bearing molecular mass standards
were stained with naphthalene black and the positions of the standards marked
onto the blot. The sample tracks on the blot were cut into 1.5mm slices, noting
the positions of the standards, placed into scintillation vials and 10ml

methoxyethanol/toluene/PPO/POPOP scintillant added. These were incubated at

4oC for 24 hours prior to counting.

For the preparation of EJ15 the gel itself was sliced (2mm slices) after
being stained and dried. Hydrogen peroxide (0.4ml of 100 volume per slice) was
added and the samples incubated at 50-55°C for at least 36 hours. After
cooling to 4°C, 10ml Triton X-114/xylene/PPO (11/21/9g) scintillant were
added and the vials were counted as before. The data was transferred from
paper tape to an IBM3081 and processed using programs written by Macpherson

(1982) and subsequently modified.

2.9 Identification of XylE-LacZ Hybrid Protein

The band corresponding to the XylE-LacZ hybrid protein on an SDS-

polyacrylamide gel was identified as described below.

Cultures (400ml) were grown as described in sectipn 2.6.1. After harvesting
(3 700g, 8min) the cells were washed in 400ml per cu;;ure of 50mM Tris-
HC1/1mM MgS80,/50mM 2-mercaptoethanol, pH7.2 before résuspending to a final
volume of 10ml in the same buffer, with the additioﬁ‘of the protease inhibitor
PMSF to 0.1mM. This suspension was then passed through the French Pressure

cell at 20 000psi. and subsequently centrifuged at 20 000g, 20min, 4°C in a
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Sorvall SS34 rotor. A sample (2ml) of the supernatant was solubilized by the
addition of octyl-glucoside to a final concentration of 1.2% (0.22ml of 12%
stock solution) and incubation on ice for 15min. This mixture was then
diluted 2-fold with the same buffer prior-to centrifuging at 145 000g, 60min,

4oC, the supernatant providing a solubilized membrane preparaton.

This solubilized membrane preparation was then reacted with a monoclonal
antibody to g-galactosidase which was bound to a Sepharose-4B resin. A sample

(1ml) of the supernatant was added to 0.4ml settled antibody-resin complex,

and the mixture was incubated on ice for 2h with gentle agitation every 10-
15min. The resin was pelleted by centrifugation (Eppendorf microfuge, Smin)
and the supernatant removed with a pipette. The resin was then washed three
times by incubation with 1ml of 100mM Tris-HC1/1M NaC1/0.6% octyl

glucoside/0.1mM PMSF, pH8.7 for 15min per portion with gentle agitation. The
proteins bound to the antibody-resin complex were then eluted by incubation

with 0.3ml of 6M urea/20mM Tris-HC1/10mM NaCl/10mM EDTA/100mM
2-mercaptoethanol/0.6% octyl glucoside/0.1mM PMSF, pH7.2 for 20min with gentle

agitation. The eluates obtained were dialysed overnight against 100ml 20mM
Tris-HC1/10mM NaCl/10mM EDTA/100mM 2-mercaptoethanol/0.6% octyl
glucoside/0.1mM PMSF, pH7.2 at 4e°C.

Samples from each stage of the procedure were assayed for g-galactosidase.
In addition 75yl samples of the dialysed eluates for each preparation were
solubilized in SDS-dissolving buffer at 100°C for 2min and loaded onto a 10%

SDS- polyacrylamide gel.

2.10 Solubilization of Membranes

2.10.1 Testing solubilization conditions

To test the conditions for solubilization of the hybrid protein membranes,
buffer (50mM Tris-HC1, pH7.4), and detergent were mixdd in a'final volume of
200pl in an airfuge tube and incubated at room temperiature for 15min. Samples
were taken for assay of the whole mixture, then the femainder was centrifuged
at approx. 100 000g (22psi) for 60min in an airfuge (Beckman). The supernatant

was sampled for g-galactosidase assays.
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The activities of whole mixtures over a concentration range of detérgent
indicated whether inhibition was caused by the detergent, while comparison of
the activity in each supernatant with that in the corresponding whole mixture |

indicated the degree of solubilization achieved.

2.10.2 Solubilization in Triton X-100 for column chromatography

Except where indicated otherwise, membranes were washed twice in 50mM
Tris-HC1/2mM EDTA, pH7.5 then solubilized in Triton X-100 as follows. For
small samples the membranes were diluted to img ml™! protein and 1% Triton in
50mM Tris-HC1, pH7.4; for larger quantities they were diluted to 7.5mg ml™! \‘1
protein and 5% Triton in the same buffer. In either case the mixture was
incubated at room temperature (approx. 20-24 °C) for 15min with occasional
gentle mixing, and then centrifuged at 145 000g as described in section 2.1.4

to remove any non-solublized material. |

2.11 Column Chromatography

For each column the fractions were assayed for B-galactosidase and ‘l

protein, and where a salt gradient was used the conductivity of the fractions

was.-measured.

2.11.1 Affinity column

A 4ml column of the g-galactosidase affini ty matrix p—aminophenyl-g~D-
thiogalactoside was poured in 50mM Tris-HC1/100mM NaCl, pH7.4 in a 5ml
pipette. The column was equilibrated each time before use with 5-10 column ‘ \3
volumes of 50mM Tris-HC1/100mM NaCl/1% Tri ton, pH7.4. After loading the ‘

sample, the column was washed through with 5 column volumes of the same buffer

before eluting under various conditions as described in the Results. The

final elution in each case was with 100mM sodium borate/1% Triton, pH10 over 5
column volumes. The pressure head used was 75cmH,0, an>j the fraction size was

1ml. !
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1

| 2.11.2 Testing conditions for DEAE column chramatography \
J

| The conditions for running the DEAE column were checked in a test-tube |
| experiment as follows. An aliquot (1ml suspension of DEAE resin equivalent to
! 0.5ml settled volume) was added to each test-tube. Each was equilibrated with
| 5ml buffer (10mM Tris-HC1/1% Tri ton) at the relevant pH or salt concentration
four times. The final suspension was in 2ml, the controls being 2ml of buffer
at each pH, or the extremes of the salt concentrations being used, with no
DEAE resin. To each tube a sample of the hybrid protein (30pl pool from Bio-
gel column) was added, and the resin prevented from settling out for 5min by

gentle mixing. The resin was then allowed to settle, and samples (100ul and

200pl) of the supernatants were assayed for B-galactosidase activity.
“‘
2.11.3 DEAE ion-exchange column “

An approx. 10ml column was poured in 10mM Tris-HC1, pH7.6, and equilibrated {
iIn 10mM Tris-HC1/1% Triton, pH7.6 or pH6.5 until the pH and conductivity of i
the buffer and the effluent were the same. After loading the sample the column
was washed through with 3-4 column volumes of the same buffer. The sample was
then eluted with a salt gradient from 0 to 0.3M NaCl in the same buffer over 4
column volumes, unless indicated otherwise, followed by more 0.3M NaCl in the | i
same buffer. The column was finally washed with 1M NaCl in the same buffer, il
The pressure head used was approx. 30cmH,0, giving a flow rate of approx. 15ml ik

hr=', and the fraction size was 1ml.

4 | |
2.11.4 Bio—gel A-5m gel filtration column |

An approx. 500ml column was poured in 50mM Tris-HC1/50mM NaCl, pH7.5 as an
approx. 75% degassed slurry. It was equilibrated and packed with 2 column
volumes of 50mM Tris-HC1/50mM NaCl/1% Triton, pH7.5 from a pressure head of
150cmH,0, giving a flow rate of approx. 25ml hr~!'. The column was calibrated
with cytochrome ¢ (2mg ml1=!) blue dextran (2mg m1-?t) ind B-galactosidase | I
(approx. 25 000 units) in a sample volume of 2ml. collgcting 5ml fractions,
After loading the hybrid protein sample (approx. 10¢. um ts in 20ml) the column |
was eluted with the equilibrating buffer at the same pressur'e head and 5ml

fractions were collected.
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2.11.5 Concentration of the eluted fractions

Fractions eluted from a gel filtration column are dilute in protein. The
fractions from the Bio-gel column were, therefore, concentrated by loading
onto a small (approx. 2ml) DEAE column equilibrated with 50mM Tris-HC1/1%
Triton, pH7.5 from a pressure head of 20cmH,0, and eluting with 0.5M NaCl in

the same buffer, collecting 0.3ml fractions.

2.12 Preparation of Purified XylE-LacZ Hybrid Protein for N-terminal Sequence

Analysis

A sample of concentrated purified XylE-LacZ hybrid protein was di alysed
extensively against 10% ethanol to reduce the concentrations of salt and

detergent, then freeze-dried. Approx. 800ug dried, purified protein was
analysed on a gas-phase sequenator by Dr. J.E. Walker of the MRC Laboratory of

Molecular Biology, Cambri dge.

2.13 Preparation of DNA

2.13.1 Preparation of DNA fram phage A

Minipreps of ) DNA were performed as described by Davise_t al.,, 1980. For
large scale preparations the following procedure was used. Phage ) particles
were prepared and collected by centrifuging at 100 000g as described by
Maniatis et al. (1982). The DNA was extracted with proteinase K/SDS and

phenol (Maniatis et al., 1982), then precipitated with isopropanol, spermine,

and finally ethanol (Kieser, 1984).

2.13.2 Preparation of plasmid DNA

Plasmid DNA was prepared as described by Kieser (1984).
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2.14 Manipulation of DNA

2.14.1 Restriction digestions and ligations

Restriction digestions and ligations were performed as described by

Maniatis et al. (1982).

2.14.2 Subcloning

The vector was digested with the appropriate enzymes, then phophatased by
the addition of 5pl1 (ug DNA)™! of a 5mg ml1~! solution of calf intestinal

alkaline phosphatase in TE (10mM Tris-HC1/0.1mM EDTA, pH8.0) and continuing
the incubation at 37°C for 30min. The plasmid DNA was then phenol and

chloroform extracted and ethanol precipitated. The DNA to be subcloned was

digested with the appropriate enzymes, then phenol and chloroform extracted,

ethanol precipitated, and ligated into the prepared vector.

2.15 Transformations

Competent cells were prepared according to the method of Hanahan (1983).
Aliquots (200ul) of competent cells were added to 5-10ng plasmid DNA in 1.5ml
Sarstedt tubes and, after incubating on ice for approx. 45min, were heat
shocked at 42°C for 60s. Tryptone-Yeast Extract (Table 2.2) containing 10mM
MgS0,/10mM MgCl,/10mM glucose (800ul) was added to each tube and the sample
incubated at 30°C or 37°C as appropriate for 1 hour to allow expression of

antibiotic resistance genes, before plating out onto selective medium.

2.16 DNA Seguencing

2.16.1 Preparation of HincII fragment

Approx. 100ug of plasmid pEJ1 DNA was digested with 100-200 units HineII
overnight in a total volume of 300-600ul. The digestién was checked on a
minigel, concentrated by ethanol precipitation, and run on a 1% agarose gel
(25cm in length) overnight at 60V. The gel was stained in TAE buffer
containing Tug ml~?! ethidium bromide and visualised on a transilluminator at

360nm. The gel above the desired band was cut away to remove contaminating
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bands, and a slot cut below the desired band. DE81 paper, which had been soaked ‘
|
|

in 2.5M NaCl for several hours, then in TAE buffer during the staining of the

, gel, was inserted into this slot to collect the band. The gel was returned to \
| the tank, run on at 150V for 30-45min to collect the required DNA, and then it ‘

was checked on the transilluminator that the DNA had entered the paper,

The DNA was eluted from the DE81 paper by vortexing in 0.4ml 20mM Tris-

; HC1/1mM EDTA/1.5M NaCl, pH7.5 then incubating at 37°C for 5 hours or at lLoC |
| overnight. The paper was removed by centrifugation, then the solution was “1

extracted twice with water-saturated n-butanol, followed by phenol extraction

Ji
and ethanol precipitation. ‘

2.16.2 Preparation of M13 clones

Purified HincII fragment was circularised by ligation, sonicated using a

Heat Systems Ultrasonics W-375 cup-horn sonicator to produce random

fragments, and end-repaired using DNA polymerase I (K1enow fragment) as I
described by Bankier and Barrell (1983). The random fragments were size
fractionated using the DE81 paper method (section 2.16.1) on a 1.5% minigel,

taking fragments in the range 300-700 base-pairs in length.

Size fractionated, end-repaired fragments were ligated into Smal cut and
phosphatased M13mp8 or M13mp10. This was used to transfect JM101 cells made
competent as for transformations, plating out the heat-shocked preparation in
& lawn of soft agar containing IPTG (250ug m1=') and XGal (250ug ml=!) on Il 1
Trypton'e—Yeast extract plates. After incubation overnight at 37°C white

plaques were picked, grown up and DNA prepared from them as described by

Bankier and Barrell (1983); this was finally redissolved in 30ul TE.

2.16.3 DNA sequencing reactions I

Barrell (1983). The reactions were half the size of t

The solutions required for these reactions are defiined by Bankier and
Se used for 0.4mm Raven

gels (Bankier and Barrell, 1983) in order to keep the ’ooncentrations of ions

in the samples loaded onto the gels essentially the élame.'Electrophoresis was

carried out as described in section 2:5.3.
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The DNA and primer (0.2pmol per clone) were annealed by adding 4ul DNA to
4yl primer mix, (a 1:1:3 mix of primer:TM buffer:water) in a microtitre plate
well, and incubating at 60°C for 1 hour with the plate wrapped in Saran wrap.
Having centrifuged down condensation, the solution was aliquoted to 1yl per

well for 4 wells, to each of which was added Tul dideoxynucleotide mix (4,C,G,

or T) and 1ul reaction mix. Then incubation was carried out at 33°C for 20min.

Subsequently 1ul chase mix was added to each well and incubation was

continued at 33°C for a further 20min. The reactions could be stored at -20°C
at this stage. Immediately before running on a gel 1pl formamide dyes mix was

added to each well, and the plate incubated at 80°C for 20min.
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CHAPTER 3

Il
MUTAGENESIS AND MAPPING OF THE XYLOSE TRANSPORT SYSTEMS I




3. MUTAGENESIS AND MAPPING OF THE XYLOSE TRANSPORT SYSTEMS

Genetical techniques may be used to isolate each of two (or more)
transport systems for a single substrate, There is evidence for both a
proton-symport system and a binding protein system for xylose in E. coli K12,

(Lam et al., 1980; Ahlem et al., 1982). The experiments described in this

chapter were undertaken in order to obtain strains with the two systems
isolated from each other, and to map the gene coding for proton symport as a

preliminary to cloning experiments.

It has been shown that binding protein systems are much more sensitive to
catabolite repression than proton symport systems (Wilson, 1974; Kolodrubetz

and Schleif, 1981; Daruwalla et al.,, 1981). In addition, xylose transport and

metabolism may be selected against under conditions where xylose is
inhibitory to growth, as described in detail below. Thus, it should be
possible to isolate mutants lacking the proton-symport system when the
binding protein system is repressed. Subsequently it should be possible to
make mutants lacking both transport systems. Once the map position of the

proton symport gene is known, the symport system may be reintroduced

selectively with an adjacent marker.

In the following the gene coding for xylose proton symport is designated
XylE, analogous to the arabinose system (ﬂ), and the genes coding for the
binding protein dependent system are designated XylFG (cf. araFG). XylF
represents the binding protein and XylG represents a membrane component,
although it is recognised that this is probably an oversimplification. The
binding protein dependent transport systems studied in most detail (e.g.
maltose in E. coli, histidine in S. typhimurium) have been found to involve

three cytoplasmic membrane compenents in addition to the binding protein (see

Chapter 1, section 1.1.3). \
\

3.1 Selection of Mud(ApRlao)I Insertion Mutants in xylE

] ‘
A mutation in the gene coding for fructose bisphosphate aldolase (fda)

prevents the normal metabolism of fructose-bi sphosphate to glyceraldehyde-3-

phosphate and dihydroxyacetone-phosphate, Thus any sugars entering the cell
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that are normally metabolised by this route lead to an accumulation of
phosphorylated sugars, in particular fructose—bisphosphate, which prove toxic
to the cell. Therefore, xylose will inhibit the growth of a strain harbouring
an fda mutation (Figure 3.1 ), and such a strain can be used to select against

xylose transport and metabol ism.

Mud(ApRlac)I was inserted into strain JM2087 as described in Chapter 2
(section 2.2.1). Before the selection could be made it was necessary to allow

genotypic and phenotypic segregatibn as described in Chapter 2 (section
2.2.1). The normal copy number of the chromosome in E. coli is approx. 2.5, so,
in order to select for the absence of a gene, DNA replication and cell
division must proceed to obtain a homogenous genotype in each cell. If this
were not allowed the expression of the unaltered gene in the heterogenous
situation would dominate. Similarly cell division ensures dilution of
preformed protein, the activity of which might otherwise prevent resistance
(in this case) from being achieved. The cells were then plated onto minimal
agar supplemented with histidine (80ug m1='), glycerol (20mM), xylose (5mM)
and ampicillin (25ug ml~™!). The selection was for both ampicillin resistance
(i.e. the presence of Mud(ApRl_ag)I) and for xylose resistance in the presence

of glycerol as carbon source,

Resistance may be acquired by the loss of the ability to convert xylose to
& phosphorylated intermediate or to transport xylose, or by reversion of the
original E mutation. Under the conditions used resistance cannot be due to
a mutation in the pentose phosphate pathway, through which xylulose-5-
phdphate is metabolised, as this would lead to a requirement for aromatic
amino-acids. The mutational events bri nging about resistance may be the

insertion of Mud(Apﬁlac)I into one of the xylose genes, or the spontaneous

mutation of one of these genes with the simultaneous insertion of
Mud(ApRlao)I elsewhere (Mud(ApRlao)I must be present as the bacteria are

resistant to ampicillin). Thus the possible genotypes arising from the

selection procedure may be summari sed:
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Figure 3.1 Metabolic pathways relevant to the selection of mutants in xylE




(a) Mu insertion into xylR (regulatory);

(b) Mu insertion into xylA (isomerase);

(c) Muinsertion into xy1B (kinase);

(d) Mu insertion into.ixgg (proton—symport),zzizg (binding protein) being
repressed by gycerol;

(e) A mutation in any of (a)-(d) occuring spontaneously and insertion of Mu

elsewhere;

() An fda reversion to fda* and insertion of Mu elsewhere.

Of these (f) may be distinguished from (a)-(e) as it will grow on xylose
as sole carbon source, In the other cases either xylose metabolism is blocked

or the xylose gives rise to toxic phosphorylated sugars. In 50% of the cases

where Mud(ApRlao)I is inserted into a xylose gene, (a)-(d), it will be
oriented such that the directions of transcription of the relevant xyl

promoter and the lac structural genes of the prophage are the same. These may

be distinguished from those cases where Mud(Ap3£§g)I is inserted in the
Opposite orientation or in some other position, (e) & (f), since where the
directions of transcription are the same the cells will have B-galactosidase
activity inducible by xylose. The other cases will either have no
B-galactosidase activity or have activity which is not inducible by xylose,
Such colonies may be detected by the plate assay for g-galactosidase,
comparing colonies replica-plated onto histidine, glycerol minimal medium and
onto histidine,glycerol,xylose minimal medium as described in Chapter 2

(section 2.3.1).

Single colony isolates were,therefore,replica-plated to the following

media:
Medium Required Phenotype
nutrient agar, .420C - (ngts)
histidine, xylose - (fda)

|

histidine, glycerol, xylose Bigalactosidase +

+

histidine, glycerol + Brgalactosidase -

)
nutrient, ampicillin +

] ‘
Five independent strains with xylose-inducible B-galactosidase were obtained

from 10 independent selections.
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To distinguish between the remaining possibilities, (a)-(d), it was
necessary to make the strains obtained ﬁ{. This was done by P1 generalised
transduction, as described in Chapter 2 (section 2.2.4). When inlytic cyecle
the phage P1 Occasionally packages a random piece of host DNA into the phage
heads instead of phage DNA. These particles remain infective and can
introduce the acquired DNA into a new host cell, where recombination may

occur (Ozeki and Ikeda, 1968).

P1 was grown on the wild type stfain K10 and fda* transductants were

selected by growth on sorbitol. Sorbitol enters glycolysis below
phosphogluco-isomerase, S0 the progeny must be positive in fructose-

bisphosphate-aldolase for growth on sorbitol to occur, and there can be no

interference with the Xylose systems.

In the fda® strains (d) should be distinguishable from (a)-(c) as in this
case growth should occur on Xylose as sole carbon source, xylose entering by

the binding protein System, whereas in the other cases the mutants are

blocked in xylose metabolism, Single colony isolates were patched out and

replica-plated onto the following media:

Medium Required Phenotype Classes (a)-(c)
histidine, xylose % =
histidine, sorbitol + (fda‘t) +
histidine, glycerol, xylose #* B-galactosidase + +
histidine, glycerol + B-galactosidase - +

Of the 5 independent mutants which were xylose-inducible for B-galactosidase,

2 appeared to be mutants in transport by the proton symport system from this
screening: strains EJ17 and EJ18.

3.2 Biochemical Characteri sation of the Mutation in Xy1lE

|
The mutants obtained from the screening procedure \were characterised by

the biochemical ecri teria described below. /
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3.2.1 Xylose promoted pH changes

An alkaline pH change on the addition of Ssubstrate to a de-energised
suspension of cells provides a convenient assay for proton symport (West,
1970; Hendersone_t al., 1977). Such a pH cﬂange was observed on addition of
xylose for strain EJ15, as control, and for strain EJ17, but not for strain
EJ18 (Table 3.1 and Figure 3.2). This'indicated that strain EJ18 only, and not
strain EJ17, was a mutant in xylose-proton symport. A1l three showed a
subsequent acidification due to metabolism, confirming that transport of

Xxylose did occur in strain EJ18 (but not by proton symport).

The alkaline pH changes observed with strains EJ15 and EJ17 were abolished
in the presence of DNP (an uncoupler which renders the membrane permeable to
protons) (Table 3.1), indicating that the pH changes were due to the movement
of protons across the membrane., In addi tion strain EJ18 showed an alkaline PH
change on the addition of TMG, a well characterised substrate for proton
symport by the lacY gene product, in this case present due to expression of
the prophage genes; strain EJ15 did not show TMG-proton symport. Thus strain
EJ18 is capable of symport and the hypothesis that xylose symport was not
Observed due to an unspecific effect on the membrane is untenable. Strain
EJ18 is XylE_, where LIE is the gene for xylose-proton symport. The nature of

the mutation in strain EJ17 has not been investigated further.

3.2.2 Sensitivity of [*“C]-xylose uptake to arsenate

'Transpor’t Dy a binding protein system is sensitive to inhibition by
arsenate at pH6.5, whereas transport by a proton symport system is relatively
insensitive (Berger, 1973; Berger and Heppel, 1974). This reflects the
different modes of energisation, the binding protein system being energised
directly (the levels of ATP being lowered by arsenate) as compared with the
energisation of the proton symport system by the proton-motive-force,
generated by respiration without the intermediate for\mation of ATP. Even in a

strain with both systems present there is relatively ’}ittle inhibition by

arsenate (Daruwalla et al., 1981). )
T /
The transport of 180uM xylose in strains EJ15 and EJ18, and of 180uM

lactose in strain EJ18, in the presence of varying concentrations of
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The cultures were grown on glycerol plus 10mM xylose as inducer, and prepared

\
Table 3.1 Xylose and TMG promoted alkaline pH changes |
and assayed as described in Chapter 2 (section 2.6.3). ‘

Strain Conditions Rate Extent Number of 1l

* I
(nmolH" min=! mg=!) (nmolH® mg~!) Measurements ’

| EJ15 Xylose 4.80 + 1.39 2.55 + 1.76 13 (L) il
EJ17 Xylose 3.34 + 1.66 0.99 4 0.27 3 (1) il

| EJ18 Xylose 0.11 £ 0.26 0.02 + 0.02 6 (3) Wf‘
EJ15 Xylose + DNP 0 0.03 + 0.06 3 (2) I

| EJ17 Xylose + DNP 0 0.08 1.(1) |
EJ15 TMG 0.46 + 0.42 0.04 + 0.04 6 (2) |
EJ18 TMG 1.66 + 1.42 4.58 + 2.0 6 (2) I

*: Number of measurements (number of preparations). il
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Figure 3.2 Xylose- and TMG-promoted alkaline pH changes in strains EJ15 (a)
and EJ18 (b) 4

The cultures were grown on glycerol plus 10mM xylose as inducer, and prepared
and assayed as described in Chapter 2 (section 2.6.3). In each case the
recording was calibrated by the addition of 3ul 0.01M NaOH immediately prior
to the addition of substrate (20ul 0.5M).




potassium arsenate, pH6.5 was compared. The concentration range of the

| arsenate was 0-50mM, which was achieved by using varying volumes of 100mM
arsenate and maintaining a fixed volume and ionic strength with 150mM
potassium chloride. Strain EJ18 (XylE—,XylF+) was sensitive to inhibition by

arsenate (Figure 3.3) compared with the control strain EJ15. The values shown

in the diagram are for the transport at 2min. The increased transport of
lactose (which is taken up by a proton symport system) may reflect an

increase in respiration due to the uncoupling of ATP synthesis by arsenate. |
This could also account for the ini tial increase in xylose transport in
strain EJ15 (XylE+,XylF+), which becomes outweighed at higher arsenate
concentrations by the inhibition of the binding protein system. These effects
were also apparent but to a lesser extent for the transport at 15s. Even at
arsenate concentrations as high as 50mM there was relatively little
inhibition of xylose transport in strain EJ15. This difference in arsenate
sensitivity between strains EJ15 and EJ18 was also apparent, although less
marked, when the xylose concentration was 48uM. These results support the

conclusion that strain EJ18 is XylE™.

3.2.3 Steady state kinetic analysis

The uptake of [!“C]-xylose at varying concentrations of xylose was

determined for 15s time points for each of the strains EJ15 and EJ18. The

concentration was varied by changing the volume of 2mM xylose added, the

total volume being kept constant by the addition of distilled water as

required. The 15s points were used as it was hoped td obtain a value for the

| initial rate while the velocity versus time plot was linear, and the
Michaelis-Menten assumptions (that there is no significant reaction in the
reverse direction and that the concentration of intermediate remains
constant) might be valid. In fact at the lower concentrations used this was
not achieved but it was not practicable to filter samples prior to 15s, or to
use less cells and still obtain sufficient countsr. The tjjouble reciprocal plot

for strain EJ15 was biphasic (Figure 3.4), in accord with the expectation that

two transport systems (a proton symport system and a bi]nding protein system)
would be present. An iterative calculation by oomputer’l to fit to the sum of
two Michaelis-Menten equations (Cleland, 1967) yielded the values of 3-4yM

and 53-169uM for the two K.'s, and 5-9nmol mg=! min-! and 15-21nmol mg=! min-!?
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Figure 3.3 Sensitivity to arsenate of xylose transport|in strains EJ15
and EJ18 and of lactose transport in strain|EJ18

The cultures were grown on glycerol plus 10mM xylose as inducer, and prepared
as described in Chapter 2 (section 2.6.1). Transport activity was assayed in
the presence of varying concentrations of arsenate at p;H6.5,' added 3min prior
to the addition of substrate. The final concentration of substrate was 180uM.
The figure shows the means of duplicate measurements for samples taken 2min
after the addition of substrate, expressed as a percentage of the control
value: EJ15 + xylose, (@); EJ18 + xylose, (Q); EJ18 + lactose, (A ). The

1

control values were: EJ15 + xylose, 25.0nmol mg }; EJ18 + xylose, 13.7nmol mg };
EJ18 + lactose, 14.5nmol mg™ 1.
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Figure 3.4 Steady state kinetic analysis of xylose‘trans¥ort in strains
EJ15 (a) and EJ18 (b) /

In each case the cells were grown on glycerol plus 10mM xylose as inducer, and
prepared and transport measured for 15s time points as described in Chapter 2
(section 2.6.1). The figure shows the means of duplicate measurements. The
line for EJ18 is a computer best fit by the least squares analysis of Cleland
(1967). The K, and Vihax Values are given in the text.




for the corresponding Vmax's from two separate experiments. These Km values
may be compared with those obtained by other workers: 5 and 25uM by Ahlem
et al. (1982), and 24 and 110uM by Shamanna and Sanderson (1979).

The plot for strain EJ18 appeared monobhasic (Figure 3.4), with a Km of
0.2-1.5uM and Vy 54 of 4.7-6.8nmol mg™! min~! from a computer least squares fit
to a hyperbola for two separate expef‘iments. A direct linear plot fit by
computer yielded a Ky of 0.2-2.3uM and a Vinax ©f 4.2=7.7nmol mg=! min=! from
two separate experiments. The errofs on this value cannot be significantly
improved because sufficiently low concentrations to be in the region of the
Km are not possible for a transport assay. The results do, nevertheless,
clearly demonstrate the loss of the higher Ky, i.e. lower affinity, transport
System, which would correspond to the proton symport system, and thus concur

Wwith the other conclusions in this section.

3.2.4 Uptake of sugars in vesicles

In vesicles only the proton symport system should be active, as any
periplasmic binding protein components are lost in the osmotic shock
procedure during vesicle preparation. Thus it would be expected that strain
EJ18 should not exhibit transport of xylose in vesicles. The uptake of both
['*Cl-xylose and ['“C]-lactose was measured over a 10min time course in
vesicles of strains EJ15 and EJ18 (Figure 3.5). As expected, xylose was
transported by vesicles of EJ15 but lactose was not. However, transport of
xylose did not occur in vesicles of strain EJ18 although lactose was taken up
(the lac genes being present on the prophage), showing the vesicles to be
capable of symport. Thus the hypothesis that the vesicles had been damaged in
preparation is untenable. Additional evidence that this was due to a mutation
resulting in loss of the transport protein came from the absence of a
background level of uptake due to facilitated diffusion. This was observed

for unenergised vesicles with lactose as substrate.

3.2.5 The xylose mutation is not in a maltose gene |

During mapping (below) it became plausible that xylE might be a maltose

gene,.
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Figure 3.5 Transport of xylose and lactose in vesicles of\ strains EJ15 (a) .
and £J18 (b) }

PMS/ascorbate energised, and unenergised, transport was measured as described
in Chapter 2 (section 2.6.2), but taking 50ul samples at intervals. The figure
shows the means of duplicate measurements for EJ15 and of duplicate
measurements from two independent determinations for EJ18: energised
transport of xylose (Q), energised transport of lactose (A\), unenergised
transport of xylose (@), unenergised transport of lactose (A).




- Xylose, lactose and maltose transport and B-galactosidase activi ty were

measured in Xylose-induced, uninduced and maltose-induced preparations of

strains EJ15 and EJ18, Samples from the same cultures used for measuring
transport being sonicated and used to measure g-galactosi dase activity. The
results (Table 3.2) clearly showed that in EJ15 Xylose transport, and in EJ18
B-galactosidase activi ty and lactose transport, were not induced |
significantly by maltose compared to the induction by xylose. Likewise,

maltose transport was not induced by xylose in these strains.

These results demonstrate that xylE is not a maltose gene,

3.3 Mapping of the Mud(ApRlac)I Insertion in xylE

In order to find the region on the E. coli chromosome where XylE is
situated it is convenient tofind first its proximity to one (or more) of
Several genetic markers Spaced at intervals round the entire chromosome. This
may be conveniently done Dy conjugation: an F~ strain which is a multiple
auxotroph and contains the mutation inxLlE_ is mated with a wild type Hfr
strain. Once this techni que has established the approximate location of the

XylE gene more precise mapping can be obtained by P1 transduction using local

markers spaced much closer together. In the experiments which follow it is
actually the resistance to ampicillin which is being mapped, since that can
be determined in any background, whereas the XylE mutation itself can only be

Scored in certain specific backgrounds.

3.3.1 Conjugation

The DNA from an Hfr strain is transferred to an F~ strain from the same
origin and proceeding in the same direction for each conjugation with a
particular Hfr. The conjugation may break off at any time, resulting in a gene

near the origin being transferred to the recipient at higher frequency than

one which is further away. In addition the two sets of NA must recombine for
incorporation to occur, and this may happen at any two/points along the
transferred section, so incorporation of a gene furthér from the ori gin does
not necessitate incorporation of one nearer to the origin. Thus the relative
| frequencies at which genes are incorporated indicate the order in which they

occur along the chromosome,
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Table 3.2 Transport and B-galactosidase activities of strains EJ15 and EJ18

A single preparation of each strain was grown on glycerol plus the inducer |
indicated,harvested,and the activities measured in duplicate as described
in Chapter 2 (sections 2.6.1 and 2.3:2 )

Strain Inducer Xylose Maltose Lactose B-galactosidase
Transport Transport Transport Activity ﬁ
(nmol min-—? (nmol min—? (nmol min—? (units mg-?!) ﬁ
mg=*) mg=!) mg~1!) ““
l EJ15  Xylose 14.9 0.7 0.4 1.5 ‘
EJ15 = 0.2 0.4 0.3 1.1 “
| EJ15  Maltose 0.3 12.2 1.2 0.8
' EJ18 Xylose 5.8 0.6 3.1 475.8
EJi18 - 0.2 0.7 0.4 2.3
EJ18 Maltose 0.2 9.6 1.1 4.6

|
4




These frequencies are determined by plating dilutions of the mating -
mixture onto a set of selection plates for each gene, The selection plates |
allow only recombinants to grow, and not the original Hfr or F~ strains. ‘
However, this method only works where a positive selection is possible. In the
case of ﬁ::Mud(ApRLa_c)I in the F~ strain it is the gain of ampicillin
sensitivity which must be determined. Therefore, the chosen markers are
| selected, then recombinants from each selection are patched out and tested

for ampicillin sensitivity and for other nearby markers. This allows the

relative position of xylE::Mud(ApRlac)I amongst the other genes to be
: determined. The xylE::Mud(ApRlac)I was used in the F~ strain rather than the I

Hfr strain as two Hfr's, with different origins were to be used. The reason for i

[ this was because no one Hfr gives a satisfactory number of recombinants |
‘ towards the end of its chromosome transfer.

|

|

\

[

The w::Mud(ApRﬁ)I mutation was introduced into the multiply
auxotrophic F~ strain JM2235 by P1-generalised transduction, selecting for
ampicillin resistance. In order to prevent the transduced Mu from entering
lytic cycle it was necessary for the recipient to be a Mu lysogen, so that Mu
repressor would be present. The colonies obtained were screened for xylose-

\ inducible p-galactosidase to ensure that Mud(ApRE)I had not moved. One

resultant strain was designated EJ20 (see Chapter 2, Table 2.1).

The conjugation was performed as described in Chapter 2 (section 2.2.5).
The xylE gene was conveniently found in the half of the chromosome

satisfactorily covered by the Hfr which had been found to be fertile, JM559,

thr fsu JMS59
| / 1
argH lac -

gal

mt

trp

mal&/

rpsL

pheA his

\5 CysA
KL‘IG\

Figure 3.6 Strains used in the conjugation
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The selected markers were as follows:leucine,arginine,mannitol + arginine,
and maltose + arginine, Arginine was included in the selections for mannitol
and maltose to eliminate the background due to spontaneous mutations allowing
growth on these carbon sources. In addition streptomycin (100ug m1=?!) was
used to select against the Hfr strain, except when the maltose marker was
being selected. In this case the maltose selection might have been biased if
streptomycin had been included due to the close proximity of rpsL (StrR) to
malA. Therefore in this case the Hfr was selected against by the use of
histidinol rather than histidine to supplement the medium; the F~ strain can
use histidinol to make histidine, but the Hfr cannot due to a different his

mutation that lacks histidinol dehydrogenase. The other required amino acids

were added to each plate,

Therefore, the media used were as in Table 2.3

Table 3.3 Selection media for conjugation

Markers Amino-acid Carbon Anti-
Selected Supplements Source biotic
g§y+ - , Thr, Arg, Phe, Cys, His, Trp Glc Str
§£§+ Leu, Thr, - , Phe, Cys, His, Trp Gle Str
arg'mt1” Leu, Thr, - , Phe, Cys, His, Trp Mtl Str

arg'mal” Leu, Thr, - , Phe, Cys, Hol, Trp Mal -

Colonies from each selection medium were patched out on the medium on
which they had been selected and screened for ampicillin sensitivity, with

thé results in Table 3.4;

Table 3.4 Ampicillin results for conjugation

Markers Selected Numbers of Percentages of

Ampicillin Sensitives Ampicillin Sensitives

leut 10/79 12.7
arg’ 51/79 | 4.6
arg'mt1? 64/80 ;a.o
arg'mal” 60/79 75.9

This suggests that the Mud(ApRlac)I is near arginine}(89.5min), there being no
significant difference between the numbers of ampicillin sensitives when the

selection was for arginine alone or for arginine + mannitol or arginine +
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maltose.If‘Mud(ApRlac)I had been nearer, for example, to mannitol (89min), a

much greater number of ampicillin sensitives would have been expected when

the selection was for arginine + mannitol than when it was for arginine alone.

The patched colonies from the selections for arginine alone and for

arginine + mannitol were further screened for leu and for mtl (in the first
case only), in an attempt to obtain an indication as to which side of arg Mu

lay. The results were as in Tables 3.5 and 3.6:

Table 3.5 Results from selection for arginine

leu Ap Observed Expected

donor type @+ S 34 29.7

* R 12 16.3

- S 17 21.3

recipient type - R 16 1.7

mtl Ap Observed Expected

donor type + S 14 10.3

+ R 2 5«7

= S 37 4o.7

recipient type — R 26 22.3

Table 3.6 Results from selection for arginine + mannitol

leu Ap Observed Expected

donor type + S 38 35.2

+ R 6 8.8

= S 26 28.8

recipient type = R 10 7.2

Unfortunately no linkage was observed, so there was no indication as to which

side of argH Mud(ApRlac)I, and therefore xylE, lay.

3.3.2 P1 transductions 7 \

A series of transductions was conducted to locate the position of
xylEuMud(ApRlac)I more exactly. The gene argH lies at 89.5min on the E. coli
chromosome map; the initial transduction investigated the region towards 90-

91min since strains with markers on that side of argH were readily available,
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Transduction I

P1 was grown on a strain resulting from the conjugation, EJ21 (see Chapter

2, Table 2.1), which had become arg* but remained ampicillin resistant. This

was used to transduce strain JM2349, which bears the markers argH, methA, aceh:

P1.EJ21 xylE: :Mud(ApRl ac)I (ApB) arg+ met” ace’

JM2349 xylE¥  (apS) argHh  metA aceh

Each marker was selected independently, and then screened for each of the

other markers to establish the gene order from the frequencies obtained.

(a) When the selection was for ig", no cotransduction of ampicillin
resistance was observed, although both met and ace were cotransduced (7/80
and 8/80 respectively). This indicated that Mu, and hence xylE, was further
from argH than were either met or ace, but again there was no indication as to

which side of argH xylE lies.

(b) When the selection was for met+, no cotransduction of ampicillin
resistance was again observed, although both arg and ace were cotransduced
(26/80 and 66/80 respectively). In this case, however, more information could

be obtained by examining the classes ari sing from the transduction (Table
3.7):

Table 3.7 Results from transduction I, selection for met’

ace Ap Observed

denor type + R 0

+ S 66

- R 0

recipient type - S 14

These results indicated that aceA was nearer to meth, the selected marker,
than was xylE, since there were 66 transductants which became ace® but none
which became ampicillin resistant. If the small class other than the donor

class was a four crossover class, the gene order would be argH metA aceA xylE.

In a three point cross the smallest class will corres, ond to the situation
when four crossovers, rather than two, have occurred;as this happens at a
J

lower frequency. This gives rise to the exchange of two outer markers for the

donor type while the central marker is unchanged. In this case it would be ace

which remained of the recipient type while met and Ap became donor type.
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(c) When the selection was for ampicillin resistance no cotransduction of
argh was observed, but met and ace were cotransduced at frequencies of 6/80
and 11/80 respectively. The classes ari sing from this selection are listed in

Table 3.8:

Table 3.8 Results from transduction I, selection for ApR

met ace Observed

donor type + + 6

+ - 0

% + 5

recipient type - = 69

In this case there was clearly a four crossover class which had become
ampicillin resistant and met® but which remained ace. This indicated that ace

lies between metA and xylE (ApR), i.e. the gene order is argH methA aceh XylE.

(d) When the selection was for ace® 2/67 colonies had become ampicillin
resistant, 63/67 had become met® and 12/67 had become ar’g+, consistent with

the gene order, argh meth aceh Xy1lE, proposed above.

Transduction II

Strain NB1 has the markers pgi and zjb:Tnl10 in the region of interest on
the E. coli chromosome map. These lie relative to other markers in the order
(ace™) pgi (malB*) Tn10. P1 was grown on strain NB1 and used to infect strain

EJ14:

P1.NB1 xy1E* (ApS)  pgi  Tn1o (TcR)
EJ1Y xylE::Mud(ApRiac) (apR) pgit (TeS)

The transductants were selected for tetracycline resistance (10ug m1~!) and
screened for ampicillin sensitivity and pgi. Strain EJ14 is fda and gnd and in
this baokground& is scored on glucose-6-phosphate such that growth occurs
for pgi negative colonies but there is no growth for pgi positive colonies
(Fraenkel and Vinopal, 1973). This is because when tﬁne cell is pgi as well as
gnd glucose-6-phosphate cannot form f’r’uctose—bisp@(')sphate (which is toxic
due to the fda mutation), but the G-6-P can be metagoliSed to trioses via 6-
phosphogluconate. The gnd mutation prevents synthesis of fructose-

bisphosphate via the pentose phosphate pathway, and the pgi mutation prevents
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isomerisation to fructose-6-phosphate and thence to fructose-bi sphosphate

(Figure 3.1). The synthesis of fructose-bisphosphate (which appears to be the
most toxic of the phosphorylated sugars) by the aldolase in the condensing

direction (Stribling and Perham, 1973) does not appear to occur fast enough
for it to reach toxic levels. However, when the cell is pgi+ fructose-

bisphosphate is rapidly formed and inhibits cell growth.

The results from the screening are listed in Table 3.9:

Table 3.9 Results from transduction II, selection for TcR

pgi Ap Observed

donor type = S 0

= R 1

# S 13

recipient type + R 66

These results indicated that XylE (ApR) was nearer to Tnl10 than was pgi, since
13 transductants became ampicillin sensitive whereas only 1 became pgi. If
the small class of 1 actually represented the four crossover situation then
it would indicate that xylE (ApR) was between Tn10 (TcR) and pgi, i.e. the gene
order would be pgi xylE Tnl0. If this were not the case, the gene order would
have to be pgi Tnlo XylE, but this is not compatible with the results from
transduction I (c) and (d) where ampicillin resistance was found to

cotransduce with aceai.

Transduction III

It was hoped to use phage P1 grown on strain NB1 to infect a strain with
the genotype xylE::Mud(ApRlac)I malB. In order to make this strain the Mu

insertion mutation was to be transduced into a strain with the malB marker.

Phage P1 grown on strain EJ18 was used to infect strain EJ23

These were screened for growth on maltose (malB) ang xylose-inducible

(malB (Mug+)), and transductants were selected for gmpicillin resistance.
B-galactosidase. Of 230 ampicillin resistant colom €s none were both malR and
XylE: Mud(Ap lac)I. Either Mu remained inserted in xylE: ‘but they had become

ma1+, or they remained malB but Mu had moved (B-galactosidase no longer being

xylose-inducible in about 50% of the cases). This suggests that xylE is very
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close to malB.

Transduction IV

Phage P1 was grown on strain EJ26 (malB zjb::Tn10) and used to transduce
each of strains EJ14 and EJ18, selecting for tetracycline resistance. There

was, therefore, no possibility of Mu having moved in this transduction.
P1.EJ26 xy1lEY (4pS) malB  Tn10o (TcR)
EJ1Y xylE::Mud (Aptlac) (Ap®)  malB® (1)

The transductants were screened for malB and ampicillin sensitivity. In the
case of strain EJ14 malB was scored on histidine, succinate, maltose minimal
medium such that growth occured for malB negative colonies whereas no growth

occured for malB positive colonies. This is because the strain is fda so if

maltose enters the cell and is metabolised toxic fructose-bi sphosphate
accumulates and growth is inhibited. However, if the cell is malB this cannot

occur so it is able to grow on the succinate.

Both markers were cotransduced into strain EJ14 with tetracycline
resistance (i.e. Tn10) with the frequencies 62/160 for ampicillin sensitives

(ises xylE+) and 75/160 for malB, and into strain EJ18 with the frequency of
75/160 for both xylE* and malB. This gives rise to the following classes
(Table 3.10):

Table 3.10 Results from transduction IV, selection for TCR

malB  Ap EJ14 EJ18
donor - S 62 75
= R 13 0
+ S 0 0
recipient + R 85 85

The lack of the m_a_ll_B ApR class in the case of strain EJ18 may be due to the
different screening procedure for malB necessitated in this case. Since
strain EJ18 is _I:@Jr malB must be screened by growthsjon maltose as sole carbon
source. Thus, some growth might have occurred if a’_c':olony were not pure or if

the maltose were contaminated with some glucose.
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The classes for strain EJ14 show that in 62/75 cases where malB is i\
transferred so is ampicillin sensitivity, indicating that the two genes are ‘

close together. In 13 cases malB is transferred but not ampicillin |

sensitivity, but none have ampicillin sensitivi ty transferred and not malB.

This latter case corresponds to the four crossover class indicating the gene ?
|
order for these markers XylE malB Tnl10. The results from strain EJ18 are J

consistent with this conclusion.

Map position from P1 transductions ‘

Taking the results from all the transductions together gives the |

unambiguous gene order:

meta aceh pgi Xy1lE malB zjb::Tn10,

[ Thus the gene for Xxylose-proton symport, XxylE, maps between minutes 91.3 and |

( 91.5 on the E. coli chromosone.

3.3.3 Deletion mapping

|

t

{ With a Mu insertion mutation the position of the gene on the chromosome |
; may be determined by inducing the excision of the prophage. When Mu excises
| part of the adjoining chromosomal DNA is also removed and by screening for ‘
’ the loss of nearby genes the location of the prophage, and hence of the gene

into which it was inserted, may be determined. \

Five cultures of strain EJ1L from five separate single colonies were grown
in nutri ent broth overnight at 30°C. Deletion mutants were selected by |
Spreading 0.2ml of each culture on minimal medium supplemented with ‘
histidine, methionine, adenine, glycerol, xylose, lactose, and casamino acids,
and incubating at 42°C for 24h. The Xylose and lactose together select against
the xylose-inducible lac operon of Mud(ApRﬁz)I, as the strain is fda so any I
lactose entering the cell and being metabolised will lead to a build up of
the toxic fructose-bisphosphate. The temperature of{42°C also selects against

the prophage since the repressor protein of Mud(ApRi ac)Il is temperature

sensitive. y

Since many colonies were obtained a preliminary screening was included

before the final screening. The selection plates were replica-plated directly
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as below, : ‘\
? Medi um Temp. Phenotype Genotype ‘
OC !
nutrient, ampicillin 37 - apS ‘
his, succ, mal 37 * mal
his, G6P 37 + pgi E
his, ace | 37 = ace, met, ade, ubi |
his, ade, gly 37T - - met |
his, met, ade, succ 37 - ubi |
selection medium 42 |

This gave many colonies which were ace, or met, several which were pgi, a few
which were mal but none which were ubi. Colonies of these phenotypes were |

! identified and patched out, then screened in full as below:

| i
Medium Phenotype Genotype j“
nutrient, ampicillin - Aps
his, met, ade, succ, mal * mal
his, met, ade, G6P + pgi
his, met, ade, ace - ace i
his, - , ade, gly - met I
his, met, - , gly ~ ade I
his, met, ade, succ = ubi
selection medium 1‘

The actual numbers of colonies of each type of overall genotype merely il
reflect the time at which the deletion event occurred during growth. The

number of times a particular genotype arose in separate cultures reflects
more closely the frequency of the event. The overall genotypes found are

listed in Table 3.11:
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Table 3.11 Results of deletion mapping

ade met ace pgi mal wubi Number of

Cultures
o = = - + + 5
+ - - = + + 5
+ + = = 3 + + 5
+ + + - + + 5
+ + - - - + 3
+ + + - o + 1

This indicates that the position of Mud(ApRigg)I, and hence xylE, is either
between ace and pgi or between pgl and mal. This is compatible with and,
therefore, supports the findings from the transduction mapping. It would be
possible to find which of these positions was the correct one from deletion
mapping if the right deletion was found. In this case, however, the necessary
deletion (as indicated by the transduction mapping) would be_g§£+ malB. Since
no ubi colonies were found, and it may not be possible to obtain deletions
which are ubi in this way, one would have to rely on selecting malB. Therefore,
the required strain would only have lost one marker which would not provide

adequate evidence that a deletion had occurred. Such a strain was obtained by

Dr. M.C. Jones-Mortimer from a Mud(ApRlao)II insertion in xylE indicating

that xylE was between pgi and malB (Davis et al., 1984).

3.4 Selection of Mud(ApRlac)I Insertion Mutants in xylFG using a xylE Strain

To obtain mutants in the binding protein dependent xylose transport system
a selection for xylose resistance in a strain deleted for XylE and sensitive
to xylose was used. The dual function of the tricarboxylic acid cycle, to
supply precursors for biosynthesis as well as to oxidise C,~units from
glycolysis, hecessitates the occurrence of an anaplerotic reaction (Ashworth
and Kornberg, 1966). This is normally achieved by the action of
phosphoenolpyruvate carboxylase, coded for by the %fne_ggg.ln_ggg mutants the
only anaplerotic pathway available is the glyoxyla)e cycle (Figure 3.7).
However, the enzymes of this pathway are found in greatly reduced amounts
during growth on glycolytic substrates (Kornberg,1966).Therefore,such

strains can only grow on substrates of glycolysis in the presence of

utilisable intermediates of the tricarboxylic acid cycle (e.g. aspartate).
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Figure 3.7 The glyoxylate cycle and associated metabolic pathways




|
’ Although ppc mutants can grow on acetate as sole carbon source, they are ‘
1 unable to grow on acetate in the presence of a glycolytic substrate, unless

the metabolism of that substrate is blocked or a mutation (iclRC) resulting ‘

in constitutive expression of isoci trate. lyase (the first enzyme of the ‘

ppc strain allows the selection of mutants blocked in metabolism or transport

\
! glyoxylate cycle) has occurred (Vinopal and Fraenkel, 1974). Thus the use of a

\
of a sugar (Kornberg and Smith, 1969).
‘ Mud(ApRlac)I was used to lysogenise JM2390 (ppe, xylEA) as described in

Chapter 2 (section 2.2.1). After allowing expression and segregation the cells Il
were plated onto minimal agar supplemented with histidine (80pg m1~1Y),

arginine (80pg ml™!), acetate (30mM), xylose (1mM) and ampicillin (25ug ml1™!).

The selection was for both xylose resistance during growth on acetate and [

|

|

.

l ampicillin resistance. Strains arising from this selection must be lysogens

! of Mud(ApRE)I as they are ampicillin resistant, but the xylose resistance I
E could be the result of insertion of Mud(ApRl_a_c)I into one of the xylose genes

or of a spontaneous mutation in one of the xylose genes with Mud(ApRl_ac)I

inserted elsewhere in the chromosome. Thus the possible genotypes arising

from the selection procedure are: ‘
(a) Mu insertion into xylR (regulatory) “‘
(b) Mu insertion into xylA (isomerase)

(c) Mu insertion into xylB (kinase)

(d) Mu insertion into XylFG (binding protein), xylE (proton-symport) being
deleted in the starting strain

(e) A mutation in any of (a)-(d) occuring spontaneously and insertion of Mu
elsewhere,

(f) A mutation (iclR®) resulting in constitutive expression of isocitrate

' lyase and insertion of Mu elsewhere

As (f) can grow on xylose + aspartate, it may be distiguished from (a)-(e)
where xylose metabolism or transport is blocked, the aspartate replacing the

intermediates of the tricarboxylic acid cycle used\in biosynthesis. Also, the
cases where Mud(ApRlac)I is inserted into a xyloseigene, (a)-(d), in the

correct orientation for tr*anscbiption of the lac structural genes from the
Xyl promoter may be distiguished from those where it is in the reverse

orientation or elsewhere in the chromosome, (e)&(f), by screening for xylose

inducible B-galactosidase.




Single colony isolates were, therefore, replica-plated to the following

media (all minimal media containing histidine and arginine):

Medium Required Phenotype
xylose -
acetate, glucose - (ppe, iclR* not iclR®)

aspartate, xylose ' &=

aspartate, glycerol, xylose + B-galactosidase +
aspartate, glycerol : # B-galactosidase -
acetate, xylose +
aspartate, glucose *
nutrient, ampicillin +

The plate assays for B-galactosidase did not indicate clearly whether the
activity was inducible or not. If the mutation was in Xy1lFG induction might be

a problem as there would be no transport system for the inducer to enter the

cell. Therefore, 5 independent strains which appeared to have xylose-
inducible B-galactosidase although there was some activity in the uninduced

case, and which did not grow on xylose + aspartate were taken.

The remaining possiblities could be distinguished by making the strains
xylE+. For (d) XylE+ XylFG transductants would be expected to grow on xylose

+ aspartate, xylose entering the cell on the proton-symport system, whereas

for (a)-(c) the XylE' transductants would be expected to be unable to grow on
Xylose + aspartate, being blocked in the metabolism of xylose. In addition, if
the Mud(ApRlaé)I i1s inserted into xylFG the g-galactosidase should become

more clearly xylose-inducible in the XylE* strain.

The mutants obtained were transduced with P1 grown on strain EJ64
(zjb::Tn10) to tetracycline resistance, and screened by replica-plating to the

following media (all minimal media containing histidine and arginine):
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Medium Required Phenotype

Xylose -

acetate, glucose - (ppec, iclRT not ic1R®)

acetate, xylose S

acetate +

aspartate, xylose ‘ +

aspartate, glycerol, xylose + B-galactosidase +
aspartate, glycerol + B-galactosidase -
aspartate, glucose +

nutrient agar, UY2°C = (Mugts)

nutrient, ampicillin +

nutrient, tetracycline +

One of the mutant strains, EJ80, gave 71 out of 80 tetracycline resistant
transductants which now grew on xylose + aspartate, and these showed clearly
xylose-inducible B-galactosidase (one of which was taken, strain EJ81).
Therefore, strain EJ80 must contain a Mud(ApRLa_g)I insertion in a gene, xy1FG,
that is only required for xylose utilisation in a XylE background. Since xylE
specifies the proton linked transport system for xylose, this result

indicates that xylFG specifies part of an alternative transport system.

3.5 Biochemical Characterisation of the Mutation in XylFG

Unequivocal evidence that the Mud(ApBlac)I insertion in strains EJB0 and
EJ81 was in a gene coding for part of the xylose binding protein dependent

transport system was obtained as below.

3.5.1 Transport of [**C]-xylose and g-galactosidase activities

Uptake of ['*C]-xylose into strains JM2390 (XylE~, XylFG'), EJ8O
(XylE",Xy1FG ) and EJ81 (XylE',XylFG™) was measured as described in Chapter 2
(section 2.6.1). The results (Table 3.12) clearly in&icate that strain EJ80 is
unable to transport xylose to any significant exten)}:, the values obtained for
induced EJ80 (0.14nmol mg™! in 2min) being comparable with those for
uninduced cultures of each of these strains (O.18nn"101 mg~! in 2min for JM2390
and 0.13nmol mg~! in 2min for EJ81), whereas the induced levels of transport

activity for JM2390 (9.2nmol mg™! in 2min) and EJ81 (3.1nmol mg~™! in 2min) are

75




Table 3.12 Xylose transport and g-galactosidase activities in strains
JM2390, EJB0 and EJ81

The cultures were grown on glycerol plus aspartate in the presence or absence
of 5mM xylose as inducer, and prepared and assayed as described in Chapter 2
(section 2.6.1 and 2.3.2). The values given are the means of duplicate
measurements from each of two independent determinations.

Strain Phenotype Induced Xylose Transport B-galactosidase
Initial Rate Extent at 2min Activity
(nmol min~! (nmol mg~?) (units mg-!)
mg=*)
JM2390 XylE Xylrg* - 6.4 9.2 -0.5
JM2390 XylE XylFG® 0.2 0.2 -0.4
EJ80 XylE XylFG~ + 0.2 0.1 29.1
EJ80 XylE XylFG~ - 0.1 0.1 0.7
EJ81 XylE Xy1FG™ + 2.3 3.1 48.2
EJ81 XylE*Xy1FG™ - 0. 0.1 0.8




o __,ﬁ*

significantly higher. The level of activi ty of JM2390 (XylE ,XylFG') is seen
to be greater than that of EJ81 (XylE*,XylFG™) consistent with the XylFG
system being of higher affinity. The B-galactosidase activi ty in strains EJ80

and EJ81 when assayed quantitatively was found to be inducible by factors of

40- and 60-fold respectively.

3.5.2 Xylose promoted pH changes

An alkaline pH change characteristic of proton symport was observed on the
addition of xylose to a de-energised suspension of xylose-induced cells for
strain EJ81 (XylE+ XylF") but to a much lesser extent than had been observed
for strain EJ15 (Xylg™ XylF%). Cells of EJB1 grown on succinate exhibited a pH
change to an extent of 1.1nmolH* mg=' with an initial rate of
0.23nmolH" min-! mg~!, which may be compared with 2.6nmolH" mg=! and
4.8nmolH" min=? mg~' for glycerol grown EJ15. The effect with EJ81 was only

observable for succinate grown cells, the corresponding values being
essentially zero for cells grown on glycerol plus aspartate. This low level

of expression is probably due to poor induction of the symport system in EJ81

where there is no high affini ty transport system which may be important for
the entry of xylose to act as inducer. This suggestion is supported by the

effect of the carbon source for growth as glycerol causes some catabolite

repression of the proton symport system. Nevertheless, the presence of any
alkaline pH change in EJ81 is indicative of the presence of a proton symport

System for xylose, i.e. )(ylE+ has been transduced into the XylE~ XylFG strain
EJ8O.

?

3.5.3 Steady state kinetic analysis

The K for EJ81 (XylE+,XylFG-) was compared with the values obtained for
JM2390 and EJ18, both (XylE™,XylFG'), for EJ15 (XylE*,XylFG'), and for vesicles
of EJ15 (i.e. Xyl1E"). The results (Table 3.13 and Figure 3.8) clearly show that
whereas JM2390 and EJ18 possess a high affini ty transport system with low
value for Kn (approx. 1uM) typical of a binding protein dependent system, EJ81
possesses a relatively low affini ty system with a Km of approx. 63uM,
comparable with the value obtained for vesicles of EJ15 (approx. 69uM). In
addition the double reciprocal plot for EJ81 is clearly linear, compared to

that of EJ15 which is biphasiec, so reintroduction of XylE has given a strain
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Table 3.13 Steady state kinetic analysis of strains JM2390 and EJ81
and comparison with other strains

assayed as described in Chapter 2 (section 2.6.1 and 2.6.2). Duplicate samples
were taken for each point over the concentration range 2 to LoouM [**C]- ‘
xylose, except for the determination on vesicles when the range was 4 to ‘H
4OOuM. The values for EJ18, EJ81, and EJ15 are the means from two independent |

|
The cultures were grown on glycerol plus xylose as inducer, and prepared and }

determinations.
Strain Phenotype Km vmax
(uM) (nmol min~?! mg-?!)

JM2390 XylE~XylFG* 1.0 6.2 @

I
EJ18 XylE~XylFG* 0.9 5.8 I
EJ81 XylE*XylFG™ 63.6 4.9 1
EJ15 vesicles Xyle* 68.8 8.3 ﬂ

EJ15 XylE*XylFG* 111.4, 3.5 17.8, 7.0

-
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Figure 3.8 Steady state kinetic analysis of xylose transport in strains
JM2390 (a), EJ81 (b), EJI15 (c), and EJ15 vesicles (d)

The cultures were grown on glycerol plus xylose as inducer, and prepared and
transport measured for 15s time points as described in Chapter 2 (sections

| 2.6.1 and 2.6.2). The figure shows the means of duplicate measurements. The
lines for (a), (b), and (d) are computer best fits by the least squares
analysis of Cleland (1967). The Ky and V., values are given in Table 3.13.




with only one transport system, a low affinity system.

Thus JM2390 possesses the high affinity system only, EJ80 has no transport

system for xylose, and EJ81 possesses the low affinity system only. Therefore,
the Mud(ApRlac)I insertion must be in xylFG, where xylFG are genes coding for

the high affinity, binding protein dependent transport system.
3.5.4 Binding protein activities

Induced and uninduced cultures of JM2390 (Mﬂ and induced cultures of
EJ80 (xylFG:Mud(ApTlac)I) and of EJ70 (xylFG) were made into spheroplasts,
and the shock fluids were concentrated and assayed for radio-labelled xylose
binding as described in Chapter 2 (section 2.7). The results (Table 3.14)
indicate the presence of a xylose-inducible xylose binding protein in JM2390.
Strain EJ70 shows no binding protein activi ty, the values obtained in the
assay being comparable with those for the uninduced culture of JM2390. Thus

the mutation in EJ70 must lie within the gene coding for the binding protein,

designated xylF.

However, strain EJ80 still possesses Xylose binding protein activity
comparable with that of the XylFG' strain JM2390. Thus, the Mud(ApRLa_o)I
insertion in EJ80 must be into a gene coding for some other component of the
high affinity transport system such as a membrane component, which shall be
designated XylG. Also, since Mud(ApRﬁ)I insertions are polar mutations,

either xylF and xylG are under the control of different promoters in separate

operons, or if they are under the control of a single promoter in one operon

XylF must be promoter proximal.

3.6 Mapping of the Mud(ApRlac)I Insertion in xylG

Preliminary P1 transductions wi th'EJ7O had indicated that the genes coding
for the binding protein dependent transport system\ apped near to the xyl
operon, at 80min (Bachmann, 1983) on the E. coli chromosome having a
cotransduction frequency of 13-22% with mtl and of; 35-43% with zhj«=Tn10, to

be compared with a cotransduction frequency of 46-51% for xylA and zhj::Tn10.
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Table 3.14 Binding protein activities

The cultures were grown on glycerol plus 10mM xylose as inducer and prepared
and assayed as described in Chapter 2 (section 2.7). The values given are the
means of two independent determinations from samples taken in triplicate,
Strain Induced Binding Activity
(pmol bound (mg protein)-!)

JdM2390 + 107
JM2390 - -8
EJT0 + =12
EJ80 + 113
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The availability of a Mud(ApRlac)I insertion in xylG enabled the mapping }
of xylG relative to XylA by means of the ampicillin resistance determinant of |

the prophage. P1 generalised transduction was used in both directions and the

markers were scored as follows: xylA by growth or not on xylose (5mM) (in the

XylE xylG backgound poor growth occurred for xylA* and none at all for xylA);

the mapping was located between mtl and xylA (Campbell et al.,, 1982).

XylG by resistance or sensitivity to ampicillin. The Tn10 insertion used in ’
|
Transduction V ‘

Phage P1 grown on strain EJ39 was used to transduce strain EJ80 to

tetracycline resistance:

P1.EJ39 xy1G*  (ApS)  xylA  zhj::Tn10 (TeR) mt1
g R R + S 5
EJ80 XylG::Mud(Ap“lac)I (Ap") xy1lA (Tec”) mtl

The transductants were screened for Xy1lA and ampicillin sensi tivity, with

the results given in Table 3.15:

Table 3.15 Results from transduction V, selection for ToR

XylA Ap Observed Expected

donor type - S 68 . 17.4 |
+ s 15 65.6 ﬂ
= R 13 63.6 ‘]‘1
recipient type + R 290 239.4

These two markers were found to be 1inked (x%=237), indicating that xylA and
xy1lG (ApR/S) lie close to each other on the linkage map on the same side of I

the Tn10 marker, but not giving their relative order.

Transduction VI |

Phage P1 grown on strain EJ80 was used to transduce EJ82, a Mu£+ lysogen of [

EJ39, to ampicillin resistance:

P1.EJ80 xy1G: :Mud (ApT1ac)I (ApR)  xy1a* " (1S mel? f
Il ‘ f
EJ82 xylGt  (4pS)  xyla zhj::Tn10 (TcR) mt1 |

‘ Colonies lacking xylose-inducible B-galactosidase were disregarded as events

( where the Mu prophage had probably moved, then the remaini ng transductants
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were screened for xylA and tetracycline sensitivi ty, with the results given

in Table 3.16:

Table 3.16 Results from transduction VI, selection for ApR

xylA Te Obserived Expected

donor type + S 283 284.1

= S, 38 35.9

+ R 84 79.9

recipient type = R 7 10.1

In this case the results show no linkage between the unselected markers,
there being no significant deviation from the expected values assuming no
linkage for each class (x2=1.29). Therefore, XylA and zhj:Tn10 probably lie on
opposite sides of the selected marker, xylG (ApR).

The largest class for transductionV was the recipient class, whereas for
transduction VI it was the donor class. This is an effect of scoring markers
close to a Mu insertion. For recombination to occur the prophage sequences
must loop out when the homologous sequences align, and there will be a lower
recombinational frequency as a result between the site of the Mu insertion
and markers close by. Recombination will, therefore, occur most often further

from the insertion site, resulting in the insertion and nearest markers often

behaving as a group.

Taking these results in conjunction with the known position of the Tni0
marker used, between xylA and mtl, the xylG gene coding for a component of the
high affinity xylose transport system, is thought to map between xylA and

zhj=:Tn10 with the probable gene order:

XylA xylG zhj:Tnl0 mtl

3.7 Discussion

There was previous evidence for the existen.ce of |two transport systems for
xylose in E. coli (Shamanna and Sanderson, 1979), a ﬁroton symport system (Lam
et al.,1980) and a binding protein dependent systenf (Ahlem et al., 1982). As
described above, it has been possible to construct strains lacking each or

both of these systems. Strains with a single transport system for xylose are
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useful for studying the properties of each system, and strains lacking both

transport systems are suitable hosts for cloning experiments.

tolie at distinct sites on the chromosome. The genes coding for the binding
protein dependent system, Xy1FG, map close to the xylose metabolic genes,
XylABR, at 80min, whereas the gene coding for the xylose proton symport
system, xylE, maps separately at 91.4min, close to malB. This mapping is an

|

The mapping undertaken has shown the genes for the two transport systems
essential preliminary to cloning the genes involved in xylose transport. ’
|

This genetic dissection of xylose transport confirms the existence of two

distinct systems for xylose transport. Thus the transport of Xylose in E. coli

resembles that of galactose (Rotman et al.,, 1968; Wilson, 1974) and arabinose
(Novotny and Englesberg, 1966; Schleif, 1969; Brown and Hogg, 1972) in being

mediated by two independent systems.

The Ky for xylose transport by XylE (approx. 63uM) is lower than that for
arabinose transport by ArakE (145-168uM; Daruwalla et al., 1981) and that for
galactose transport by GalP (220-450uM, Henderson and Giddens, 1977), although
Still of the same order of magnitude. The Vmax 1s also lower for XylE (4-
6nmol min~! mg~!) than for AraE (15-18nmol min-! mg~!) and GalP (approx.
19nmol min~! mg~'). Thus the xylose proton symport system has a slightly
higher affinity but also a sl ightly lower maximum rate of transport than the

arabinose or galactose proton symport systems.

Although the XylG mutation effectively abolishes xylose transport (from
TmM external concentration) in a strain which 1acks the xylose proton symport
system, the double mutant remains somewhat permeable to higher concentrations
of xylose. This is shown both by the xylose-inducibility of B-galactosidase
in the double mutant and by its poor but detectable growth on 5mM xylose. The
transport system responsible for this residual transport has not been

identified.
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4. INHIBITION AND LABELLING STUDIES WITH N-ETHYLMALEIMIDE

NEM has been found to inhibit other sugar-proton symport systems (LacY
(Fox and Kennedy, 1965; Jones and Kennedy, 1969), GalP (Kaethner and Horne,
1980; Macpherson et al., 1983), AraE (Macpherson et al., 1981)), and [*H]-NEM
has been used to label the transport proteins involved. Labell ing has been
improved by the prior protection of a sulphydryl group against reaction with
NEM by a specific substrate analogue or competitive inhibitor of the relevant
transport process, followed by removal of the protecting agent and then a
labelling reaction with [®H]-NEM. The measurement of the difference between
the protected sample and an otherwise identical unprotected sample corrects
for unspecific labelling of other residues (Macpherson_eﬁ al., 1981), as only
the sites which were protected in the first step should be available for the
subsequent labelling step. The labelling reactions were carried out using
subcellular vesicles because with intact cells it has not been possible to
obtain an identifiable labelled peak for other symport systems (Henderson,
personal communication). In order to use this technique for xylose-proton

symport it was first necessary to investigate its interaction with NEM.

4.1 Inhibition of Xylose Transport into Vesicles by NEM and Protection by

Sugars

4.1.1 Inhibition of xylose transport into vesicles by NEM

The inhibition of xylose transport into vesicles of strain EJ15 by NEM at
25°C and pH6.6 for 15min at concentrations varying from 0 to 4mM was measured
as described in Chapter 2 (section 2.8.1). The results (Figure 4.1) indicate
that xylose transport is susceptible to inhibition by NEM, with half-maximal

inhibition occurring at 0.3mM NEM. NEM has been shown to have no effect on the

inhibition of transport observed must be due to a direct effect on the
)

generation of a pmf by ascorbate plus PMS (Kaback aYd Patel, 1978), so the

fransport protein.
g
The increase in the degree of inhibition was relatively gradual at

concentrations of NEM above 1mM, which reduced the xylose transport activity

to 10.5% and 8.3% of the control values for the 15s and 2min time points
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Figure 4.1 Inhibition of xylose transport by NEM in v;sicles of strain EJ15

The vesicles were pre-incubated with 1mM NEM for 15min &t 25°C and pH6.6, and
energised transport assayed as described in Chapter 2 {section 2.8.1). The
figure shows the means of duplicate measurements for sémplés taken 2min after
the addition of xylose, expressed as a percentage of the control value,
1.01nmol mg™!.
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respectively. Therefore, it was decided to use 1mM NEM for the subsequent
protection experiments, thus conforming to the work done on other symport
systems where 1mM NEM was used (Macpher‘son_eE al., 1981; Macphersong al,,
1983). It was undesirable to use a higher concentration as this would
probably require higher concentrations of protecting agent tc achieve
protection, which might in turn result in a decreased specificity of

protection and so of labelling.

4.1.2 Protection by sugars against inhibition caused by NEM

Various sugars were screened for the ability to protect xylose transport
against inhibition by NEM in vesicles of strain EJ15 as described in Chapter
2 (section 2.8.1). The sugars, each used at a concentration of 20mM, were
Xylose, lyxose, xylitol, D-ribose, D-arabinose, glucose, 2-deoxyglucose,
6-deoxyglucose, methyl-a—D—gluoo_side, methyl-o-D-xylopyranoside, methyl-g~D-
Xylopyranoside. Of these only xylose, 6-deoxyglucose and glucose gave
unequivocal results indicating that they exhibited significant protection
against inhibition by NEM. The other sugars either did not show protection
against inhibition by NEM (xylitol, ribose, 2-deoxyglucose, methyl-g-D-
xylopyranoside) or the results obtained were not suffici ently reproducible
to ascertain the degrees of protection achieved. The degr‘ee of‘ protection may

t
be calculated based on the relevant differences 1r1 ag?crlw ty according to the

equation (Macpherson, 1982):

A(NEM + protecting agent) -A(NEM alone)

% Protection =

A(contr’ol without NEM) —A(NEM alone)

The values obtained are given in Table 4.1.
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Table 4.1 Degree of protection by sugars against inhibition by NEM

of xylose transport in vesicles of strain EJ15

Sugar % Protection
15s " 2min
xylose 59.2 4.9
6 -deoxyglucose 70.6 59.3
glucose 43.8 63.6

(The values given are the means of duplicate measurements and, in the

case of 6-deoxyglucose, from three independent vesicle preparations.)

As 6-deoxyglucose appeared to be the most effective and it would be useful

to use a non-metabolisable analogue it was decided to investigate its

protecting ability in more detail.

4.1.3 Protection by 6-deoxyglucose against inhibition by NEM

The ability of 6-deoxyglucose to protect against inhibition by NEM was
investigated over a concentration range of 0 to 40mM (Figure 4.2). The maximum
protection obtained restored activity to approx. 80-85% of the control (in
the absence of NEM) for the 15s points and to approx. 70-75% for the 2min
points. Since there was no apparent increase in protection at concentrations
greater than 10mM, these results indicated that 10mM 6-deoxyglucose should be
sufficient to obtain labelling of the XylE protein. However, it was decided to
use 20mM 6-deoxyglucose for the subsequent labelling experiments to conform
Qi th the conditions used for other symport systems (Macphersong; al,, 1981;

Macpherson et al., 1983).

4,2 Interaction of 6-deoxyglucose with the Xylose Proton Symport System

4.2.1 6-deoxyglucose as a substrate of XylE

The ability of 6-deoxyglucose to elicit an alkal’ine pH change in strain
EJ15 was investigated. An alkaline PH change chara,pteri stic of proton symport
was observed with 6-deoxyglucose but at a rate (O.énmoli—fr min=! mg=!) lower
than that observed wi th xylose (4.8nmolHY min™! mg~!). The extent of the

alkaline pH change (5.8nmolH* mg-!) was greater than that observed with
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Figure 4.2 Protection by 6-deoxyglucose against inhibiltion by NEM of xylose

transport in vesicles of strain EJ15 j

The vesicles were pre-incubated with NEM + 6-deoxyglucose, washed, and
energised xylose transport assayed as described in Chépter‘2 (section 2.8.1).
The figure shows the means of duplicate measurements from two independent
determinations for samples taken 2min after the addition of xylose, expressed
as a percentage of the control value, 0.66nmol mg~?.




Xylose for strain EJ15 (2.6nmolH’ mg~!) because the 6-deoxyglucose was not
metabolised (Figure 4.3).

Measurement of radio-labelled sugar uptake in vesicles of strain EJ15
indicated that there was some transport of 6-deoxyglucose, but at a lower
level than the transport of xylose itself (Figure L.4). There was in addition
a small amount of glucose uptake in these vesicles (Figure 4.4), but no

transport of arabinose or galactose (data not shown).

Thus it would appear that 6-deoxyglucose is a poor substrate for transport
by the xylose-proton symport system. 6-deoxyglucose is also a good substrate
for GalP (Henderson, personal communi cation), so the absence of galactose
transport was an important indication that the interaction being observed in

this series of experiments was independent of GalPp.

4.2.2 6-deoxyglucose as an inhibitor of XylE

The effect of 6-deoxyglucose on the transport of xylose by XylE was

investigated.

Energised xylose transport was measured in strain EJ15 with or without the
prior addition of an equal concentration of 6-deoxyglucose. The extent of the
alkaline pH change when Xylose was added 3min after 6-deoxyglucose

(0.04nmolH” mg~!) was reduced to about 1% of that in the absence of

6-deoxyglucose (2.6nmolH* mg-!) (Figure 14.5),

The transport of ['“CJ-xylose into vesicles of strain EJ15 was measured as
in Chapter 2 (section 2,6.2), with the addition of 6-deoxyglucose 3min before
that of xylose. The concentration of 6-deoxyglucose was varied from 0 to 20mM,
The transport of xylose was strongly inhibited even at low concentrations of
6-deoxyglucose (Figure 4.6), with half-maximal inhibition occurring at a

minimum of 6.5% of the control activi ty by 5mM 6-deo

concentration of 0.2-0.3mM. The activity was reduced essentially to its
;Vglucose for the 15s

points; the effect was more pronounced at lower conc’entrations for the 2min

points when there was no significant increase in inhibition beyond 1mM

6 -deoxyglucose, which retained only 5.7% activity of the control value.
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Figure 4.3 6-deoxyglucose-promoted alkaline pH ghange in EJ15

The cells were grown on glycerol plus 10mM xylose as inducer, and prepared and
assayed as described in Chapter 2 (section 2.6.3). The recording was
calibrated by the addition of 3ul 0.01M NaOH immediateiy prior to the
addition of substrate (20pul 0.5M).
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Figure 4.4 Transport of xylose, 6-deoxyglucose and glucose in vesicles of

strain EJ15 /

PMS/ascorbate energised transport was measured as desqribed in Chapter 2
(section 2.6.2), but taking 50pl samples at intervals. The figure shows the
means of duplicate measurements: xylose, ((); 6-deoxyglucose, (@ ); glucose,

(A).
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Figure 4.5 Inhibition of xylose-promoted alkaline pH Lhange by (i
6-deoxyglucose in strain EJ15

The cells were grown on glycerol plus 10mM xylose as i%ducer, and prepared and i
assayed as described in Chapter 2 (section 2.6.3). The recordings were
calibrated by the addition of 3ul 0.01M NaOH immediately prior to the I
addition of sugar. Where included, an equal quantity of 6-deoxyglucose
i (20pl 0.5M) was added 3min before the addition of xylose.
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Figure 4.6 Inhibition of xylose transport by 6—depxyg1bcose in vesicles of
strain EJ15

PMS/ascorbate energised transport was measured as described in Chapter 2
(section 2.6.2), with varying concentrations of-6—deoxyglucose added 3min i
before the addition of ['*C]-xylose. The figure shows the means of duplicate
measurements for 15s time points, expressed as a percentage of the control il
value, 0.37nmol mg~' (mean of four measurements).




Thus it would appear that 6-deoxyglucose is a good inhibitor of xylose
transport by the Xylose-proton symport system and that the substrate binding

site can accommodate the bulk of an extra methyl group on carbon-5 of xylose.

4.3 Specificity of 6-deoxyglucose Inhibition of Xylose Symport

If 6-deoxyglucose were to be useful in experiments to label selectively
the xylose-proton symporter, then it should ideally bind only to this
transport system and so leave only this free sulphydryl group for labelling

by radiocactive NEM. Accordingly, the effect of 6-deoxyglucose on the
transport of xylose by XylFG and of glucose by PtsG was investigated. The

interaction of 6-deoxyglucose with GalP under the conditions of the labell ing

experiments had been eliminated, for GalP was not expressed (section 4.2,1).

4.3.1 Inhibition of xylose binding protein transport

Inhibition of ['*C]-xylose transport in strain EJ18 (ﬂ- ﬂlLG” by
6-deoxyglucose and unlabelled Xxylose, as a control, was investigated as in
Chapter 2 (section 2.6.1). The unlabelled sugar was used at concentrations of
0.5mM and 5mM, 10-fold and 100-fold respectively the concentration of [!“C]-
xylose used. Only slight inhibition of xylose transport was observed for
6-deoxyglucose at 0.5mM (approx. 75% transport activity remaining) despite
the reduction in transport activity by unlabelled xylose at 0.5mM to approx.
10% of the control values (Table 4.2). At 5mM 6-deoxyglucose more substantial
Inhibition of xylose transport occurred, with a reduction in transport
activity to approx. 40% of the control value. This may be compared with the
essential abolition of xylose transport by 5mM unlabelled xylose, when only

approx. 1% of the xylose transport activity remained (Table 4.2).

Thus 6—deo;(yglucose is a much more powerful inhibitor of Xylose transport
by the proton symport system (section 4,2.2) than by the binding protein
system. The inhibition of xylose transport in a XylE7l XylF~ strain would
provide the ideal comparison with the experiment described in this section.

,,
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Table 4.2 Inhibition of XylFG transport activity in EJ18 by 6-deoxyglucose
and xylose

The cells were grown on glycerol plus 10mM xylose as inducer and prepared and
assayed as described in Chapter 2 (section 2.6.1). The unlabelled inhibitory

sugar was added 3min before the [!*C]-xylose. The values given are the means
of duplicate measurements.

Inhibitor Concentration Transport Activity (%)
(mM) Initial Rate Extent at 2min
= 0 100 100
Xylose 0.5 13 9
Xylose 5 1 1
6-deoxyglucose 0.5 72 78

6-deoxyglucose 5 39 43

-




4.3.2 Inhibition of glucose transport by 6-deoxyglucose

It was possible that 6-deoxyglucose might interact with the glucose

transport systems. Therefore, inhibition of transport of glucose and of
methyl-g-D-glucoside in strain EJ15 by 6-deoxyglucose and by glucose as a

control at a concentration of 5mM (100-fold the concentration of the

substrate) was measured. Methyl-q-D-glucoside is a specific substrate of the
DtsG system (Curtis and Epstein, 1975; Stock et al., 1982); the substrate
specific for the Mfl system (2-deoxyglucose) was not used as the strain used
was ptsM™. No significant inhibition of the transport of either glucose or
methyl-a-D-glucoside by 6-deoxyglucose was observed despite the drastic
reduction in the transport activity by 5mM glucose (Table 4.3). It is possible
that 6-deoxyglucose would inhibit glucose transport via ptsM, but by using
Strain EJ15, and related strains which are M’, it can be assumed that

6-deoxyglucose does not interact with the glucose transport systems.

4.4 Labelling of XylE with NEM

In order to improve the clarity of labelling it was decided to use a
labelling method involving both [*H]-NEM and ['“*C]-NEM. The protected sample
was labelled with one isotope and the unprotected sample was labelled with
the other isotope, so that the two could be combined and run in one track on
an SDS-polyacrylamide gel as described in Chapter 2 (sections 2.8.2 and 2.8.3).
This enabled any variation in the slicing of two separate tracks to be
eliminated. By running dual experiments with the isotopes the other way round
in relation to the protected Sample any differences in specific activity or
impurities causing preferential labelling by one isotope of non-specific
proteins would be detected, and averaging of the two sets of results could be

used to remove this background effect.

4.4.1 Comparison of strain EJ15 (xylE*) with strain EJ71 (xylEd)

Vesicles of strain EJ15 were labelled as in Chapter 2 (section 2.8.2) using
both [®H]-NEM and [!“*C]-NEM. The results (Figure )4.7;) indicated the presence
of a 6-deoxyglucose protectable peak in strain EJ15 at an apparent molecular
mass of 38 500-41 500Da. When the experiment was repeated with vesicles of

strain EJ71 (xylEA) this peak was found to be absent (Figure 4.8), indicating
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Table 4.3 Inhibition of glucose and methyl-o-glucoside transport activity
in EJ15 by 6-deoxyglucose and glucose

The cells were grown on glucose and prepared and assayed as described in
Chapter 2 (section 2.6.1). The inhibitory sugar was added to a final
concentration of 5mM 3min before the addition of radioisotope labelled
substrate. The values given are the means of duplicate measurements.

Inducer Glucose Transport (%) Methyl-a-glucoside Transport (%)

Initial Rate Extent at 2min Initial Rate Extent at 2min

= 100 100 100 100
Glucose 6 3 0 1
6-deoxyglucose 92 89 110 114

-
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Figure 4.7 6-deoxyglucose protectable NEM-labelled proteins from vesicles

o of strain EJ15 (xylE")

The vesicles were labelled with ['*C]- or [°H]-NEM after reaction with
unlabelled NEM in the presence or absence of 6-deoxyglucose, as described in
Chapter 2 (section 2.8.2). The proteins were separated by SDS-polyacrylamide

gel electrophoresis, the tracks were sliced, and the readioactivity in each

slice was determined as described in Chapter 2 (section 2.8.3). The figure
shows the means of the protected minus the unprotected values from two
independent experiments with the labels reversed.: ) ’ -
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Figure 4.8 6-deoxyglucose protectable NEM-labelled proteins from vesicles

of strain EJ71 (xylED)
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that the peak occurring with strain EJ15 was indeed due to the XylE protein.

4.4.2 Comparison of strain EJ68 (xylE') with strain EJ54 (xylE::Hud(ApRlac)II)

Strains EJ68 and EJ54 are xylA (xylose isomerase negative) and EJ68 has
higher levels of xylose-proton symport activity than EJ15 as a result. This

is probably due to higher intracellular concentrations of inducer and the

absence of any self-catabolite repression due to lack of metabolism. Such
effects have previously been observed for the arabinose genes (Katz and

Englesberg, 1971; Beverin et al., 1971).

The labelling experiments with NEM were, therefore, repeated using
vesicles of these strains. Again a 6-deoxyglucose protectable peak was found

in the LLEI+ strain, EJ68, at an apparent molecular mass of 35 500-39 000Da,
but in this case the degree of labelling was greater (1.4% compared with 0.7%,
Figure 4.9). This peak was absent from EJ5U vesicles (Figure 4.10) confirming
its identity as being due to XylE. Also, no high molecular mass peak was
observed for EJ54, indicating that the hybrid XylE-LacZ protein produced does
not possess a normal xylose binding site, although it includes a large part of
the XylE protein (see Chapter 5). In this case, however, the insertion
mutation ﬂ::Mud(ApRia_o)II resulted in the expression of lacY under the
control of the xylose promoter. Thus the vesicles of EJ54 could be checked for
energised uptake of lactose as the EJE8 vesicles were for xylose, In addi tion,
it was possible for Dr. P.J.F. Henderson to label LacY with NEM using TMG as a
protecting agent (Henderson, personal communication), giving a peak of

apparent molecular mass approx. 30 000Da, as expected for LacY (Jones and
Kennedy, 1969) and thus demonstrating that a protectable NEM-labelled peak

could be identified in the EJ54 vesicles.

4,5 Discussion

As with the other proton symport systems, LacY, AraE, and GalP, transport by
XylE was susceptible to inhibition by the sulphydry] reagent
N-ethylmaleimide. This inhibition was protected agz}ainst by the substrate or a
substrate analogue? indicating the presence of a sulphydryl group in the
vicinity of the substrate binding site, and allowing relatively specific

labelling of the transport protein with radioisotope-labelled NEM. In this
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case 6-deoxyglucose was found to be a suitable protecting agent; although
only a poor substrate for transport by XylE, 6-deoxyglucose proved to be a
good inhibitor of xylose transport by XylE. It was not such a potent inhibitor
of xylose transport by XylFG. Comparison of protected versus unprotected
samples revealed a labelled peak of apparent molecular mass in the range

36 000-41 000Da for the XylE* strains, which was absent in the XylE™ strains.
This dual characteristic of protectability by a specific inhibitor of XylE
and absence in XylE strains identifies this peak as due to the XylE protein,
and not a XylFG component. The value for the apparent molecular mass of XylE
is similar to those of AraE (36 000-38 OOODa,Macpherson_gE al,, 1981) and of
GalP (34 000-38 OOODa,Macpherson_gE al., 1983) but different from that of
LacY (approx. 30 000Da, Jones and Kennedy,1969;Newman.§E al.,, 1981). However,
the true molecular mass of LacY obtained from the DNA sequence is 46 502Da
(Buchel et al.,, 1980) and the true molecular mass of XylE is also greater than
that estimated from SDS-polyacrylamide gel electrophoresis (see Chapter 6).
This discrepancy is thought to be due to an abnormally high binding of SDS to

the relatively hydrophobic protein, resulting in an increased charge-to-mass
ratio; at sufficiently high gel concentrations (20% and above) when the
molecular sieving factor predominates over this increased charge-to-mass
ratio the molecular mass found for LacY was approx. 46 000Da (Beyreuther
EE\EE" 1980). The molecular mass of LacY was also shown to be 47 500Da by gel
filtration in the presence of hexamethylphosphoric triamide (Konig and

Sandermann, 1982).
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CHAPTER 5
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PURIFICATION OF A XYLE-LACZ HYBRID PROTEIN “




5. PURIFICATION OF A XYLE-LACZ HYBRID PROTEIN

A Mud(Ap?&gg)II insertion in the<§XlE gene was made by Dr. M.C, Jones=
Mortimer (Davis et al., 1984), Mud(ApRiég)II differs from Mud(ApRlég)I in that
as well as there being no transcriptional termination signals between the end
of Mu and the beginning of the.lEE structural genes, there are no
translational termination sites (the.EEE Sequences and the first eight codons
of_iggz are deleted relative to Mud(ApRiég)I). Thus insertion of
Mud(ApREEE)II into a gene in the correct orientation and reading frame gives
rise to gene fusion and the production of a hybrid protein with the N-

terminus of the gene into which the prophage is inserted fused to

B-galactosidase.

The aim of the work described in this chapter was to purify the XylE-LacZ
hybrid protein produced by this Mud(ApREEE)II insertion in XYy1E. By utilising
the properties of the B-galactosidase part of the molecule for this
purification, the N-terminal part of the XylE protein fused to it would be
obtained. This would enable determination of the N-terminal sequence of the

XylE protein for verification of the reading frame deduced from DNA

Sequencing of the cloned Xy1lE gene.

5.1 Evidence that the XylE-LacZ Hybrid Protein is Membrane Bound

B-galactosidase assays on sonicated preparations of JM2336
(ElignMud(ApRigg)II) were performed as described in Chapter 2 (section
2.3.3). This confirmed the xylose-inducibility of the p-galactosidase
activity in JM2336 and showed the majorityj%his activity to be membrane
bound, compared to the mainly cytoplasmic xylose-inducible B-galactosidase of

EJ18 resulting from the Mud(ApRlac)I insertion in xylE (Table 5.1).
=o% 2=

The xylA derivative of JM2336, EJ54, showed much thher levels of
B )
f-galactosidase activity than JM2336 when induced with xylose (approx. 1 725
compared to approx. 316 units (mg dry mass)~!), and &as used for the

purification work.
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Table 5.1 Xylose inducibility and membrane association of g-galactosidase
activity in JM2336

The cells were grown on glycerol in the presence or absence of 10mM xylose as
inducer, and prepared and assayed as described in Chapter 2 (section 2.3.3).

The values given are the means of duplicate measurements from each of two
independent determinations.

Strain Induced B-galactosidase activity Cytoplasmic Membraneous

(units mg-?) (%) (%)
JM2336 + 367.5 4 96
JM2336 - 2.2 = =
EJ18 + 490.1 78 22
EJ18 - 2.5 = =




5.2 Identification of the Hybrid Protein

The band corresponding to the hybrid protein on an SDS=polyacrylamide gel
was identified among the proteins binding to a monoclonal antibody against
B-galactosidase. The proteins solubilized from a membrane preparation were
incubated with the antibody which was attached to a Sepharose resin. The
resulting protein-antibody-resin complex was sedimented and washed, then the
bound proteins were eluted with 6M urea, as described in Chapter 2 (section
2.9). The eluates were dialysed prior to analysis by SDS-polyacrylamide gel
electrophoresis. Induced preparations of strains EJ54 and EJ18 and an

uninduced preparation of strain JM2336 were compared,

The monomer of g-~galactosidase has a large molecular mass (116 000Da)
relative to most proteins in the cell. The hybrid protein must have a
molecular mass geater than or equal to that of native B-galactosidase, since
part of the XylE protein is fused to the B-galactosidase molecule. The
results (Figure 5.1) show only one band of molecular mass greater than that of
B-galactosidase (found in EJ18) which is present in the induced preparation
of EJ54 but absent in the uninduced preparation of JM2336. This band, with an
apparent molecular mass of approx. 145 000-150 000Da, must, therefore,

correspond to the XylE-LacZ hybrid protein.

5.3 Solubilization of the XylE-LacZ Hybrid Protein

The conditions required to solubilize the hybrid protein were

investigated in a series of small scale experiments prior to any attempt at

purification.
5.3.1 Selection of a suitable detergent

The detergents Triton X=100, octyl-glucoside, Nonidet=P40 and Lubrol-pPX
were compared for their ability to solubilize the g-galactosidase activity of
the hybrid protein. The protein concentration was 1mjlnl"’ and the detergents
were tested over a concentration range of 0-2% for ﬂriton X=100 and octyl
glucoside and of 0-4% for Nonidet-P40 and Lubrol-PX, as described in Chapter
2 (section 2.10.1). The activity of the supernatants after centifuging in the

airfuge at 100 000g for 1h was expressed as a percentage of the activity in
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Figure 5.1 Identification of the XylE-LacZ hy&mid protein

The band corresponding to the XylE-LacZ hybrid protein ytas identified as l
described in Chapter 2 (section 2.9). The figure shows a 10% SDS- ‘YH;”‘
polyacrylamide gel of the proteins binding to a monoclonal antibody against 1}\\\
g-galactosidase: track 1, EJ5U induced track 2, JM2336 uninduced; track 3,
EJ18 induced. The arrow indicates the XylE-LacZ hybrid protein, present in
EJ54., The positions of the standard molecular mass markers are indicated:

B-gal, B-galactosidase; PhB, phosphorylase B; BSA, bovine serum albumin; OVA,

ovalbumin; CA, carbonic anhydrase.




the total mixture, sampled immediately prior to centrifuging. In each case
quite a large proportion (mean value of 41%) was 'solubilised' in the absence
of detergent. This was probably due to the action of proteases splitting the

| hybrid protein into its two constituent parts during centrifugation as
cooling was not possible using the airfuge. In other experiments this problem
was much less severe. The results (Figure 5.2) indicate that Triton X=100 is i
the most effective of these detergents at solubilizing the hybrid protein at
Tmg ml™! protein concentration. Therefore, Triton X-100 was chosen for
subsequent experiments, with the added consideration that to use a large Hil
column for gel filtration the cost of using octyl-glucoside, for example,

would be prohibitive. However, Triton X-100 has the disadvantage of absorbing i

light of wavelength 280nm so preventing the continuous spectrophotometric

monitoring of protein as it elutes from a column.

5.3.2 Determination of the conditions for solubilizing with Triton X=100 |

For a large scale preparation it would be necessary to solubilize much
larger quantities of protein, but for chromatography on the gel filtration

column it was important to keep the sample volume relatively small to

maintain resolution. It would, therefore, be necessary to solubilize at higher I

protein concentrations. i

The solubilization of the hybrid protein by 1% Triton at protein ‘W

| \H

concentrations of 0.5-5mg ml~' was compared using the airfuge method (Chapter i
2; section 2.10.1). The results (not shown) indicated that the proportion of

the protein solubilized decreased with increasing protein concentration. |

The solubilization of the hybrid protein at 1mg ml~! and at 7.5mg ml~?! was

compared, varying the concentration of Triton from 1% to 5%, using the airfuge
method. The reéults (Table 5.2) clearly indicate that whilst for a protein

concentration of Tmg ml~! raising the concentration of Triton from 1% to 5% | J
does not increase the amount of the hybrid protein s¢lubilized, for a protein

concentration of 7.5mg ml1~™! the higher concentration/(5%) of Triton is

required to achieve a reasonable degree of solubilization.
! ‘

Subsequently, sdlubilization for the smaller scale experiments was done at

Tmg ml™! protein and 1% Triton X=100; and for the larger scale preparations at
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Figure 5.2 Solubilization of the XylE-LacZ hybrid protein by the detergents j[
Triton-X100 (a), octyl glucoside (b), Nonidet P40 (c) and |

Lubrol PX (d) i

|
The solubilization of the hybrid protein by each detergent was investigated “M
as described in Chapter 2 (section 2.10.1). The figure shows the g- il
galactosidase activity solubilized as a percentage of the total 8-

galactosidase activity prior to centrifugation.




Table 5.2 Solubilization of XylE-LacZ hybrid protein by Triton X-100

Membranes made from xylose-induced EJ54 were prepared and solubilized as
described in Chapter 2 (sections 2.1.4 and 2.10.1). The percentages solubilized
were determined by assaying B-galactosidase activities as described.

Triton concentration % solubilized
(%) 1mg ml1~! protein 7.5mg m1~! protein
1 46,2 29.9
2 43,1 33.5
5 49.5 55.5




7.5mg ml~! protein and 5% Triton X-100, as in Chapter 2 (section 2.10.2).

5.4 Affinity Column Chromatography

The resin p-aminophenyl—B~D'thiogalactoside-agarose was shown by Steers
et al. (1971) to be an affinity matrix for B-galactosidase. They described the
purification of g-galactosidase on a column of this resin, loading the column
in 50mM Tris=HC1/100mM NaCl/10mM MgCl,, pH7.5 and eluting with 100mM sodium
borate, pH10. They failed to obtain elution with 50mM lactose in the loading
buffer, although it might have been expected that substrate would elute the

protein from an affinity column.

It was hoped that the XylE-LacZ hybrid protein could be purified in a
similar way to g-galactosidase on the affinity column. However, the hybrid
protein was in fact very different from native B—=galactosidase.
B-galactosidase is a cytoplasmic enzyme whereas the hybrid protein was
membrane bound, so the column would have to be run in the presence of
detergent to keep the hybrid protein solubilized. Also, as only part of the
hybrid protein was B-galactosidase, the XylE portion might interfere with the
binding of the B~galactosidase meiety to the column. In addition, the set of

proteins from which the hybrid protein was being purified was completely

different to that from which g-galactosidase was purified. These factors
meant that the conditions for chromatography on the column might need to be

altered.

5.4.1 Effect of salt concentration

Initially chromatography on the column was performed as described by

Steers et al. (1971). The hybrid protein was found to bind to the resin under
these conditions and to elute with 100mM sodium borate, pH10. However, the
column did not appear to have a very large capacity fon binding the hybrid
protein, and the eluted protein was not substantiélly freed of the other
proteins. It appeared that the membrane proteins from which the hybrid
protein needed to be purified mighﬁ be binding to the jcolumn more strongly

than the cytoplasmic proteins from which native B-galactosidase was purified.
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Some experiments done with native B-galactosidase confirmed that a high
concentration of lactose (200mM) failed to elute B-galactosidase from the
affinity resin. Running a salt gradient in the loading buffer prior to
elution with 100mM sodium borate, pH10 indicated that 1M NaCl did not elute
B-galactosidase from the column, but the g-galactosidase eluted subsequently
appeared to be more pure on an SDS-polyacrylamide gel than that obtained with

no prior salt wash.

Therefore, a salt gradient was applied with a sample (2mg protein, approx.
12 000 units g-galactosidase activity) of the hybrid protein loaded onto the
affinity column, after the initial wash through with loading buffer. The

gradient was applied in two stages; first from 0.1M to 0.3M NaCl, then from
0.3M to 1M NaCl, each over 5 column volumes. Finally, the elution was with

100mM sodium borate, pH10.

The B-galactosidase activity, i.e. the hybrid protein, was found to elute
mostly during the salt gradient, over a large number of fractions from approx.
0.3M to 0.5M NaCl, and coinciding with a major protein peak. This was,

therefore, ineffective as a means of purification.

5.4.2 Effect of varying pH

After loading the sample (2mg protein, 14 000 units B-galactosidase
activity) the column was washed through with 5 column volumes of the loading
buffer, 50mM Tris-HC1/100mM NaCl/1% Triton, pH7.4. It was then eluted
consecutively with 5 column volumes of the same buffer at pH8.5, pHY.0, and

pHY.5, and finally with 100mM sodium borate, pH10.

The resulting profile (Figure 5.3) showed that a large proportion of the
B-galactosidase acitivity, i.e. hybrid protein, was eluted from the column by
the buffer at pH9.5, although a substantial amount remained bound to the resin
until 100mM sodium borate, pH10 was passed through thsicolumn. Whereas the
f-galactosidase activity peak from the elution with b’ rate, pH10 coincided
with a major protein peak, that from the elution with the Tris-HC1l buffer at
PH9.5 corresponded to a relatively low protein oonoeljltration. The specific
activity of fractions 66 to 75 inclusive from this peak was 3.4-fold higher

than that of the material applied to the column (23 600 compared with 7 000
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Figure 5.3 Elution profile from the p-aminophenyl-g-D-thiogalactoside affinity column

NaCl/1% Triton at pH's of 8.5, 9.0, 9.5 and by 100mM sodium borate/1% Triton, pH10.0 as indicated in the figure:
B-galactosidase activity, (Q); protein concentration, (@ ).

Chromatography was performed as described in Chapter 2 (section 2.11.1), with elution by 50mM Tris-HC1/100mM
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Figure 5.4 Analysis of fractions from the p-aminophenyl</g-D-thiogalactoside
affinity column

The figure shows a 10% SDS-polyacrylamide gel of fraotio%s eluted from the
affinity column, silver Stained by the method of Wray et al.(1981). The
fractions were solubilized at 100°C for 2min; the fraction numbers are
indicated for each track. The positions of the standard molecular mass
markers are indicated (abbreviations as for Figure 5.1; PhB, phosphorylase B).




units mg~!). Fractions from this peak were solubilized in SDS-dissolving
buffer at 100°C for 2min and analysed on a 10% SDS-polyacrylamide gel, which
| was silver stained (Figure 5.4). Although several contaminating bands
remained, the procedure yielded a considerable purification of the applied

mixture. |

5.5 DEAE Ion-exchange Column Chromatography

A published purification method for cytoplasmic B—galactosidase includes,
as a major step, chromatography on a DEAE column (Miller, 1972). In this

procedure the f-galactosidase is eluted with a salt gradient from 0.2M to

0.35M NaCl.

The salt concentrations at which the hybrid protein would bind and elute

were checked in a test-tube experiment as described in Chapter 2 (section

2.11.2). Some elution occured at 0.2M NaCl so it was decided to apply a

gradient from zero NaCl with the column.

The effect of processing a sample (2mg protein, 12 000 units
B-galactosidase activity) of the hybrid protein on the DEAE column was
investigated. After washing through with 3-4 column volumes of the loading

buffer (10mM Tris-HC1/1% Triton, pH7.6) the column was eluted with a salt ‘

gradient from 0-0.3M NaCl as described in Chapter 2 (section 2.11.3).

The g-galactosidase activity, i.e. the hybrid protein, eluted in the middle |
of the gfadient from approx. 0.15M to 0.2M NaCl, but the activity peak F
coincided with part of the major protein peak (Figure 5.5). The specific
activity of fractions 64 to 73 inclusive from the activity peak was 1.7-fold
higher than that of the applied material (10 370 compared with 6 170

units mg?!).

Fractions were solubilized in SDS—dissolving,bufer at 100°C for 2min and

analysed on a 10% SDS-polyacrylamide gel, which was si)ver stained (Figure

5.6). This showed that many contaminating bands were still present. I

! .
Nevertheless, this method using a small column would be suitable for

concentration of dilute solutions of hybrid protein.
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Figure 5.5 Elution profile from the DEAE column

Chromatography was performed as described in Chapter 2 (section 2.11.3), with elution by a salt gradient from 0-
0.3M NaCl. The figure shows: g-galactosidase activity, (QQ); protein concentration, (@ ); conductivity, (---).
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Figure 5.6 Analysis of fractions from the ;LAE column

The figure shows a 10% SDS-polyacrylamide gel of fractions eluted from the
DEAE column, silver stained by the method of Wray et gi.(1981). The fractions
were solubilized at 100°C for 2min; the fraction numbers are indicated for
each track. The positions of the standard molecular mass markers are

indicated (abbreviations as for Figure 5.4).




5.6 Bio—Gel A-5m Gel Filtration Column Chromatography

The purification of a MalF-LacZ hybrid protein has been reported by Shuman
et al. (1980). This hybrid protein was purified without regard to its
B-galactosidase activity by gel filtration under SDS-denaturing conditions,

the fractions being assayed by electrophoresis of samples on gels.

The native g-galactosidase enzyme is a tetramer of the subunit (molecular
mass 116 000Da) having an M, of apﬁrox.46u 000Da. This molecular mass might
be expected to be substantially larger than that of most membrane proteins,
so it was hoped that some separation might be achieved using a non-denaturing
gel filtration column, where the fractions could still be assayed for

B-galactosidase activity.

A Bio-gel A-5m column was poured and calibrated with Blue Dextran,
B-galactosidase, and cytochrome.c as in Chapter 2 (section 2.11.4). A sample
(approx. 20mg protein, approx. 100 000 units g-galactosidase activity) of the
hybrid protein was applied to the column and eluted as in Chapter 2 (section
2.11.4). The hybrid protein eluted in fractions earlier than those

corresponding to the position of native R—galactosidasein the calibration

step, in accord with its larger molecular mass. In addition, the
B-galactosidase activity peak eluted before the major protein peak, and a

silver stained SDS-polyacrylamidegel of these fractions revealed relatively

few contaminating bands.

‘Theréfore,a larger sample (157mg protein, approx. 1 000 000 units
B-galactosidase activity) of the impure hybrid protein in 20ml was applied to
the column, giving the profile in Figure 5.7. The specific activity of
fractions 51 to 58 of the eluted hybrid protein was 4.5-fold higher than that
of the material applied to the column (70 300 compared with 15 600

units mg™!).

Fractions were solubilized in SDS-dissolving buff%r at 55°C for 8min and

analysed on a 10% SDS-polyacrylamide gel. It was cleal from this (Figure 5.8)
that the hybrid protein eluted separately from most;broteins and was

contaminated with only a few other bands.
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Figure 5.7 Elution profile from the Bio-gel column

Gel filtration was performed as described in Chapter 2 (section 2.11.4). The figure shows: g-
galactosidase activity, ((Q)); protein concentration, (@). The positions of the standards used to calibrate the
column are indicated: BD, blue dextran; R-gal, p-galactosidase; Cyt ¢, cytochrome c.
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Figure 5.8 Analysis of fractions from the Bio~gel column

The figure shows 10% SDS-polyacrylamide gels of fractions eluted from the
Bio-gel column, stained with Coomassie Blue. The fractions were solubilized
at 55°C for 8min; the fraction numbers are indicated for each track. The
positions of the standard molecular mass markers are indicated
(abbreviations as for Figure 5.U4).
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Figure 5.8 Analysis of fractions from the Bio-gel column

The figure shows 10% SDS-polyacrylamide gels of fractions eluted from the
Bio-gel column, stained with Coomassie Blue. The fractions were solubilized
at 55°C for 8min; the fraction numbers are indicated for each track. The
positions of the standard molecular mass markers are indicated
(abbreviations as for Figure 5.1).




Fractions 51 to 58 corresponding to the main part of the g-galactosidase

activity peak were pooled and concentrated on a 2ml DEAE column as described

in Chapter 2 (section 2.11.5).

5.7 Conditions for Solubilization of the Hybrid Protein in Sodium Dodecyl

Sulphate

Samples of the pool of the g-galactosidase activity peak from
chromatography of 157mg protein of the solubilizd membrane preparation of
induced EJ54 on the Bio-gel column, and an analogous pool made from the
equivalent fractions resulting from chromatography of 157mg protein of a
solubilized membrane preparation of uninduced JM2336 on the same column, were
used to compare conditions of solubilization in SDS-dissolving buffer for
electrophoresis on SDS-polyacrylamide gels. By comparing induced and
uninduced preparations confirmation of the identity of the band as that of

the hybrid protein would be obtained.

Both an induced and an uninduced sample, with SDS-dissolving buffer added,

were incubated at each of the following temperatures for the times indicated:

26°C for 35min
37°C for 20min
45°C for 15min
55°C for 8min
70°C for 5min
100°C for 2min

They were then analysed on a 59 SDS-polyacrylamide gel. The results (Figure
5.9) clearly show that optimal solubilization occurs in the middle of this
temperature range, at 55°C. It is also apparent that the hybrid protein
migrates at a different position on the gel when solubilized at 100°C

compared to when solubilized at 37°C, and both bands occur at the intermediate

temperatures.

)
This difficulty in solubilization of the hybrid protein is probably a

J
result of the preferred conditions of solubilization for each part of the
molecule, relating to the fact that the XylE and LacZ proteins are such

different types of protein. g-galactosidase solubilizes optimally at 100°C,
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Induced and uninduced samples of the equivalent fractiong from the Bio-gel

column were solubilized in SDS as indicated in the text (section 5.7). The

figure shows a 5% SDS-polyacrylamide gel stained with Coomassie Blue: tracks

1, 3,5, 7, 9, 11, induced; tracks 2, 4, 6, 8, 10, 12, uninduced; tracks 1 & 2, 26°C;
: tracks 3 & U4, 37°C; tracks 5 & 6, 45°C; tracks 7 & 8, 55°C; tracks § & 10, 70°C; i
tracks 11 & 12, 100°C, The positions of the standard molecular mass markers i
i1 e are indicated: My, myosin; R-gal, Rp-galactosidase.




whereas proton symport system membrane proteins are optimally solubilized at
low temperatures (Teather et al., 1978; Macpherson et al., 1981). It may be
that at high temperatures the XylE part of the molecule is still partly

folded, whereas at low temperatures the g-galactosidase part is, resulting in

the protein migrating in different positions on the gel, whilst at

intermediate temperatures some of each form is found. Alternatively, the two
positions on the gel may be the result of differential binding of SDS at the

different temperatures, although if this is the case there must be two

distinct states as opposed to a gradual alteration in the number of SDS

molecules bound.

5.8 Further Purification After the Bio-gel Column Chromatography

In an attempt to improve the purification of the hybrid protein achieved
by gel filtration, part of the pool from the Bio-gel column was processed by

the following chromatographic methods.

5.8.1 Affinity column

A sample applied to the p-aminophenyl-g-D-thiogalactoside column was
eluted consecutively with 5 column volumes of the loading buffer at pH9.0 and
pHY9.5, and finally with 100mM sodium borate, pH10. Fractions electrophoresed
on a 10% SDS-polyacrylamide gel indicated that some improvement in the
purification of the hybrid protein was achieved by this pass of the affinity
column. However, the capacity of the resin was vefy small, and to process all
the hybrid protein from the Bio-gel column would require several passes on a

much larger column.

5.8.2 DEAE column

In an attempt to reduce the binding of contaminants to the DEAE column it
was decided to run the column at a lower pH. A test-tube experiment (see
Chapter 2, section 2.11.2) indicated that the hybrid/'protein still bound to
the resin and retained its g-galactosidase activity at pH6.5, although a
slight reduction of activity was observed at pH6.0. In a further experiment
the binding of the hybrid protein to DEAE at pH6.5 was investigated over a

range of salt concentrations, from 0 to 0.4M NaCl. The result clearly showed
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that the hybrid protein eluted between 0.1M and 0.2M NaCl.

Therefore, a sample was applied to the DEAE column equilibrated with 10mM
Tris-HC1/100mM NaCl/1% Triton, pH6.5, and eluted with a salt gradient from
0.1M to 0.2M NaCl in the same buffer over 5 column volumes. The pressure head

was reduced to 25cmH,0 giving a flow rate of 11.5ml h™l.

The B-galactosidase activity peak eluted over a large number of fractions
from about 0.12M to 0.15M NaCl. Fractions analysed on a 10% SDS-polyacrylamide

gel showed little improvement over the purification achieved by the Bio—gel

column.

5.8.3 Repetition of the gel filtration on the Bio-gel column

The gel filtration step used to purify the MalF-LacZ hybrid protein by
Shuman et al. (1980) was repeated loading a smaller sample volume to achieve
greater resolution. Following their example, a concentrated pool of fractions
from the first pass of the Bio-gel column (approx. 350 000 units
B-galactosidase activity) was reapplied to the column but this time in a
sample size of 1.5ml. The hybrid protein eluted largely in the same relative
position although some activity eluted earlier. Fractions 53 to 57 of the

activity peak from this second pass were again pooled and concentrated.

Fractions were solubilized in SDS-dissolving buffer at 55°C for 8min and
electrophoresed on a 10% SDS-polyacrylamide gel (Figure 5.10). Some
improvement in the purification was evident. A major contaminating band below
the g-galactosidase standard was eliminated, although this was probably
removed in the concentrating step on DEAE. A further band in the region of the
ovalbumin standard was also removed. However, the second pass of the Bio-gel
column did not appear to be necessary. The contaminating band at the same
molecular mass as the R-galactosidase standard was thought to be the
B-galactosidase moiety released from the hybrid pro&ein due to protease

action, and separation of the hybrid from this band Was not achieved.

)
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Figure 5.10 Analysis of fractions from first and‘seco&d passes of the
Bio-Gel column

)

The figure shows a 10% SDS-polyacrylamide gel of pools from the first and
second passes of the Bio-gel column: track 1, pool of ftactions 51-58 from
first pass; track 2, pool of fractions 53-57 from second pass; track 3,
concentrated pool from first pass; track 4, concentrated pool from second
pass. The positions of the standard molecular mass markers are indicated
(abbreviations as for Figure 5.4).




5.9 Overall Purification Scheme

i The overall purification scheme resulted in a 32-fold increase in the

specific activity of g-galactosidase over that of the lysed cells (90 400
compared with 2 800 units mg™!, Table 5.3). However, the total g-galactosidase

activity decreased during the purification procedure,

' Table 5.3 Overall purification scheme of XylE-LacZ hybrid protein

. Step Volume B-galactosidase activity Protein Purification Yield
; (ml) (units ml1™!) (units mg™!) (mg ml7?!) factor (%)
| Crude lysate 23 146 900 2 800 52.3 - 100
i Membranes 3.5 465 500 10 230 45,5 3.7 L8
% Solubilization 21 52 060 15 600 3.34 5.6 32
Bio-Gel column 40 8 830 67 900 0.13 24 10
Concentration 1.5 200 000 90 900 2.2 32 9
Bio-Gel column 25 4 080 72 900 0.06 26
Concentration 0.6 244 150 90 400 2.7 32

5.10 N-terminal Sequence Analysis

‘ A sample (approx. 0.8mg pfotein) of the concentrated pool from the second
‘ pass of the Bio-gel column was prepared for N-terminal sequence analysis as

described in Chapter 2 (section 2.12). The analysis was performed on a gas-

phase sequenator by Dr. J.E. Walker of the MRC Laboratory of Molecular

Biology. The following sequence of the first six residues was obtained:

Met-Asn—-(Val/Thr)-(Glin/Thr)-Tyr-Asn-

Further sequence data were not obtained.

5.11 Discussion

;
The purification of the XylE-LacZ hybrid protein is not a straightforward

repetition of the purification of g-galactosidase. This is primarily because

the hybrid protein, being a membrane protein, has very different solubility
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characteristics from native B-galactosidase. Detergent must be present
throughout to keep the protein in solution. The XylE part of the molecule may
interfere with its binding to, for example, the affinity column. In addition,
the hybrid protein has to be purified from a different set of proteins to
that from which native g-galactosidase is purified. Nevertheless, the
B-galactosidase activity of the hybrid protein was a valuable means of assay.
The hybrid protein was purified on the basis of its large size relative to

the majority of membrane proteins by gel filtration. It would probably have

been a better and more general purification scheme for the second gel
filtration pass to be run under SDS-denaturing conditions, where the
separation would be based on differences in monomer molecular mass. However,

the hybrid could not then be assayed by its R-galactosidase activity.

Subsequent to these experiments, Ullmann (1984) described conditions for
performing p-aminophenyl-g-D-thiogalactoside affinity column chromatography
quite different from those originally used by Steers et al. (1971). The column
was loaded and run in 1.6M NaCl which increased the capacity of the affinity
column for B-galactosidase, by, it was suggested, preventing non-specific
adsorption of foreign proteins. After washing with approx. 100 column volumes
until no more material absorbing at 280nm appeared in the eluate, the protein
was eluted with 100mM sodium borate, pH10. This yielded in one step a
purification of 33— to 100-fold. However, it should be noted that these
experiments were all done with cytoplasmic proteins. Also, the XylE-LacZ
hybrid protein had been found to elute from the p—aminophenyl-g-D-
thiogalactoside column at the much lower salt cohcentrations of 0.3-0.5M NaCl

(section 5.4.1).

The N-terminal sequence was obtained from the material prepared, and
although only the first six amino—acids were determined this was sufficient
to confirm the reading frame and translation initiation point obtained from

DNA sequencing of the cloned xylE gene (see Chapter6).

A possible further use of the purified hybrid prptein would be to raise
antibodies which would be active against the XylE Protein.This would provide

an assay for the XylE protein without having to resort to reconstitution

experiments, which could be useful for further work to purify the XylE

protein itself.
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6. CLONING AND SEQUENCING OF THE XYLE GENE

The mapping of xylE (Chapter 3) had indicated that it was close to malB
(91.5min) on the E. coli chromosome. This proximity to malB was exploited in
the cloning strategy. Induction of phage A inserted in the malB region should

yield phage carrying xylE. Comparison of the restriction map of the DNA from

such a phage with that of a phage derived from a AplacMu insertion in xylE
itself should indicate the position of xylE on the DNA carrying xylE. This

would facilitate the identification of a suitable restriction fragment for

subcloning and DNA sequencing.

6.1 Insertion of AplacMu3 into xylE

6.1.1 Selection of AplacMu insertion mutants in xylE

AplacMu was inserted into strain JM2087 as described in Chapter 2 (section
2.2.3). After allowing segregation as for the Mud(Ap3£§g) mutagenesis (Chapter
2, section 2.2.1), the cellé were plated onto minimal medium supplemented with
histidine (80ug m17'), glycerol (20mM) and xylose (5mM) and containing XGal
(30ug ml17!), and incubated at 30°C. The selection was for xylose resistance in
an fda strain growing on glycerol, as for the Mud(ApREEE) insertion (Chapter

3, section 3.1), with a screening for g-galactosidase activity which

hydrolyses XGal to release a blue dye.

This g-galactosidase activity might be xylose-inducible as a result of
AplacMu being inserted in the correct orientation and reading frame in one of
the xylose genes, or constitutive, due to AplacMu being inserted in some other
expressed gene. Blue colonies from among many white colonies were streaked to
single colonies, patched out, and replica-plated as for the Mud(Apngg)
insertions (Chapter 3, section 3.1). Of 10 independent selections with
AplacMu3, two gave strains which had xylose-indﬁcible B-galactosidase and

failed to grow on histidine + xylose (i.e. were still’'fda): EJ61 and EJ62.

)\
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6.1.2 Identification of the AplacMu insertion mutation in xylE

As the position of xylE on the chromosome was known at this stage the

simplest way to identify which, if any, of these insertions was in xylE was to

‘

map them by P1 transduction relative to the marker zjb::Tn10.

Strains EJ61 and EJ62 were transduced to tetracycline resistance

(10pg m17!) with P1 grown on strain NB1 (zjb::Tn10). Colonies were patched out

on the selection medium, replica-plated to:

histidine, xylose
histidine, glycerol, xylose
histidine, glycerol
nutrient, xylose

nutrient, tetracycline

nutrient

and incubated at 30°C.

For strain EJ61 all of 80 tetracycline resistant transductants retained

xylose-inducible B-galactosidase activity, indicating that the AplacMu

insertion in EJ61 was not in xylE.

For strain EJ62 nine out of 80 colonies had lost their g—galactosidase
activity (plate ONPG assay on nutrient + xylose and on nutrient), and these
nine failed to grow or grew only poorly on histidine, glycerol, xylose as
compared with growth on histidine, glycerol (i.e. had become sensitive to

xylosé again). Thus the \AplacMu insertion in EJ62 was in xylE.

6.1.3 Confirmation of the insertion of AplacMu into xylE

The AplacMu insertion into xylE in EJ62 was transduced into an fda’

background, yielding EJ65.

When AplacMu is inserted into a gene resulting ih g-galactosidase
activity, a hybrid protein is formed consisting of the N-terminal region of
the gene into which the phage is inserted and all but the first few amino-

acids of p-galactosidase. In this case the insertion is in a membrane protein
so 1t might be expected that, if the hybrid protein includes sufficient of the

XylE prctein, the g—galactosidase activity to become membrane bound.
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Using a preparation as described in Chapter 2 (section 2.3.3) and
quantitatively assaying for B-galactosidase, it was demonstrated that the
B-galactosidase activity in EJ65 was both xylose-inducible and membrane
associated. The distribution of the hybrid protein between the soluble and
membrane fractions may be compared with that of native B—galactosidase
(formed as a result of an operon fusion, as opposed to a gene fusion,in_gllg)

in EJ18 (Table 6.1).

The alkaline pH change indicative of proton symport observed on addition
of xylose to EJ15 (prepared as in Chapter 2, section 2.6.3) was absent when
xylose was added to EJ65 (Table 6.2 and Figure 6.1). However, the addition of

IPTG, a substrate for the LacY symport system, to xylose-induced cells

elicited an alkaline pH change in EJ65 but not in EJ15, indicating that the
EJ65 cells were still capable of symport activity (Table 6.2 and Figure 6.1).

This provided conclusive evidence that the AplacMu insertion in EJ65, and

thus in EJ62, was in xylE.

6.2 Insertion of AplacMu3 into malK-1amB

6.2.1 Selection of AplacMu insertion mutants in malK-1amB

AplacMu was inserted into strain JM2433 as described in Chapter 2 (section
2.2.3). The infection mixture (1ml) was diluted five-fold with nutrient broth

containing 5mM maltose, split into aliquots and incubated overnight at 30°C to

allow segregation.

Samples (0.1ml) of these cultures were superinfected with Avir at a
multiplicity of infection of approx. 1, then plated out in soft agar lawns
containing XGél and maltose and incubated at 37°C for 24 hours. The maltose
was present to ensure that any unmutated lamB genes would be expressed well,
and, therefore, that cells with intact_igg@ genes woyld be A sensitive. The
XGal would distinguish cells expressing R-galactosidase from those which did

not.

From the ) resistant colonies resulting, several blue colonies (i.e.

expressing either maltose-inducible or constitutive B—galactosidase) were
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Table 6.1 Xylose inducibility and membrane association of B-galactosidase
activity in EJ65

The cells were grown on glycerol in the presence or absence of 10mM xylose as
inducer, and prepared and assayed as described in Chapter 2 (section 2.3.3).
The values given are the means of duplicate measurements from each of two
independent determinations.

Strain Induced B-galactosidase activity Cytoplasmic Membraneous

(units mg-?!) (%) (%)
EJ65 + 281.5 it 96
EJ65 = 1.6 = =
EJ18 + 490.1 78 22

EJ18 - 1.6 - -




Table 6.2 Xylose and IPTG promoted alkaline pH changes in EJ15 and EJ65

The cultures were grown on glycerol plus 10mM xylose as inducer, and prepared
and assayed as described in Chapter 2 (section 2.6.3).

Strain Sugar Extent Number of
(nmolH* mg=1!) measurements*
EJ15 Xylose 2.55 13(4)
EJ15 IPTG 0.01 4(2)
EJ65 Xylose 0.0k 6(2)
EJ65 IPTG 1.51 L(2)

¥: number of measurements (number of preparations)




(a)EJ15
XylE*LacY™
Xylose
‘ 30nmolH*
IPTG
_'LA-—-“——"-
imin
(b)EJB5
XylE LacY?
Xylose

!

IPTG

)

Figure 6.1 Xylose- and IPTG-promoted alkaline pH changes in strains
EJ15 (a) and EJ65 (b)

The strains were grown on glycerol plus 10mM xylose as inducer, and prepared
and assayed as described in Chapter 2 (section 2.6.3). In each case the
recording was calibrated by the addition of 3yl 0.01M NaOH immediately prior
to the addition of substrate (20ul 0.5M).




streaked to single colonies. The ONPG plate assay (Chapter 2, section 2.3.1) on
replica-plates with and without maltose did not indicate clearly whether the
B-galactosidase was inducible or not. The strains taken were checked for )\

resistance by spot tests.

6.2.2 Identification of the AplacMu insertion mutation in malK-1amB i

To ascertain whether the A resistance was due to AplacMu inserted in malK-

lamB or to two events (spontaneous mutation to ) resistance with AplacMu
inserted elsewhere in the chromosome), the strains were transduced to
tetracycline resistance with P1 grown on EJ64 (zjb::Tn10) in order to map the |

A resistance and the g-galactosidase activity. L

In one case, 54 of 86 colonies became ) sensitive but all colonies retained 1

f-galactosidase activity, becoming yellow in the ONPG plate assay relatively

i slowly. Thus the A resistance and the g-galactosidase activity did not map in i"
\

the same place and so the A resistance could not be due to the AplacMu |

insertion.

In the case of strain EJ8Y4, 46 of 85 colonies became A sensitive and the

i same 46 colonies lost their g-galactosidase activity completely, whilst those

colonies which retained their g-galactosidase activity went yellow in the |

ONPG plate assay very quickly. Thus in EJ8L the ) resistance and the
B-galactosidase activity mapped together and so the ) resistance was due to
the iplacMu insertion,i.e.xpiggMu was inserted into malK-lamB. It could not
be detefmined at this stage whether the insertion was in lamB itself or in

malK and causing )} resistance by a polar effect.

6.3 Ultra-violet Induction of AplacMu Lysogens

lamB::AplacMu) were u.v. induced and the phage lysates|screened as in Chapter 2 ‘

L The AplacMu lysogenic strains EJ65 (xylE::AplacMu) and EJ8Y (malK- i
i ‘ — ——= == E—
{ (section 2.2.7).

}
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6.3.1 Specialised transducing phage obtained

In the case of phage from EJ65 ten independent Spi~ phage were selected,

all of which possessed xylose-inducible B-galactosidase, and ten phage were
picked from screening for xylose-inducible B-galactosidase, which on

screening plaque purified phage were found to be Spi+.These were screened to

obtain an estimate of the size of the inserted host DNA by restriction
digests of DNA prepared by the miniprep in Chapter 2 (section 2.13.1) with

BamHI and with EcoRI. A Spi phage with a large insert was used for the
subsequent experiments, Ao (xylE'-lacZ)7, in the hope that it would carry DNA

extending into the malB region.

The phage from EJ84 were selected for being Spi~ then screened for
maltose-inducible B-galactosidase and the ability to complement xylE as
described in Chapter 2 (section 2.2.7). Only one of 10 independent inductions

yielded phage carrying xylE. This phage, A(xylE)¢(malK'-lacZ), was plaque

purified twice before being used for DNA preparation and restriction mapping.

6.3.2 Confirmation of the presence of Xy1lE on A(xylE)é(malK'-lacZ)

The presence of xylE on the DNA carried by phage A(xylE)d(malK'-lacZ)

would be confirmed by the acqufsition of the ability to transport xylose in a

XylE~ XylFG strain lysogenic for A(xylE)®(malK'-lacZ). Colonies from within

a spot test for complementation of xylE on a lawn of EJ94 (EXlEA
_zlignMud(Apngg)I) containing the helper phage AcI®®’ were streaked out. This
yieldéd colonies with maltose-inducible g-galactosidase (in addition to the
xylose-inducible B-galactosidase due to'zlignMud(Apngg)I) and which had
regained the ability to grow on xylose as sole carbon source. One such
lysogenic strain, EJ97, was shown to have maltose-inducible B—galactosidase
by quantitatﬁve assay (Table 6.3) and to have regained the ability to
transport ['*C]-xylose to an extent comparable with the

51£§+ zziguMud(Apalgg)I strain EJ81 (Table 6.3). X\lose-promoted alkaline pH
changes were not measured for the lysogen, but subsequent experiments with a

fragment subcloned from A(xylE)®(malK'-lacZ) into;the plasmid pBR328

indicated the presence of symport activity by this criterion (section 6.6).

Thus, the xylE gene must be carried on the phage A(xylE)é¢(malK'-lacZ).
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Table 6.3 Xylose transport and B-galactosidase activities in strains EJ9L

and EJ97, a lysogen of A(xylE)®(malK'-lacZ) |

The cells were grown on succinate in the presence or absence of inducer and W
assayed as described in Chapter 2 (sections 2.6.1 and 2.3.2). The values given |
are the means of duplicate measurements from the number of independent
determinations indicated in the parentheses. |

Strain Inducer Xylose Transport B-galactosidase
Initial Rate Extent at 2min Activity |
(nmol min~! mg-!) (nmol mg~1!) (units mg~?) I
EJ94 Xylose 0.4 (2) 0.1 (2) 173.8 (2) I
EJ94 - - - 15.6 (2) I
EJ94 Maltose 0.0 (1) 0.1 (1) 21.8 (2) H
EJ9T Xylose 5.6 (2) 5.4 (2) 265.7 (3) y
EJ9T - 0.3 (1) 0.2 (1) 18.9 (3)
EJ97 Maltose 0.6 (2) 0.7 (2) 95.6 (3) M




6.4 Restriction Analysis of the A Phage DNA

The Spi  selection yields phage deleted for red and gam and which,

1
therfore, have unidirectional deletions from this end of A (see Chapter 1, |
section 1.3.4). Thus, for AplacMu insertions which are in the correct 1

|

orientation for transcription this results in host DNA from the promoter side
of the insertion being carried. Since the directions of transcription of the
genes xylE and malK-lamB are divergent (Figure 6.2) Spi~ phage from

insertions in these two genes should carry a region of overlapping host DNA.

2@1.4min 91.5min 92min |
T o o |
xylE meiCGmealFmelE melK iamB zib::Tn10 ‘

malB

Figure 6.2 The xylE-malB region of the E. coli chromosome

The arrows indicate the directions of transcription of the genes.

DNA was prepared from the phages A¢(xylE'-lacZ) and A(xylE)®(malK'-lacZ) |

as in Chapter 2 (section 2.13.1) and used for restriction mapping. The

A(xylE)®(malK'-lacZ) DNA was analysed with the enzymes SacI, Smal, Sall, BglII,

BamHI, EcoRI, HindIII and Pvull. The single, double or triple digestions were
separated on 0.7% or 1% agarose gels (e.g. Figure 6.3). Comparison of the
restriction map deduced from the fragments obtained with published.
restriction data for the malB region (Marchal et al., 1978) indicated that the

point of AplacMu insertion in EJ8Y4 was malkK.

The A@(ﬂ_l_E'-l_ac_Z) DNA was similarly analysed and comparison of the
restriction maps of the two phages (Figure 6.4) did indeed reveal a region of
overlapping DNA between the two. This region is in opposite orientations
relative to the phage A DNA in the two phages. Alignment of the restriction
sites in this region identified the fusion point of xylE'-lacZ within the DNA I

carring the intact xylE gene and so located XylE on this DNA.

6.5 Subcloning of the 8kb BamHI-Sall Fragment into p&3R328
U
)

The 8kb BamHI-Sall fragment was cloned into thejmulticopy plasmid pBR328.
A(xylE)¢(malK'-lacZ) DNA digested with BamHI and Sall was ligated into BamHI-

Sall cut and phosphatased pBR328 at 15°C overnight as in Chapter 2 (section
2.14.2). The ligated plasmid was transformed into strain EJ96 : i

[
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Figure 6.3 Analysis of restriction endonuclease digestions of the phage
A(xylE)¢®(malK'-lacz)

Restriction digestions were carried out and the producks were separated by
electrophoresis on a 1% agarose gel as described in Chapter 2 (section
(sections 2.14.1 and 2.5.2). The figure shows an example of the results
obtained: track 1, BamHI; track 2, BamHI + Sall; track 3, Sall; track 4

A HindIII standard; track 5, AplacMu Pvull standard; track 6, Pvull + Sall;
track 7, Pvull; track 8, Pvull + Sacl; track 9, Sacl; track 10, PvuIl + Smal;
track 11, Smal; track 12, Pvull; track 13, Pvull + BglII; track 14, BgllII; track
15, Pvull + BamHI; track 16, BamHI; track 17, A HindIII standard; track 18,
HindIII; track 19, EcoRI

cundl.




AD(xylE'-1acz)

Sacl Sacl Sacl
Bg[IH BlglI[ BglIBglI
BamHI BamHI BamHI
Smal Smal Smal Smal
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lacZ insert
—y
5kb
AxYIE)P(malK'-lacz) Sacl Sacl
Bglll Bglll BgllI BgII BgIII

Pvulll Pvull Pvull Pvull Pvul Pvull | Pvull

[N I | I L Ill I
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|

I HindIId ‘ Hin dIl
BamHI . BamHI BamHI BamHI
- Smal Smal [Sall Smal
EcoRI EcoRI ' EcoRI EcoRI
lacZ insert

Fusion point

Figure 6.4 Restriction maps of phages A¢(xylE'-lacZ)7 and A(xylE)d(malK'-lacZ) and location of the xylE gene

The inserted chromosomal DNA is in the opposite orientation with respect to the phage DNA in the two phages. The
arrow indicates the fusion point of xylE to

carried by ) (xylE)d(malK'-lacZ).

lacZ in 2é(xylE'=lacZ)7, i.e. a point within the xylE gene, on the DNA




(xylEA xylG::Mud(ApRlac)I recA) as described in Chapter 2 (section 2.15)
selecting for chloramphenicol resistance (12.5pg ml~!). The transformants
were screened for tetracycline sensitivity, i.e. the presence of an insert in

the tetracycline resistance gene.

The plasmid DNAs from 12 CmR TeS transformants were prepared by minipreps
E as in Chapter 2 (section 2.13.2) and digested with BamHI and Sall to identify

those with the correct sized insert. Separation of the fragments on a 1%

agarose gel indicated that 3 of these 12 transformants contained the desired 1

1A

8kb fragment (Figure 6.5(a)). Further digestions with Pvull, HindIII or SacI, }
i

in addition to BamHI and Sall, on a plasmid containing the BamHI-Sall “ }1

fragment and one containing the 7.2kb BamHI-BamHI fragment (cloned into |

incompletely digested vector DNA) from A(xylE)d(malK'-lacZ) confirmed that e
these assignments were correct. The 8kb fragment was cut by Sacl and by Pvull

but not by HindIII, whereas the 7.2kb fragment was cut by HindIII but not by L

Sacl or Pvull (Figure 6.5(b)), as expected from the restriction map of the

AMxylE)e(malK'-lacZ) phage DNA (Figure 6.4). This yielded the subclone pEJ1. i

The presence of an intact xylE gene on the BamHI-Sall fragment carried by
PEJ1 was shown by the restoration of xylose-inducible ['*C]-xylose uptake to

EJ96 by the plasmid (Table 6.4) comparable to that observed for EJ81 e
(XylE* Xy1FG™). i

Finer detail restriction mapping was possible using the subclone in
pBR328. Plasmid pEJ1 DNA was digested with HincII which cuts more frequently
than most 6-base recognition Sequence enzymes owing to degeneracy in its I
recognition sequence (GTPyPuAC), in addition to the restriction enzymes known Itk

to have sites in the region of interest. This resulted in the restriction map

of pEJ1 shown in Figure 6.6.

|
6.6 Subcloning of the 2.7kb HincII Fragment into pBR328 I

A 2.Tkb HincII fragment was found to span the posirfion of xylE with the
fusion point near the centre of the fragment. This wpuld be a suitable sized
piece for DNA sequencing, provided the entire XxylE gene was contained within
it. To determine if this was the case the 2.7kb HinecII fragment was purified

as in Chapter 2 (section 2.16.1) and subcloned into Pvull cut and phosphatased
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Figure 6.5 Subcloning of the BamHI-Sall fragment into pBR328

The figure shows 1% agarose gels of restriction digestions with BamHI and
Sall, and where relevant the additional enzymes indicated, of plasmids
derived from subcloning a BamHI-Sall digest of A(xylE)é(\malK‘—lacZ) into
pBR328.

(a) Plasmids obtained: track 4, » HindIII standard; track' 11, pBR328; tracks 2,
6 & 12, 8.0kb BamHI-Sall insert; tracks 3 & 14, 7.2kb BamjI-BamHI insert; track
7, 5.5kb BamHI-BamHI insert; tracks 8 & 13, 1.2kb BamHI-S211 insert; track 10,
19kb BamHI-BamHI insert; tracks 1 & 9, no insert; track 5, unidentified.

(b) Verification of assignment of 8.0kb and 7.2kb inserts: tracks 1 & 10,

A HindIII standard; tracks 2-5, 7.2kb BamHI-BamHI insert; tracks 6-9, 8.0kb
BamHI-Sall insert; additional enzymes: tracks 2 & 6, SacI; tracks 3 & 7, Pvull;




Table 6.4 Xylose transport activity in strain EJ96 with and without ‘ﬁ
plasmid pEJ1 il

The cells were grown on succinate in the presence or absence of 10mM xylose ‘w
as inducer, and prepared and assayéd as described in Chapter 2 (section 2.6.1). }
The values given are the means of duplicate measurements from the number of 1
independent determinations indicated in parentheses.

|
Xylose Transport ’

Strain/Plasmid Induced |
Initial Rate Extent at 2min |

(nmol min~! mg-?!) (nmol mg~!) l

EJ96 + 0.3 (4) 0.1 (4)
EJ96 - 0.1 (2) 0.1 (2) i
EJ96/pEJT " 29.3 (2) 19.8 (2) |
EJ96/pEJ1 - 1.8 (2) 2.4 (2) i
EJ81 - 11.8 (5) 13.0 (5)
EJ81 - 0.3 (2) 0.2 (2) '{

\;
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Figure 6.6 Restriction map of plasmi"d pEJ1
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The figure shows plasmid pEJ1 linearized through the single BamHI site. The
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arrow indicates the fusion point of xylE to lacZ in x®(xylE'-lacZ)7, i.e. a Fi‘ il
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PBR328 (Figure 6.7(a)). The ligated plasmid was transformed into EJ96
selecting for tetracycline resistance. Transformants were screened for
chloramphenicol sensitivity, i.e. the presence of an insert within the
chloramphenicol resistance gene. Plasmid minipreps were performed on six

TcR Cms

transformants and the DNA was digested with BglII + Pvull to check
for the correct insert, and with BglII + EcoRI to indicate the orientation of

the insert (Figure 6.7).

A transformant harbouring a plasmid with the fragment in each orientation
in relation to the direction of transcription of the chloramphenicol
resistance gene into which it was inserted was assayed for [!*C]-xylose
transport. Both plasmids, pEJ2 and pEJ3, restored xylose transport to strain
EJ96 (Table 6.5). The plasmid with the insert in the opposite orientation to
that of the cloramphenicol resistance gene, pEJ3, was used for subsequent

experiments so that the transcription should be from the xylose promoter.

The addition of xylose to de-energised xylose-induced cells of strain EJ96
carrying pEJ3 elicited an alkaline pH change indicative of proton symport

which did not occur for EJ96 itself (Figure 6.8).

Therefore, the intact xylE gene must be present on the 2.7kb HincII

fragment.

6.7 DNA Sequencing of the 2.7kb HineIl Fragment

The DNA sequence of the 2.7kb HincII fragment containing the xylE gene was
determined by the Sanger dideoxy chain termination method (Sanger et al,,
1977, 1980) using random clones. Purified HincIl fragment was circularised
and sonicated to produce random pieces; fragments in the size range 300-700bp
were cloned into}%13mp8 or M13mp10; DNA was prepared from these clones; and
the sequencing reactions and gel electrophoresis were carried out all as
described in Chapter 2 (sections 2.16.2 and 2.16.3). It was found that at
higher voltages than those described for running the gels, the resolution of

the sequencing 'ladder' was less satisfactory. An example of sequencing gels

is shown in Figure 6.9.
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Figure 6.7 Subcloning of the HincIl fragment into pBR328

(a) The HincII fragment was subcloned into the single Pvull site of pBR328 in
the chloramphenicol resistance gene. The two possible orlientations for the
inserted DNA, the relation of the BglIl site of the inserft to the EcoRI site
of the plasmid, and the directions of transcription of the genes are shown.
(Not drawn to scale.) .

(b) A 1% agarose gel of restriction digestions of subclbnes'pEJZ and pEJ3 to
determine the orientation of the inserted DNA: track 4, » HindIII standard;
tracks 1 & 7, pBR328; tracks 2 & 5, pEJ2; tracks 3 & 6, pEJ3; tracks 1=3, BglII +
PvuIl; tracks 5=7, BglII + EcoRI.




Table 6.5 Xylose transport activities in strain EJ96 with and without
plasmids pEJ2 and pEJ3

The cells were grown on succinate plus 10mM xylose as inducer, and prepared
and assayed as described in Chapter 2 (section 2.6.1). The values given are i
the means of duplicate measurements from the number of independent
determinations indicated in parentheses.

Strain/Plasmid Xylose Transport
Initial Rate Extent at 2min
(nmol min~?! mg=?) (nmol mg~!) fw
EJ96 0.3 (4) 0.1 (4) iﬂ
EJ96/pEJ2 6.5 (1) T (1) | i
EJ96/pEJ3 17.4 (2) 13.8& {2}

i
EJ81 1.8 (5) 13.0 (5) ' i




(a)EJ96+pEJ3

(bJEJO6

30nmolH " “‘“w”‘ ‘

i
! I
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|
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it
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I
| | : i
Figure 6.8 Xylose-promoted alkaline pH changes in strajn EJ96 with (a) “‘jj
and without (b) plasmid pEJ3 ‘1‘\;,‘
The cells were grown on succinate plus 10mM xylose as inducer, and prepared i I
and assayed as described in Chapter 2 (section 2.6.3). In each case the M |
recording was calibrated by the addition of 3ul 0.01M NaOH immediately prior “‘i‘ |
to the addition of xylose (20ul 0.5M). I
il
i
i
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Figure 6.9 Examples of sequencing gels
Wedge gels (0.2-0.7mm) were run at 1500V (narrower tracks) or 2000V (wider
tracks). For each clone the tracks from left to right read 4, C, G, T.
Numbers 1-2  fepreseit  differeat <loms.




The sequence was determined on both strands an average of 10 times, giving

a 'contig' of size 2 842 base pairs. The first 200 base pairs were only covered

once on each strand but the sequence of the first 150 base pairs agreed
exactly with that published by Dassa and Hofnung (1985) for malG whose

sequence extended into this fragment by that amount. Analysis of the sequence

revealed only one open reading frame of a suitable size for the xylE gene
(Figure 6.10). In addition;the first six amino-acids of this reading frame

(Met-Asn-Thr-Gln-Tyr-Asn-) agreed with the N-teminal sequence obtained from

the XylE-LacZ hybrid protein (Chapter 5). Thus, this identifies the sequence

of the xylE gene.

6.8 Discussion

The xylE gene is 1 473bp in length, corresponding to 491 amino-acids
(Figure 6.11) and a protein molecular mass of 53 607Da;This is somewhat
larger than the apparent molecular mass of the XylE protein on an SDS-
polyacrylamide gel (36 000-41 000Da, Chapter 4) as has also been found for
LacY (46 502Da compared with approx. 30 000Da, Buchel et al., 1980) and AraE
(51 683Da compared with 36 000-38 000Da, M.C.J. Maiden, unpublished results).
This is thought to be due to increased binding of SDS to these highly

hydrophobic proteins (Beyreuther et al., 1980; see Chapter 14).

6.8.1 Promoter and Terminator Features

The start codon is preceded at a distance of 4 base pairs by the sequence
TAAGGCAGGT, providing a ribosomal binding site; this can hybridise to the 3'
end of the 16S ribosomal RNA, which has the sequence HO-AUUCCUCCA (Shine and
Dalgarno, 1974). Also, there is a potential rho-independent transcriptional
terminator sequence (a . inverted repeat 10bp in length followed by a
run of T residues) starting 10bp downstream of the translational stop codon
- (Figure 6.12). Two alternative possible Pribnow boxes (GATAAT and GACAAT) are
marked on the DNA sequence. Although experiments such ap S1 mapping and DNA
footprinting are required to identify such regions witﬁ any degree of
certainty, it is interesting to note that neither of t%ese‘possibilities
begin with a T although the remainder of the region is closely homologous
with the oonsensusvsequence (Pribnow, 1975; Rosenberg and Court, 1979). This

is probably a reflection of the positive control of expression of the xylE
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Figure 6.10 Identification of open reading frames in 2.8kb HincII fragment

The figure shows the six possible reading frames from the DNA sequence, with the positions of the initiation

(>) and termination ( | ) codons marked. Only one open reading frame (marked x) is of sufficient length to
encode the XylE protein.




5 10 15 20 1. ire L 345 350 355 360
Thr Gln Tyr Asn Ser Ser Tyr Ile Phe Ser Ile Thr Leu Val Ala Thr Leu Gly rg Lys Pro Leu Gln Ile Ile Gly Ala Leu Gly Met Ala Ile Gly Met Phe Ser Leu Gly

25 30 35 40 S 365 370 375 380
Gly Leu Leu Phe Gly Tyr Asp Thr Ala Val Ile Ser Gly Thr Val Glu Ser Leu Asn Thr a Phe Tyr Thr Gln Ala Pro Gly Ile Val Ala Leu Leu Ser Met Leu Phe Tyr Val
45 50 55 60 385 390 395 400
| val Phe Val Ala Pro Gln Asn Leu Ser Glu Ser Ala Ala Asn Ser Leu Leu Gly Phe Cys Ala Ala Phe Ala Met Ser Trp Gly Pro Val Cys Trp Val Leu Leu Ser Glu Ile Phe Pro
| . i
65 70 75 80 405 410 415 420 ﬁ“
Ual Ala Ser Ala Leu Ile Gly Cys Ile Ile Gly Gly Ala Leu Gly Gly Tyr Cys Ser Asn Asn Ala Ile Arg Gly Lys Ala Leu Ala Ile Ala Val Ala Ala Gln Trp Leu Ala Asn Tyr I
i
u 85 90 95 100 425 430 435 o i
‘ Arg Phe Gly Arg Arg Asp Ser Leu Lys Ile Ala Ala Val Leu Phe Phe Ile Ser Gly Val Phe Val Ser Trp Thr Phe Pro Met Met Asp Lys Asn Ser Trp Leu Val Ala His Phe His 1
I
105 110 115 120 45 450 455 460 i
Gly Ser Ala Trp Pro Glu Leu Gly Phe Thr Ser Ile Asn Pro Asp Asn Thr Val Pro Val Asn Gly Phe Ser Tyr Trp Ile Tyr Gly Cys Met Gly Val Leu Ala Ala Leu Phe Met Trp |
46 |
125 130 135 140 5 470 475 180 i
Tyr Leu Ala Gly Tyr Val Pro Glu Phe Val Ile Tyr Arg Ile Ile Gly Gly Ile Gly Val Lys Phe Val Pro Glu Thr Lys Gly Lys Thr Leu Glu Glu Leu Glu Ala Leu Trp Glu Pro W
i
| 145 150 155 160 485 490 w
Glu Thr Lys Lys Thr Gln Gln Thr Ala Thr Leu I

| Gly Leu Ala Ser Met Leu Ser Pro Met Tyr Ile Ala Glu Leu Ala Pro Ala His Ile Arg vee ‘

' 165 170 175 180 ' |
# Gly Lys Leu Val Ser Phe Asn Gln Phe Ala Ile Ile Phe Gly Gln Leu Leu Val Tyr Cys . *%
|

185 190 195 200 I
Val Asn Tyr Phe Ile Ala Arg Ser Gly Asp Ala Ser Trp Leu Asn Thr Asp Gly Trp Arg W“
‘i‘

205 210 215 220
Tyr Met Phe Ala Ser Glu Cys Ile Pro Ala Leu Leu Phe Leu Met Leu Leu Tyr Thr Val 3hr
W”

225 230 235 240 i
Pro Glu Ser Pro Arg Trp Leu Met Ser Arg Gly Lys Gln Glu Gln Ala Glu Gly Ile Leu ' wr

‘ 245 250 255 260 I
;‘ Arg Lys Ile Met Gly Asn Thr Leu Ala Thr Gln Ala Val Gln Glu Ile Lys His Ser Leu ' \
e

265 270 275 280 | , |
Asp His Gly Arg Lys Thr Gly Gly Arg Leu Leu Met Phe Gly Val Gly Val Ile Val Ile |

l

| B 285 290 295 300 iw

! Gly Vel Met%Leu Ser Ile Pne Gln Gln Phe Val Gly Ile Asn Val Val Leu Tyr Tyr Ala . “
\ “ }

305 310 315 320
Pro Glu Val Phe Lys Thr Leu Gly Ala Ser Thr Asp Ile Ala Leu Leu Gln Thr Ile Ile 5 |

325 330 335 340 | I
Val Gly val Tle Asn Leu Thr Phe Thr Val Leu Ala Ile Met Thr Val Asp Lys Phe Gly Figure 6.11 The amino acid sequence of the XylE protein Wh




TTGTTTTTAT CAATTTTGGA TAATTATCAC AATTAAGATC ACAGAAAAGA CATTACGTAA - 1290 1300 1310 1320 1330
TTTGTCGGCA TCAATGTGGT GCTGTACTAC GCGCCGGAAG TGTTCAAAAC GCTGGGGGCC
320 330 340 350 360 370
S - 1340 1350
ACGCATTGTA AAAAATGATA ATTGCCTTAA CTGCCTGACA ATTCCAACAT CAATGCACTG LGCACG 35 1360 1370 1380 1390
; GATA TCGCGCTGTT GCAGACCATT ATTGTCGGAG TTATCAACCT CACCTTCACC
380 390 400 410 420 430 »
: 00 1410 1420 1430 14y
ATAAAAGATC AGAATGGTOT AAGGCAGG TGMETEAATA CCCAGTATAA TTCCAGTTAT 0 1450
GTTCTGGCAA TTATGACGGT GGATAAATTT GGTCGTAAGC CACTGCAAAT TATCGGCGCA I
il
440 450 460 470 480 490 I
ATATTTTCGA TTACCTTAGT CGCTACATTA GGTGGTTTAT TATTTGGCTA CGACACCGCC 1460 1470 1480 1490 1500 1510 “
CTCGGAATGG CAATCGGTAT GTTTAGCCTC GGTACCGCGT TTTACACTCA GGCACCGGGT |
|
500 510 520 530 540 550 i
1520 1530 1540 1550 1560 i
GTTATTTCCG GTACTGTTGA GTCACTCAAT ACCGTCTTTG TTGCTCCACA AAACTTAAGT 1570 il
ATTGTGGCGC TACTGTCGAT GCTGTTCTAT GTTGCCGCCT TTGCCATGTC CTGGGGTCCG W
ol i
‘ 560 570 580 590 600 610 I
1580 1590 i
p GAATCCGCTG CCAACTCCCT GTTAGGGTTT TGCGTGGCCA GCGCTCTGAT TGGTTGCATC N— 2 1600 1610 1620 1630 |
¢ TGGG TACTGCTGTC GGAAATCTTC CCGAATGCTA TTCGTGGTAA AGCGCTGGCA |
I
620 630 640 650 660 670 | il
ATCGGCGGTG CCCTCGGT%G TTATTGCAGT AACCGCTTCG GTCGTCGTGA TTCACTTAAG 1610 1650 1t 1670 1680 1690 I
. - ATCGCGGTGG CGGCCCAGTG GCTGGCGAAC TACTTCGTCT CCTGGACCTT CCCGATGATG i
I 680 690 700 710 720 730 il
I ATTGCTGCTG TCCTGTTTTT TATTTCTGGT GTAGGTTCTG CCTGGCCAGA ACTTGGTTTT GACAAALKS? cc e e 158 L7485 1750 |
| | TGGCTGGT GGCCCATTTC CACAACGGTT TCTCCTACTG GATTTACGGT |
‘A
| 740 750 760 770 780 790 |
| . 1760 1770 1780 1790 1800 |
LCCTCTATAA ACCCGGACAA CACTGTGCCT GTTTATCTGG CAGGTTATGT CCCGGAATTT 1810 |
| Thé Ak TGTATGGGCG TTCTGGCAGC ACTGTTTATG TGGAAATTTG TCCCGGAAAC CAAAGGTAAA ﬂ
| 800 810 820 830 840 850 |
| GTTATTTATC GCATTATTGG CGGTATTGGC GTTGGTTTAG CCTCAATGCT CTCGCCAATG ACCO 1620 1630 e 1850 1860 1870 ﬁ
I CCCTTGAGG AGCTGGAAGC GCTCTGGGAA CCGGAAACGA AGAAAACACA ACAAACTGCT |
| , |
| 860 870 880 890 900 910 ;
| TATATTGCGG AACTGGCTCC AGCTCATATT CGCGGGAAAC TGGTCTCTTT TAACCAGTTT - 1680 1830 ¥308 1910 1920 1930 I
. ACGCTGTAAT CTTCCTGTCC AGCACGCCGC GCCATTTCGG CGTGCTGACT TTTTACTCCC W
I 920 930 940 950 960 970 - | | i
| GCGATTATTT TCGGGCAACT TTTAGTTTAC TGCGTAAACT ATTTTATTGC CCGTTCCGGT i
t I
; 980 990 1000 1010 1020 1030 Il
i GATGCCAGCT GGCTGAATAC TGACGGCTGG CGTTATATGT TTGCCTCGGA ATGTATCCCT il
‘1;\1
i
1040 1050 1060 1070 1080 1090 : i
: GCACTGCTGT TCTTAATGCT GCTGTATACC GTGCCAGAAA GTCCTCGCTG GCTGATGTCG i
[ ‘ ‘
| . il 1
| _ 1100 1110 1120 1130 1140 1150 Figure 6.12 The DNA se . i
. | quence of the xylE gene .and ank i : [l
‘f CGCGGCAAGC AAGRACAGGC GGAAGGTATC CTGCGCAAAA TTATGGGCAA CACGCTTCCA Y- 8 ifs flanking regions ﬂ
‘ The DNA sequence shown is numbered from the beginni}ng of the HincII fragment I
i . ' I i
f 1160 1170 1180 1190 1200 1210 (Fhe sequence of the whole fragment is given in the appendix). A& putative
ACTCAGGCAG TACAGGAAAT TAAACACTCC CTGGATCATG GCCGCARAAC CGGTGGTCGT ribosomal binding site is boxed, the inverted repeat of a probable rho-
; | . independent transcriptional terminator is underlined, and two possible RNA ‘3‘
g - 1220 1230 1240 1250 1260 1270 polymerase binding sites are indicated by overbars. The beginning of the |
i : . e |
! CTGCTGATGT TTGGCGTGGG CGTGATTGTA ATCGGCGTAA TGCTCTCCAT CTTCCAGCAA t?a“51at10?81 reading frame is indicated by the arrow. These features are i
i discussed in more detail in the text (section 6.8.1). il
'1 1
i




gene, as although almost all genes not requiring an activator protein have
Pribnow boxes beginning with a T, for almost all positively regulated genes
the first position of the Pribnow box is occupied by other bases (Dairi

et al.,, 1985). Also, poor sequence homology is found at the -35 region for
positively regulated genes (Rosenberg and Court, 1979), where binding of the

regulatory protein is required for DNA polymerase to bind.

6.8.2 Amino-acid composition and codon usage

The amino-acid composition (Table 6.6) reveals the large number of non-
polar amino-acids present in the XylE protein. Using the same definitions of
polar/non-polar amino-acids as Yazyu et al. (1984) XylE is 68% non-polar,
comparable to the 71% non-polar found for LacY and 70% for MelB. This is a
somewhat higher value than the occurrence of non-polar amino-acids among
proteins generally, which average 53% (values taken from Klapper, 1977),
reflecting the fact that these are intrinsic membrane proteins. Of the 491
amino-acids in XylE, 27 are negatively charged, and 35 are positively charged,
giving a net positive charge of eight at neutral pH. Thus, the XylE protein is

a basic protein as are LacY (Buchel et al,, 1980) and MelB (Yazyu et al,,
1984).

The codon usage (Table 6.7) shows no preferences such as those seen for
strongly expressed genes (e.g. ribosomal proteins, RNA polymerase, omp
products) and in this is similar to ﬁ and other weakly expressed genes
(e.g. trp genes). For the strongly expressed genes the codons used optimise
the codon-anticodon interaction energy and codons corresponding to minor

tRNAs are avoided giving an optimal efficiency of translation (Grosjean and
Fiers, 1982). The frequency of use of optimal codons (calculated according to

Ikemura, 1981) in the xylE gene is 0.65 which is similar to the values of 0.62

for lacY and 0.57 for melB, and may be compared with values of 0.92 for ompA

and 0.98 for lpp (lipoprotein) (Ikemura, 1981).

6.8.3 Hydropathic profiles !
] _
A 'hydropathic profile' may be obtained by assigning to each amino-acid a
value representing its degree of non-polarity. The average of these values

over a span of n amino-acids is plotted for this span, then the window is
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Table 6.6 Amino acid compositiorr of XylE compared with LacY and MelB 1"
Amino acid XylE LacY MelB “:
Polar | \:
Arg 1 12 17 Jill
His 5 I T |
Lys 16 12 13 L
Asp 9 6 17 “ |
Glu 18 11 9 KWM
Asn 18 16 14 i
Gln 16 11 1 i
Ser 32 30 26 ?w‘
Thr 28 18 27 i
Nonpolar L
Ala 48 35 38 ' N
Cys 7 8 4 ‘:‘
Gly L7 36 36 |
Ile 39 32 40 %
Leu 56 54 58 “i"‘
Met 18 14 16 :
Phe 32 56 34 |
Pro 18 12 17 ‘w
Trp 12 6 8 w
Tyr 19 15 26 i
Val 39 29 51
% nonpolar 68 71 70 ““
:
¥ Residues per molecale J I
|
I
I
|
il
|
‘
|




Table 6.7 Codon usage in the xylE gene compared with the lacY gene

xylE lacY XylE lacY xylE lacY XxylE lacY

TTT 20 32 TCT 4 7 TAT 11 7 Ter 2 5 f&
TTC 12 24 TCC 11 3 TAC 8 8 TGC 5 3 |
TTA 9 9 TCA 3 5 ™A - -  tea - - |
TTG 1 1 TCG 8 TAG - - TGG 12 6
CIT 5 5 GET 3 0 CAT 3 1 cGr 7 5 |
cTC 8 4 ccc o 2 cAC 2 0 ¢ 7 4 |

CTA 1 3 ccaA 6 4 car 7 4 CGa 0 0
CIG 32 32 CCG 9 6 CAG 9 T CGG 0 2
|
ATT 24 23 ACT 6 2 AAT 6 8 AGT 2 |
ATC 13 9 ACC 14 7 AAC 12 8 AGC 4 6 |
ATA 2 0 ACA 2 2 ABAA 12 10 AGA O 1 m
ATG 18 14 ACG 6 7 AAG 4 2 AGG O 0 H
1 1%
| GTT 11 9 GCT 10 6 GAT 5 3 GGT 27 13
GTC 9 1 GcCc 15 12 GAC Y 3 GGC 14 19 W
GTA 7 8 GCA 11 5 GAA 15 9 GGA 2 2 ”
GTG 12 8 GG 12 12 GAG 3 2 GGG 4 2 |
i
v
i
I
|
I
i

)




moved along the sequence by one amino-acid and the process is repeated.
Continuing in this way, a hydropathic plot for the whole protein is produced
(Kyte and Doolittle, 1982). Averaging the values over such a window reduces
the extreme fluctuations from one amino-acid to the next, and thus allows \

regions of overall high hydrophobicity to be detected.

The hydropathic plots were calculated over spans of 9 and 21 residues by a
computer program written by Dr. P.R. Alefounder. In an analogous way to the
prediction that LacY contains 12 membrane spanning segments from the
hydropathic profile, it could be suggested that XylE contains 12-13 membrane
spanning segments from the hydropathic profile calculated for a span of 9

residues (Figure 6.13(a)). However, this can only be speculation until some |

structural information is obtained for the protein itself. The profiles
(Figure 6.13(b)&(c)) for XylE and AraE (M.C.J. Maiden, unpublished results)

calculated over a span of 21 residues are very similar. In both cases the \

protein is highly hydrophobic with a similar pattern of peaks, the most i
noticeable feature being a hydrophilic 'pocket' in the central region of the ‘
protein. It could be that this region represents an intra-membrane
hydrophilic site. The most significant difference between the two pofiles is J
that XylE has an extra small hydrophobic peak within this hydrophilic

'pocket!. !

When compared with LacY or MelR (Figure 6.13(d)&(e)) it can be seen that |
there is much less similarity in the detail of the hydropathic profile

although the same general trend of hydrophobic peaks is apparent, as was \

found for LacY by Foster et al.(1983).

6.8.4 Diagon Analyses

A particuiarly effective way to look for similarities between two protein

sequences 1s by use of the computer program DIAGON (Staden, 1982). This
program produces a diagram showing all the matches between two sequences, 1
where the x-axis represents one Sequence and the y-gxis the other. The

program looks for sections where a proportion of tpe characters in the two
sSequences are similar by calculating a score for each pair of sections based i

on the degree of similarity between the pairs of amino-acids. This score is

assigned to the central pair of amino-acids of the two sections being
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i
[ compared, and if the value exceeds a certain minimum score a dot is plotted
|
l

dot represents a certain degree of similarity over the span length between
| the two sequences being compared. If the comparison is between two identical

sequences a central diagonal line should be found, and internal similarities

out at this point on the diagram. In this way a diagram is produced where each
should be seen as a symmetrical pattern of diagonal lines either side of this
main diagonal. Thus, when comparing two different sequences the major point of ‘
|
\

| interest is on the diagonal.

'Diagon' analyses of the protein Sequences, comparing XylE with various
other proteins, were performed with a span length of 21 residues and a minimum

score of 240, using the program Microdiag written by Dr. P.R. Alefounder and
based on the DIAGON program of Dr. R. Staden.

When XylE was compared with LacY (sequence from Buchel et al.,, 1980) or
MelB (sequence from Yazyu et al., 1984), little similarity between the protein
sequences was found (Figures 6.14 and 6.15). There was no correlation on the |
diagonal although some miﬁ? similarities of one region of one protein with
other regions of the second protein were observed, reflecting generally |
hydrophobic regions. A similar pattern off the diagonal was found when
comparing XylE with itself (Figure 6.16), indicating that any one part of the

XylE protein was as similar to other parts of itself as to LacY or MelB.

When XylE was compared with Aralk (sequence from M.C.J. Maiden, unpublished
results), a strong similarity was found on the diagonal (Figure 6.17), even
under Quite stringent settings when the off-diagonal lines were removed. On
alignment of the sequences XylE was found to consist of 28% identical
residues to and 23% conservative changes from AraE. Although having similar i
generally hydrophobic regions there are some considerable differences 1
between the two sequences so any amino acids that are conserved are likely to
be significant. It is of interest to note that although XylE has 18 proline
residues while AraE has only 11, 10 of these are con%erved between the two

proteins, and in most of these cases a short stretchlof adjacent amino-acids

)
to one side of the proline are either identical or of a similar nature. This
) "

is probably important in determining the structure of the protein as proline ;

residues frequently cause an interruption in secondary structure. In view of |

the fact that Garcia et al.,, (1982) suggest histidine residues may be
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important in the mechanism of proton symport, it is worth noting that none of ﬂ
the five histidine residues in XylE are conserved in AraE. Also of interest is |
the distribution of cysteine residues. In AraE all five cysteine residues are “‘i
concentrated in the C-terminal half of the protein, whereas in XylE only two

of the seven cysteine residues are found in this region of the protein. It

would thus seem likely that one of these two would be the residue labelled by i
N-ethylmaleimide. This proposal could be tested by site-directed mutagenesis,
Dy isolation and amino-acid sequencing of the labelled peptide from purified i
protein, or by analysis of peptide mixtures containing the labelled peptide i

as has been done for LacY (Beyreuther et al., 1980). ‘N

The similarity between the XylE and AraE proteins, indicated in both the
hydropathic profiles and the diagon analysis, suggests that there may be an ‘V
evolutionary relationship between the genes coding for these two proton
symport systems. Comparison of the two sequences provides the basis for
future experiments to study the mechanism of action and structure-function |

relationships by, for example, site-directed mutagenesis. i
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7. OVERVIEW

There are two transport systems for xylose in Escherichia coli (Shamanna

and Sanderson, 1979): a proton symport system (Lam et al.,, 1980), coded for by
the gene xylE, and a binding protein dependent system (Ahlem et al., 1982),
coded for by the genes xylFG.

The work described here has conéentrated on the proton symport system.
Nevertheless,Mud(ApRigg)I insertion mutations have been made in both
transport systems, and the two systems have been shown to map at separate loci
on the E. coli chromosome. At least two genes are involved in the binding
protein dependent transport system, one coding for the binding protein

(xylF), and the other, presumably, for a membrane component (xylG). Both these

genes have been shown to map near to the xylose metabolic genes (Eilﬂg) at
about 80min on the E-.EQEE chromosome.l&owever,gzlg is situated at a distinct
locus, at 91.4min on the chromosome, near to malB. Thus xylose transport in

E. coli resembles that of arabinose (g:gg and araFG; Novotny and Englesberg,
1966; Schleif, 1969; Brown and Hogg, 1972) and galactose (§§lﬁ and mglP; Rotman
et al., 1968; Wilson, 1974) in being mediated by two separate systems coded for
by genes at distinct loci on the chromosome. Identification of the map
position of XylE on the chromosome was a prerequisite to cloning the gene, and

this location of xylE near to malB suggested a cloning strategy utilizing a

phage )} insertion in malB.

In the course of this work to locate the genes coding for these two
Systems on the chromosome, strains lacking each or both of the transport

systems were produced. Those having only a single system are useful for
characterisation of that system, and strains lacking both systems were

required for the identification of clones carrying xylE.

If the genes XylF and xylG form an operon xylF must be| promoter proximal,
as the Mud(Apngg)I insertion in xylG did not abolish xylose binding activity
in a periplasmic shock fluid. Future work to determine %he arrangement and
operon structure of the genes xy1lABRFG, and any other transpbrt component
genes, in relation to each other could be undertaken. One way to approach this

problem would be to analyse specialised transducing phages from AplacMu
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insertions into these various genes by complementation and restriction

mapping.

Also, by using a Mud(Apngg)I insertion in XylE in a partial diploid Xy1FG
strain containing in addition_§z£§+, and comparing the induction of g-
galactosidase and xylose transport activity it may be possible to gain an
indication as to whether the XylE protein functions as a monomer or dimer (or

higher oligomer) in transport.

The xylose proton symport system has been shown to be susceptible to
inhibition by the sulphydryl reagent N-ethylmaleimide, as for the other
sugar-proton symport sytems LacY (Fox and Kennedy, 1965; Jones and Kennedy,
1969), AraE (Macpherson, 1981), and GalP (Kaethner and Horne, 1980; Macpherson
et al.,, 1983). This inhibition may be alleviated by substrate and some
substrate analogues, in particular by 6—deoxygluoose,indicating the
sulphydryl group to be in the vicinity of the substrate binding site.
Although only a poor substrate for transport by XylE, 6-deoxyglucose was
found to be a good inhibitor of xylose transport by XylE, and a much less

potent inhibitor of xylose transport by XylFG.

This has allowed the relatively specific labelling of the XylE protein
with radioisotope-labelled NEM, after a protection stép with 6-deoxyglucose
and unlabelled NEM to block unprotected sites. Comparison of dual isotope
labelled protected and unprotected samples identified a labelled peak in
XylEf strains at an apparent molecular mass in the range 36 000-41 000Da,
which was absent in XylE strains. The absence of this peak in the XylE~
strains provided strong evidence that it was due to the XylE protein, and not
to a XylFG component. The value of the apparent molecular mass of XylE is
similar to those of AraE (36 000-38 OOODa;I%acpherson_gE al.,, 1981) and of
GalP (34 000-38 OOODa;Maopherson.EE al,, 1983), but different from that of
LacY (approx. 30 000Da; Jones and Kennedy,1969;Newman.g£ al., 1981). However,
the true molecular mass of XylE calculated from the DNA Beguence was found to
be 53 607Da. A similar discrepancy has been reported for/LacY, where the true
molecular mass is 46 502Da (Buchel gi al., 1980). This has been attributed to

abnormally high binding of SDS to the relatively hydrophobic protein

(Beyreuther_gg al.,, 1980) which results in an increased charge-to-mass ratio.

A molecular mass of 47 500Da was also found for LacY by gel filtration in the

115




presence of hexamethylphosphoric triamide (Konig and Sandermann, 1982).

A XylE-LacZ hybrid protein formed as a result of a Mud(ApRlac)II insertion
in xylE enabled the purification of part of the XylE protein by utilizing the

B-galactosidase part of the molecule. The hybrid protein was membrane bound

and had very different characteristics to native B-galactosidase. Detergent
was required throughout the purification procedure to keep the protein in
solution, and the XylE part of the molecule may have altered its binding
characteristics to, for example, the p-aminophenyl-g-D-thiogalactoside
affinity column. In addition, the protein was being purified from a different
set of proteins to that from which native g-galactosidase is purified.

Therefore, the purification of the hybrid protein was not a staightforward

repetition of a purification procedure for g-galactosidase. The hybrid
protein was purified on the basis of its large size, relative to the majority
of membrane proteins, by gel filtration. This technique may prove useful for

the purification of other membrane bound hybrid g-galactosidase proteins.

The sequence of the N-terminal six amino acids of this hybrid protein

(determined by Dr. J.E. Walker) confirmed the reading frame and translation

initiation point deduced from DNA sequencing of the cloned XylE gene.

For future work the hybrid protein may provide a means of raising
antibodies which would be active against the XylE protein. Such antibodies
would be useful to assay the XylE protein without having to resort to
reconstitution experiments during procedures to purify the XylE protein

itself.

The xylE gene has been cloned by using AplacMu and by exploiting the
proximity of xylE to malB. Specialised transducing phages were obtained from

AplacMu insertions in xylE and malkK carrying an overlapping region of host

chromosomal DNA. Comparison of the restriction maps of these phages located

1
the xylE gene on the inserted DNA of A(xylE)é(malK'-1la¢Z). Subcloning

identified a 2.7kb HincII fragment containing the enti}; Xy1lE gene, the DNA of
A e

which was sequenced by the Sanger dideoxy chain termination method.
]

Only one open reading frame of sufficient length to encode the XylE

protein (apparent molecular mass 36 000-41 000Da) was present on this

fragment, and the N-terminal sequence obtained from the XylE-LacZ hybrid

116




protein agreed with the first six amino acids of this reading frame. This
revealed the true molecular mass of the XylE protein to be 53 607Da,
corresponding to 491 amino acids. A putative ribosomal binding site was
identified just upstream of the translational initiation codon, preceded by a
possible RNA polymerase binding site, and a potential rho-independent
transcriptional terminator was located downstream of the translational
termination codon. The amino acid composition indicated the XylE protein to

be a basic, highly hydrophobic protein, similar to LacY (Buchel et al., 1980)
and MelB (Yazyu et al., 1984).

Comparison of the XylE sequence with those of LacY and MelB showed little
similarity between them. However, comparison with the sequence of ArakE
(determined by M.C.J. Maiden) indicated that the two proteins were very
similar, suggesting that there may be an evolutionary relationship between

the genes xylE and arakE.

Future work could include site-directed mutagenesis, based on a comparison
of the XylE and AraE sequences,' in an attempt to elucidate mechanistic
features and structure function relationships. Also, it should be possible to
overexpress the cloned XylE gene using a suitable expression vector, aiding
the purification of the XylE protein. Purified protein would enable studies

aimed at probing its secondary and tertiary structure.
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APPENDIX: DNA sequence gel readings

The consensus Sequence is shown in heavy print. The numbers at the left refer
to the individual gel readings, and the sign of these numbers indicates
whether the sequence was determined on the positive or the negative strand.

10 20 30 40 50 60
=69 AACGGCCT GACGGCA GGT GGT GT GAAA GGTTAAA GATGTT GTT CT GCCAATGTTATGCCG
71 AACGGCCT GA CGGCA GGT GGT GT V h
86 *ACGGCCT GACGGCA GGT GGT GT GAAA GGTTAAA GATGTT GTT CT GCCAATGTITATGCCG i
AACGGCCT GA CGGCA GGT GGT GT GAAA GGTTAAA GATGTTGTTCT GCCAATGTTATGCCG

70 80 90 100 110 120

=69 CTGCACCCTCAACTTA CGTTATCCCAA CTTGT GACT GTTATTCGGCGCT CCA CGGA GC
86 CTGCACCCTCAACTTA CGTTATCCCAA CTTGT GACT GTTATT CGGCGCT CCA CGGA GCCG
=52 CCACGGA GCC*
CTGCACCCTCAACTTA CGI'TATCCCAACI'TGI‘GACI‘GI‘TATTCGGCGCTCCACGGA GCCG

130 140 150 160 170 180

86 TTTTTTTCTTTCGTCTGCAATCTGAATCGTTCGCCGGTTAATATTTCCATCATAGAGCTT
-52 *TTTTTTCTTTCGTCTGCAATCTGAATCGTTCGCCGGTTAATATTTCCATCATAGAGCTT
48 TATTTCCATCATAGA GCTT ‘
-34 AGCTT |
TTTTTTTCTTTCGTCTGCAATCTGAATCGTTCGCCGGTTAATATTTCCATCATAGAGCTT o

190 200 210 220 230 240

86 ATTATTTTTA CGTTATTTGTTTTCCCA CTTACGATAATTCTCTTTCGT GCTCTGAGTCAC

=52 ATTATTTTTACGITATTTGTTTTCCCA CTTACGATAATTCT CTTTCGT GCTCTGAGT CAC

48 ATTATTTTTA CGTTATTTGTTTTCCCACTTA CGATAATTCTCTTTCGT GCT CT GA GT CAC

=34 ATTATTTTTACGTTATTTGITTT CCCACTTACGATAATTCT CTTTCGT GCT CTGAGTCAC

91 TCAC
ATTATTTTTACGTTATTTGTTTT CCCA CTTACGATAATTCTCTTTCGT GCTCTGAGTCAC i

250 260 270 280 290 300

86 GGCAATAGTATTGTTTTTATCAATTTTGGATAATTATCACAATTAAGATCACAG
=52 GGCAATAGTATTGTTTTTATCAATTTTGGATAATTATCACAATTAAGATCACAGAAAAGA
48 GGCAATAGI‘ATTGTTTTTATCAATTTTGCLATAATTATCACAATTAAGATCACAGAAAAGA
=34 GGCAATAGTATT GITTTTATCAATTTTGGATAATTATCA CAATTAAGATCACAGAAAAGA
91 GGCAATAGTATTGTTTTTATCAATTTTGGATAATTATCACAATTAAGATCACAGAAAAGA
39 AGTATTGTTTTTATCAATTTTGGATAATTATCACAATTAA TCACAGAAAAGA
=40 GTATTGTTTTTATCAATTTTGGATAATTATCACAATTAA TCACAGAAAAGA
GGCAATAGTATTGITTTTATCAATTTT GGATAATTATCACAATTAAGATCACA GAAAAGA

)




=52
48
=34
91
39
=40
=110

=52
48
..31;
91
39
=40
=110

48
-3
91
39
=40
=110
-108
21
7T
102
37

39
=40
=110
=108
21
7
102
37
=17
18

310 320 330 340 350 360
CATTACGTAAACGCATTGTAAAAAATGATAATTGCCTTAACT GCCT GACAATTCCAACAT
CATTACGTAAACGCATTGTAAAAAATGATAATT GCCTTAACT GCCT GACAATTCCAACAT
CATTACGTAAACGCATTGTAAAAAATGATAATTGCCTTAACT GCCT GA CAATTCCAACAT
CATTACGTAAACGCATTGTAAAAAAT GATAATTGCCTTAACTGCCT GACAATTCCAACAT
CATTACGTAAACGCATTGTAAAAAATGATAATTGCCTTAACT GCCT GACAATTCCAACAT
CATTACGTAAACGCATTGTAAAAAATGATAATT GCCTTAACT GCCT GA CAATTCCAACAT

*CGCATTGTAAAAAATGATAATTGCCTTAACT GCCT GACAATTCCAACAT

CATTACGTAAACGCATTGTAAAAAATGATAATTGCCTTAACT GCCT GACAATTCCAACAT

370 380 -390 400 410 420
CAATGCACTGATAAAAGATCAGAA
CAATGCACT GATAAAAGATCAGAATGGT CTAA GGCA GGT CT GAAT GAATA CCCA GTATAA
CAATGCACT GATAAAAGATCAGAATGGT CTAA GGCA GGT CT GAAT GAATA CCCA GTATAA
CAATGCACTGATAAAAGATCAGAATGGT CTAA GGCAGGT CT GAAT GAATA CCCAGTATAA
CAATGCACT GATAAAAGATCAGAATGGT CTAA GGCA GGT CT GAAT GAATA CCCA GTATAA
CAATGCACT GATAAAAGATCAGAATGGT CTAA GGCAGGT CT GAATGAATA CCCA GTATAA
CAATGCACT GATAAAAGATCAGAATGGT CTAA GGCA GGT CT GAATGAATACCCA GTATAA
CAATGCACT GATAAAAGATCAGAATGGT CTAA GGCAGGT CT GAATGAATA CCCAGTATAA

430 440 450 460 470 480
TTCCAGTTATATATTT
TTCCAGTTATATATTTTCGATTACCTTAGT CGCTACATTAGGT G
TTCCAGIT

T* CCAGTTATATATTTTCGATTACCTTAGT CGCTA CATTA GGT GGTTTATTATTT GGCTA
TTCCAGITATATATTTTCGATTA CCTTAGT CGCTA CATTA GGT GGTTTATTATTT GGCTA
TTCCAGTTATATATTTTCGATTA CCTTAGT CGCTA CATTA GGT GGTTTATTATTT GGCTA
TCCAGTTATATATTT* CGATTACCTTA GT CGCTACATTA GGT GGTT* ATTATTT GGCTA
AGTCGCTACATTAGGT GGTTTATTATTT GGCTA

ATTAGGTGGTTTATTATTTGGCTA

TTAGGT GGTTTATTATTTGGCTA

GGTTTATTATTTGGCTA

TTCCAGTTATATATTTTCGATTA CCTTAGT CGCTACATTA GGT GGTTTATTATTT GGCTA

490 500 510 520 530 540
CGACACCGCCGTTATTTCCGGTA CT GI'T GA GT CA CT CAATA CCGT CTTT GI'T GCT CCA CA
CGACACCGCCGTTATTTCCGGTACT GI'T GA GT CA CT CAATA CCGT CTTT GT'T GCT CCA CA
CGACACCGCCGTTATTTCCGGTACT GTT GAGT CACT CAATACCGT CTTT GTT GCT CCA CA
CGACACCGCCGTTATTTCCGGTACT GTT GA GT CACT CAATACCGT CTTTGTT GCT CCA CA
CGACACCGCCGTTATTTCCGGTACT GTTGA GT CACT CAATACCGT CTTTGTTGCTCCACA
CG* CACCGCCGTTATTTCCGGTACT GI'T GA GT CA CT CAATACCGT CTTT GIT GCT CCA CA
CGACACCGCCGTTATTTCCGGTACT GITGAGT CACT CAATACCGT CTTTGTT GCT CCA CA
CGACACCGCCGTTATTTCCGGTACT GI'T GAGT CACT CAATACCGT CTTTGTT GCT CCA CA

CCGGTACTGTTGAGT CACT CAATACCGT CXTTGTT GCT CCACA
CGI CTTTGTTGCT CCACA
CGACACCGCCGTTATTTCCGGTACT GTTGA GT CACT CAATA CCGTCTTTGITGCTCCACA

)
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=110
=108
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7
102
37
=1}
18
=94

39
=110
=108

21

7
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-88

-108
21

e
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=17
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-88
-32

45
=30

-66

550 560 570 580 590 600
AA*¥CTTAAGT GAATCCGCT GCCAA*TCCCT GI'TA GGGTTTT GCGT GGCCA GCGCTCTGAT
AAACTTAAGT GAATCCGCT GCCAACTC
AAACTTAAGT GAATCCGCT GCCAA CT CCCT GTTA GGGTTTT* CGT GGCCA GCGCTCTGAT
AAA*TTAAGI GAATCCGCT GCCAA CT CCCT GT'TA GGGTTTT GC GT GGCCA GCGCTCTGAT
AAACTTAAGT GAATCCGCT GCCAACT CCCT GTTA GGGTTTT GCGT GGCCA GCGCT CT GAT
AAACTTAAGT GAATCCGCT GCCAACT CCCT GTTA GGGTTTT GC GT GGCCA GCGCT CT GAT
AAACTTAAGI GAATCCGCT GCCAACT CCCT GT'TA GGGTTTT GC GT GGCCA GCGCT CT GAT
AAACTTAAGT GAATCCGCT GCCAA CT CCCT GTTA GGGTTTT GCGT GGCCA GCGCT CTGAT
AAACTTAAGT GAATCCGCT GCCAACT* CCT GT'TA GGGTTTT* CGT GGCCA GCGCT CT GAT
AAACTTAAGT GAATCCGCT GCCAACT CCCT GI'TA GGGTTTT GCGT GGCCA GCGCT CTGAT

CTGCCAACT CCCT GTTA GGGTTTT GCGT GGCCA GCGCT CTGAT
TGCCAACTCCCT GTTAGGGTTTT* C*¥TGGCCAGCGCTCTGAT
ARACTTAAGT GAATCCGCT GCCAACT CCCT GTTA GGGTTTT GCGT GGCCA GCGCTCTGAT

610 620 630 640 650 660
TGG
TGGTTGCATCATCGGC* GT GCCCT CGGT GGT
TGGTTGCATCATCGGCGGT GCCCT CGGT GGTTATT GCA GTAA CCGCTT CGGT CGT CGT GA
TGGTT GCATCATCGGCGGT GCCCT CGGT GGTTATT GCA GTAA CCGCTT CGGT CGT CGT GA
TGGTTGCATCATCGGCGGT GCCCT CGGT GGTTATT GCA GTAA CCGCTT CGGT CGT CGT GA
TGGTTGCATCATCGGCGGT GCCCT CGGT GGTTATT GCA GTAA CCGCTT CGGT CGT CGT GA
TGGTTGCATCATCGGCGGT GCCCT CGGT GGTTATT GCA GTAA CCGCTT CGGT CGT CGT GA

TGGTTGCATCATCGX* C* GT GCCCT C* GT GGTTATT GCA GTAA CCGCTT CGGT CGT CGT GA'

TGGTTGCATCATCGGCGGT GCCCT CGGT GGTTATT GCA GTAA CCGCTT CGGT CGT CGT GA

TGGTT GCATCATCGGCGGT GCCCT CGGT GGTTATT GCA GTAA

TGGTTGCATCATCG* C* GT GCCCT C* GT GGTTATT GCA GTAA CCGCTT CGGT CGT CGT GA
GIT* CATCATCGGCGGT GCCCT CG¥TGGTTATT GCA GTAA CCGCTT CGGT CGT CGT GA

TGGTTGCATCATCGGCGGT GCCCT CGGT GGTTATT GCA GTAA CCGCTT CGGT CGT CGT GA

670 680 690 700 710 720
TTCACTTAAGATTGCT GCT GT CCT GTTTTTTATTTCT GGT GTA GGTT CT GCCT GGCCA GA
TTCACTTAAGATTGCT GCT GT CCT GITTTTTATTT CT GGT GTA GGTTCT GCCT GGCCA Ga
TTCACTTAAGATTGCT GCT GT CCT GITTTTT
TTCACTTAAGATTGCT GCT GT CCT G
TTCACTTAAGATT~C~GCT GT CCT GITTTTTATTT CT GGT GTA GG
TTCACTTAAGATTGCT GCT GT CCT GTTTTTTATTT CT* GT GTA GGTT CT GCCT GGCCA GA
TTCACTTAAGATTGCT GCT GT CCT GTTTTTTATTTCT GGT GTA GGTT CT GCCT GGCCA G
TTCACTTAAGATTGCT GCT GT CCT GTTTTTTATTTCT GGT GTA GGTT CT GCCT GGCCA GA
TTCACTTAAGATTGCT GCT GT CCT GTTTTTTATTT CT GGT GTA GGTT CT GCCT GGCCA GA

CTGTTTTTTATTTCT GGT GTA GGTT CT GCCT GGCCA GA

TTTTTTATTTCT GGT GTA GGT'T CT GCCT GGCCA GA

TTATTTCT GGT GTA GGTT GT GCCT GGCCA GA

*TGGT GTA GGTT CIT'* CCT GGCCA GA

~0T GCC* GGCCA GA

TTCACTTAAGATTGCT GCT GT CCT GTTTTTTATTTCT GGT GTA GGTT CT GCCT GGCCA GA
J

1ii




-108
21
=17
18

-88
-32

45
=30

=66
100

100

21

=17

18
-5
=88
-32
-30
=66
100
11

96

730 T40 750 760 770 780
ACTTGGTTT*ACCT CTATAAA CCCGGA CAACACT GT*CCT G
A¥TTGGTTTTA CCT CTATAAA CCCGGA CAA CA CT GT GCCT GTTTATCT GGCAGGTTATGT

ACTTGGTTTTACCTCTATAAA CCCGGA CAA CACT GT GCCT GTTTATCT GGCA GGTTATGT.

ACTTGGTTTTACCT CTATAAA CCCGGA CAACACTGT GCCT GTTTATCT GGCA GGTTATGT
ACTT*GTTTTACCT CTATAAA CCCGGA CAA CA CT GT GCCT GTTTATCT GGCAGGTTATGT
ACTTGGTTT =¥ CCT CTATAAA CCCGGA CAA CACT GT GCCT GT =TATCT GGCAGGTTATGT
ACTTGGTTTTACCTCTATAAACCCGGA CAA CACT GT GCCT GTTTATCT GGCAGGTTATGT
ACTTGGTTTTACCT CTATA-~CCCGGA CAA CACT GT GCCT GTTTATCT GGCAGGTTATGT
ACTTGGTTTTACCT CTATAAACCCGGA CAA CACT GT GCCT GTTTATCT GGCAGGTTATG*
ACT-GGTTTTACCTCTATAAACCCGGA CAACACT GT GCCT GTTTATCT GGCAGGTTATGT
AC--GG---TACCTCTATAAACCCGGA CAACACT GT GCCT GTTTATCT GGCAGGTTATGT

TTGGTTTTACCT CTATAAACCCGGA CAA CACT GT GCCT GTTTATCT GGCA GGTTATGT
ACTTGGTTTTACCT CTATAAACCCGGA CAA CACT GT GCCT GTTTATCT GGCA GGTTATGT

790 800 810 820 830 840
CCCGGAATTTGITATTTATCGCATTATT GGCGGTATT GGCGTT GGTTTA GCCT CAATGCT
CCCGGAATTTGITATTTATCGCATTATT GGCGGTATT GGCGTT GGTTTA GCCT CAATGCT
CCCGGAATTTGITATTTATCGCATTATT GGCGGTATT GGCGTT GGTTTA GCCT CAATGCT
CCCGGAATTTGITATTTATCGCATTATT GGCGGTATT GGCGTT GGTTTA GCCT CAATGCT
CCCGGAATTTGTTATTTATCGCATTATT GGCGGTATT GGCGTT GGTTTA GCCT CAATG*T
CCCGGAATTTGTTATTTATCGCATTATTGGCGGTATT GGCGIT GGTTTA GCCT CAATGCT
CCCGGA*TTTGTTATTTATCGCATTA
CCCGGAATTTGITATTTATCGCATTATT GGCGGTATT GGCGTT GGTTTA GCCT CAATGCT
CCCGGAATTTGITATTTATCGCATTATT GGCGGTATT GGCGTT GGTTTA GCCT CAATGCT
CCCGGAATTTGITATTTATCGCATTATT GGCGGTATT GGCGTT GGTTTA GCCT CAATGCT
CCCGGAATTTGTTATTTATCGCATTATT GGCGGTATT GGCGTT GGTTTA GCCT CAATGCT

GAATTTGTTATTTATCGCATTATT GGCGGTATT GGCGTT GGTTTA GCCT CAATGCT
CGGTATTGGCGTT GGTTTAGCCTCAATG*T
CCCGGAATTTGITATTTATCGCATTATT GGCGGTATT GGCGIT GGTTTA GCCT CAATGCT

850 860 870 880 890 900
CTCGCCAATGTATATT GCGGAA CT GGCT C* AGCT CATATT* GCGG
CTCGCCA-TGTATATT GCGGAA CT GGCT CCAGCT CATATTCGC GGG
CTCGCCAATGTATATTGCGGAA CT GGCT C*AGCT¥* ATATT CGCGGGRAACTGGTCTCITT
CTCGCCAATGTATATTGCGGAA CT GGCT CCAGCT CATATT CGCGGGAAACTGGT CTCITT
CTCGCCA-TGTATATTGCGG
CTCGCCA-TGTATATT GCGGAA CT GGCT CCA GCT CATATT CGC GGGAAA
CTCGCCX¥ATGTATATTGCGGAA CT GGCT CCA GCT CATATTCGCGGGAAACTGGT CTCTTT
CTCGCCAATGTATATT GCGGAA CT GGCT CCAGCT CATATT CGCGGGAAACTGGTCTCTTT
CTCGCCAATGTATATTGCGGAA CT GGCT CCAGCT CATATTCGCGGGAAACT GGTCTCTTT
CTCGCCAATGTATATTGCGGAA CT GGCT CCAGCT CATATTCGCGGGAAACT GGT CTCTTT
CTCGCCAATGTATATTGCGGAA CT GGCT CCAGCT CATATTCGC GGAAACTGGTCTCTTT
CTCGCCAATGTATATTGCGGAACT GGCT CCAGCT CATATTCGC GGAAACTGGTCTCTTT

) TTT

CTCGCCAATGTATATTGCGGAACT GGCTCCA GCTCATATTCGCGGGAAACT GGTCTCTTT
! :
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910 920 930 940 950 960
TAACCAGITTGCGATTATTT
TAACCAGTTTGCGATTATTTTCGGGCAA CTTTTAGITTA CT GCGTAAA CTATTTTATTGC
TAACCAGITTGCGATT
TAACCAGITTGCGATTATTT
TAACCAGITTGCGATTATTTT
TAACCAGTTTGCGATTATTTTCGGGCAA CTTTTAGTTTA CT GCGTAAA CTATTTTATTG*
TAACCAGTTTGCGATTATTTTCGGGCAA CTTTTA GTTTA CT GCGTAAA CTATTTTATTGC

TAACCAGTTTGCGATTATTTTCGGGCAA CTTTTA GTTTA CT GCGTAAA CTATTTTATTGC
TAACCAGTTTGCGATTATTTTCGGGCAACTTTTA GTTTA CT GCGTAAA CTATTTTATTGC
TAGTTTACTGCGTAAACTATTTTATTGC

ATTTTATTGC

TAACCAGITTGCGATTATTTTCGGGCAA CTTTTA GTTTA CT GCGTAAA CTA TTTTATTGC

970 980 990 1000 1010 1020
CX**TTCCGGT GATGCCAGCT GGCT GAATA* T GA
CCGTTCCGGT GATGCCA GCT GGCT GAATA CT GA CGGCT GGCGTTATAT GTTT GC
CX¥GITCCGGT GAT GCCAGCT GGCT GAATA CT GA CGGCT GGCGTTATATGTTT GCCT CGGA
CCGTTCCGGT GATGCCAGCTGGCT G
CCGTTCCGGT GATGCCA GCT GGCT GAATA CT GA CGGCT GGCGTTATATGITT GCCT CGGA
CCGTTCCGGT GATGCCA GCT GGCT GAATA CT GA CGGCT GGCGTTATATGTTT GCCT CGGA
C*GT GATGCCA GCT GGCT GAATA CT GA CGGCT GGCGTTATAT GTTT GCCT CGGA
TATATGTTT GCCT CGGA

CCGTTCCGGT GATGCCA GCT GGCT GAATACT GACGGCT GGCGTTATATGITT GCCT CGGA

1030 1040 1050 1060 1070 1080
ATGTATCCCTGCACTGCTGTTCTTAATGCT%TGTATACC*TGCCAGAAAGTCCTCGCTG
ATGTATCCCT**ACTGCTGTTCTTAATGCT GCT GTATACCGT GCCAGAAAGTCCTCGCT G
ATGTATCCCT GCACT GCT GTT CTTAATGCT GCT GTATA CCGT GCCA GAAAGTCCTCGCTG
ATGTATCCCT GCACT GCT GTTCTTAATGCT GCT GTATA CCGT GCCA GAAAGTCCTCGCTG
ATGPATCCCTGCACTGCTGTTCTTAATGCTGCTGTATACCGTGCCAGAAAGTCCTCGCTG

TATCCCTGCACT GCTGT* CTTAATGCT GCT GTATACC*TGCCA GAAA*TCCTCGCT G
TCTTAATGCT GCT GTATA CCGT GCCA GAAA GT CCTCGCT G

- CAGAAX*TCCTCGCTG

CT*
ATGI‘ATCCC'I‘GCAC'I‘GCTGI‘TCTTAATGCTGCTGI‘ATACCGI’GCCAGAAAGI‘CCI‘CGCTG

1090 1100 1110 1120 1130 1140
G
GCT GAT GT CGCGCGGCAA GCAA GAA CA GGC GGAA GGTATCCT GCGCAAAA ¥ -ATGGGCAA
GCTGATGT CGCGCGGCAA GCAA GAA CA GGCGGAA GGTATCCT GCGCAAAATTATGGGCAA
GCTGATGI CGCGCGGCAA GCAA GAA CA GGC GGAA GGTATCCT GCGCAAAATTATGGGCAA
GCTGATGT CGCGCGGCAA GCAA GAA CA GGCGGAA GGTAT.CCT GC AAAATTATGGGCAA
GCTGATGT CGCGCGGCAA GCAA GAA CA GGC GGAA GGTATCCT GC AAAATTATGGGCAA
GCTGATGT CGCGCGGCAA GCAA GAA CAGGCGGAA GGTATCCT GCGCAAAATTATGGGCAA
GCTGATGT CGCGCGGCAA GCAA GAA CA GGCGGAA GGTATCCT G’CGCAAAATTATGGGCAA
GCT=-AT-TC-C-CGGCAA GCAA GAA CAGGCGGAA GGTATCCT GCGCAAAATTAT* GGCAA

GCTGATGT CGCGCGGCAA GCAA GAA CAGGCGGAA GGTATCCT GCGCAAAATTATGGGCAA




1150 1160 1170 1180 1190 1200
29 CACGCTT GCAACT CAGGCA GTA CAGGAAATTAAA CACT CCCT GGATCATGGCCGCAAAAC
20 CACGCTTGCAACT CAGGCA GTACAGGAAATTAAA CA¥TCCCT GGATCATGGCCGCAAAAC
104 CACGCTTGCAACT CAGGCA GTA CA GG ‘
97 CACG*TTGCAACT=AGGCAGTACA GGAAATTAAA CA*TCCCT GGATCATGGCCGCAAAAX
=111 CACGCTT GCAACT CAGGCAGTA CA GGAAATTAAACACTCCCT GGATCATGGCCGCAAAAC I
51 CACGCTTGCAACT CAGGCA GTA CA GGAAATTAAA CACTCCCT GGATCATGGCCGCAARAC
=2 CACGCTTGCAACTCAGGCA GTA CAGGAAATTAAA CACT CCCT GGATCATGGCCGCAAAAC i
=13 CACGCTTGCAACT CAGGCA*TA CA* GAAATTAAACACTCCCT GGATCATGGCCGCAAAAC |
CACGCTT GCAACT CAGGCA GTA CAGGAAATTAAA CACT CCCT GGATCATGGCCGCAAAAC ‘

1210 1220 1230 1240 1250 1260
29 CGGTGGTCGTCTGCTGATGTTT GGCGT GGGCGTGATT GTAATCGGCGTAATGCT CTCCAT
20 CGGTGGTCGTCTGCT GATGTTT GGCGT GGGCGT GATTGTAATCGGCGTAATG

97 CGGTGGTCGT CT GCT GATGTTT GGC GT GGGCGT G |

=111 CGGT GGTCGTCT GCT GATGTTT GGC GT GGGC GT GATTGTAATCGGCGTAATGCTCTCCAT ‘
51 CGGT GGTCGTCT GCT GATGTTT GGC GT GGGC GT GATTGTAATCGGCGTAATGCTCTCCAT
=2 CGGTGGTCGTCTGCT GATGTTT GGC GT GGGCGT GATTGTAATCGGCGTAATGCTCTCCAT
=13 CGX¥TGGT CGTCTGCT GATGTITT GGC-T GGGCGT GATTGTAATCGGCGTAATGCTCTCCAT

85 TTTGGCGT GGGCGT GATT GTA* TCGGCGT* ATGCT CT CCAT
=25 T* GGC*TGATT GTAATCG* CGTAATGCTCTCCAT
=27 TGATTGTAATCGGCGTAATGCTCTCCAT
42 ATTGTAATCGGCGTAATGCTCTCCAT
15 GGCG-AATGCTCTCCAT
19 CGTAATGCTCTCCAT I

CGGT GGTCGI‘CI‘GCTGATGPTTGGCGI‘GGGCG'I‘GATTGI‘AATCGGCGTAATGCTCI‘CCAT

1270 1280 1290 1300 1310 1320
29 CTTCCAGCAA

=111 CTTCCAGCAATTTGT CGGCATCAATGT GGT GCT GTA CTA CGCGCCGGAAXTGTT CAAAAC
51 CTTCCAGCAATTTGT CGGCATCAATGT GGT GCT GTA CTA CGCGCCGGAAGT GTTCAAA*C
=2 CTTCCAGCAATTTGT CGGCATCAATGT GGT GCT GTA CTA CGCGCCGGAAGT GTTCAAAAC
=13 CTTCCAGCAATTTGT CGGCATCAATGT GGT GCT GTA CTA CGCGCCGL:AAGTGTT CA=AAC

85 CTTCCAGCAATTTGTCGGCATCAATGTG
=25 CTTCCAGCAATTTGI CGGCATCAAT-T GGT GCT GTA CTAC-CGCC*¥ GAAGTGTTCAAAAC
=27 CTTCCAGCAATTTGT CGGCATCAATGT GGT GCT GTA CTA CGCGCCGGAA*TGTTCAAAAC
42 CTTCCAGCAATTTGT CGGCATCAATGT GGT GCT GTA CTA CGCGCCGGAAGT GTTCAAAAC
15 CT*CCAGCAA*TTGT CGGCATCAATGT GGT GCT GTACTA CGCGCCGGAAGTGTT CAAAAC

19  CTTCCAGCAATTTGT CGGCATCAATGT GGT GCT GTA CTA CGCGCCGGAAGTGTTCAAAAC

46 ) TCGGCATCA*TGT GGT GCT GTA CTA CGCGCCGGA =GT GTT CAAAA C
75 TCGGCATCAATGT GGT GCT GTA CTACGCGCCGGAA GT GTTCAAAAC ‘
31 TGT GGT GCT GTACTACGCGCCGGAA GT GTT CAAAAC H

CTTCCA GCAATTTGI‘CGGCATCAATGTGGTGCTGI‘ACI‘ACGCGCCGSZAAGI‘GI‘TCAAAAC

)
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=27
42
15
19
4o
75
31
=26
=65
=53

=25
42
15
19
46
75
31
=26
-65
=53

1330 1340 1350 1360 1370 1380

GCT GGGGGCCA GCACGGATATCGCGCT GTT GCA GA CCATTATT GT CGGA GTTAT CAA CCT
GCTGGGGGCCAGCACGGATATC

GCTGGGGGCCA GCACGGATATCGCGCT GTT GCA GA CCATTATT GT CGGA GTTATCAA CCT

GCT GGGGGCCA GCACGGATATCGCGCT GTT GCA GA CCATTATT GT CGGA GTTAT CAA CCT

GCT GGGGGCCA GCACGGATATCGCGCT GT'T GCA GA CCATTATT GT CG*AGTTATCAA CCT

GCT GGGGGCCA GCA CGGATATCGCGCT GTT GCA GA CCATTATT GT CGGA GTTAT CAA CCT

GCT GGGGGCCA GCACGGATATCGCGCT GIT.GCA GA CCATTATT GT CGGA GTTATCAA CCT

GCT GGGGGCCA GCACGGATATCGCGCT GI'T GCAGACCATTATT GT CGGA GTTATCAA CCT

GCT GGGGGCCAGCACGGATATCGCGCT GT'T GCAGA CCATTATT GT CGGA GTTATCAA CCT

GCT GGGGGCCAGCACGG-TATCGCGCT GTT GCA GACCATTATTGT CGGA GTTATCA* CCT

GCT GGGGGCCAGCACGGATATCGCGCT CTT GCA GA CCAT-ATT GT CGGA GT -ATCAA CCT

GCT GGGGGCCAGCACGGATATCGCGCT GTT GCA GA CCATTATT GT CGGA GTTAT CAA CCT

TCG*AGTTATCAACCT

G-AGTTATCAACCT

GTTATCAACCT

GCT GGGGGCCA GCACGGATATCGCGCT =TT GCA GACCATTATT GT CGGA GTTATCAA CCT

1390 1400 1410 1420 1430 1440
CACCTTCACCGTTCTGG
CACCTTCACCGT* CT GGCAAT*AT
CACCTTCACCGTTCT GGCAATTAT GACGGT GGATAAATTTGGT CGTAA GC
CACCTTCACCGTTCT GGCAATTATGACGGT GGATAAATTT GGT CGTAA GCCA CT GCAAAT
CACCTTCACCGTITCT GGCAATTATGA CGGT GGATAAATTT GGT CGTAA GCCA CT GC
CACCTTCACCGTTCT GGCAATTATGA CGGT GGATAAATTT GGT CGTAA GCCA CT GCAAAT
CACCT* CACCGTTCT GGCAA*TAT GACGGT GGATAAATTT GGT CGTAA GCCA CT GCAAAT
CACCTTCAC*GITCT GGCAATTATGA CGGT GGATAAATTT GGT CGTAA GCCACT GCAAAT
CACCTTCACCGTTCT GGCA* TTATGA CGGT G¥ AT* AATTT GGT CGTAA* CCACT GCAA*T
CACCTTCACCGTTCT GGCAATTATGA CGGT GGATAAATTT GGT CGTAA GCCA CT GCAAAT
CACCTTCACCGTTCT GGCAATTATGA CGGT GGATAAATTT GGT CGTAA GCCA CT GCAAAT
CACCTTCACCXTTCT GGCAATTATGA CGGT* GATAAATTT G¥ TC* TAA GCCA CT GCAAAT
CACCTTCACC-TTCT GGCAATTATGA CGGT GGATAAATTT GGT CGTAA GCCA CT GCAAAT
CACCTTCACCGTTCT GGCAATTATGA CGGT* GATAAATTT* GT C*TAA GCCA CT GCAAAT
CACCTTCACCGTTCT GGCAATTAT GA CGGT GGATAAATTT GGT CGTAA GCCA CT GCAAAT

1450 1460 1470 1480 1490 1500
TATCGGCGCACT CGGAAT GGCAATCGGTATGTTTA GCCT CGGTACCGCGTTTTA CACT CA
TATCGGCGCACT CGGAAT GGCAATCGGTATGTTTA GCCT CGGTA CCGCGTTTTA CACT CA
¥ATCGGCGCACT CGGAAT GGCAATCGGTATGTTTA GCCT CGGTA CCGCGTTTTA CACT CA
TATCGGCGCACT CGGAAT GGCAATCGGTATGTTTA GCCT CGGTACCGCGTTTTA CACT CA
TATCGGCGCACTC
TATCGGCGCACT CGGAATGGCAATCGGTATGITTA GCCT CGGTA CCGCGTTTTA CACT CA
TATCGGCGCACT CGGAAT GGCAATCGGTATGTTTA GCCT CGGTA CCBCGTTTTA CACT CA
TATCG* CGCACT CGGAAT GGCAATCGGTATGTTTA GCCT CGGTA CCGC~TTTTA CACT CA
TATCGGCGCACT CGGAATGGCAATCGGTATGTTTA GCC~CGGTA CCGCGTTTTA CACT CA
TATCGGCGCACT CGGAAT GGCAATCGGTATGTTTA GCCT CGGTA CC-CGTTTTA CASTCA
TATCGGCGCA CT CGGAATGGCAATCGGTATGTTTA GCCT CGGTA CCGCGTTTTA CACTCA
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1510 1520 1530 1540 1550 1560
GGCACCGGGTATTGT GGCGCTACT GT CGATGCT GTT CTATGIT GCCGCCTTT GCCATGTC
GGCA* CGGGTATTGT GGCGCTACT GT CGATGCT GTT CTATGTT GCCGC*TTTGCCATGT C
GGCACCGGGTATTGT GGCGCTACT GT CGATGCT GITCTATGTT GCCGCCTTT GCCATGTC
GGCACCGGGTATTGT GGCGCTACT GT CGATGCT GTT CTAT GI'T GCCGCCTTT GCCATGTC
GGCACCGGGTATTGI GGCGCTACT GT CGATGCT GTTCTATGTT GCCGCCTTT GCCATGTC
GGCACCGGGTATTGT GGCGCTACT GT CGATGCT GTT CTATGIT GCCGCCTTT GCCATGTC
GGCACCGGGTATTGT GGCGCTACT GT CGATGCT GTTCTATGTT GCCGCCTTTGCCATGTC
GGCACCGGGTATTGT GGCGCTACTGTC
GGCACCGGGTATTGT GGCGCTACT GT CGATGCT GTT CTATGTT GCCGCCTTT GCCATGTC

TATGTTGCCGCCTTTGCCATGTC
TTGCCGCCTTTGCCATGTC
GGCACCGGGTATTGT GGCGCTACTGT CGATGCT GTTCTATGTT GCCGCCTTT GCCATGTC

1570 1580 1590 1600 1610 1620
CT GGGGT CCGGTATGCT GGGTACTGCTGT CG
CT GGGGT* CGGTATGCT GG

CTGGG*TCCGGTATG* TGGGTA* TGCT GT CGGAAATCTTCCCGAATGCTATTCGT GGT* A

CT GGGGT CCGGTATGCT GGGTACT GCT GT CGGAAATCTT* CCGAATGCTATTCGT GGTAA

CT GGGGT CCGGTATGCT GGGTACT GCT GT CGGAAA

CTGGGGT CCGGTATGCT GGGTACT GCTGT CG

CTGGGGT CCGGTATGCT GGGTA CT GCT GT CGGAAATCTTCCCGAATGCTATT CGT GGTAA

CT GGGGT CCGGTATGCT GGGTA CT GCT GT CGGAAATCTT CCCGAATGCTATT CGT GGTAA

CT GGGGT CCGGTATGCT GGGTACT GCTGT CG

CTGGG*TCCG-TATGCT GGGTA CT GCT GT CGGAAATCTTCCCGAATGCTATTC-T GGTAA
ATGCTGGGTACT GCT GT CGGAAATCTTCCCGAATGCTATTCGT GGTAA

CT GGGGT CCGGTATGCT GGGTA CT GCT GT CGGAAATCTT CCCGAATGCTATTCGT GGTAA

1630 1640 1650 ° 1660 1670 1680
AGCGCT GGCAATC
AGCGCT GGCAATCGCGGT GGCG** CCAG
AGCGCT GGCAATCGCGGT GGCGGCCCA GT GGCT GGCGAACTACTT CGT CT CCT GGACCTT
AGCGCT GGCAATCGCGGT GGCGGCCCA GT GGCT GGCGAACTACTT CGT CT CCT GGACC
AGCGCT GGCAATCGC* GT GGCGGCCCA GT GGCT GGCGAACTACTT CGT CT CCT GGACCTT
A=-CGCT GGCAATCGCGGT GGCGGCCCA GT GGCT GGCGAA CTA C*
GT GGCGGCCCA-TGGCT GGCGAACTACTTCGT CT CCT GGACCTT
GGT GGCGGCCCAGT GGCT GGCGAACTACTTCGT CT CCT GGACCTT
TGGC* GCCCAGT GGCT GGCGAACTA CTTCGT CT CCT GGA CCTT
CCA*TGGCT GGCGAACTACTTCGT CTCCT GGACCTT
AGCGCTGGCAATCGCGGT GGCGGCCCA GT GGCT GGCGAACTA CTTCGT CTCCT GGACCTT

1690 1700 1710 1720 1730 1740
CCCGATGATGGA CAAAAACTCCT GGCT GGT GGCCCATTT CCACRACGG
CCCGATGATGGA CAAAAACT CCT GGCT GGT GGCCCATTT CCACAACGGTTTCTCCTACTG
CCC*ATGATGGA CAAAAACT CCT GGCT* GT GGCCCATTTCCACAACGGTTTCICCTACT G
CCCGATGATGGACAAAAA*TCCT GGCT GGT GGCCCATTTCCACAA=GGTTTCTCCTACTG
CCCGATGATGGA CAAAAACT CCT GGCT GGT GGCCCATTT CCA'CAACGGTTT CTCCTACT G
CCCGATGATGGA CAAAAACTCCT GGCT* GT GGCCCATTTCCA CAACGGTTTCTCCTACT G

CTCCTACTG
CCCGATGATGGA CAAAAACT CCT GGCT GGT GGCCCATTTCCA CAACGGTTTCT CCTACT G
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12
~28

1750 1760 1770 1780 1790 1800
GATTTACGGTT GTATGGGCGTT CT GGCA GCACT GTTTATGT GGAAATTTGT CCCGGAAAC
GATTTACGGTT GTATGGGCGTT CT GGCA GCACT GTTTAT GT GGAAATTTGT CCCGGAAAC
GATTTACGGTT GTATGGGCGTTCT GGCA GCA CT -TTTATGT GGA
GATTTACGGTT GTATGGGCGTT CT GGCA GCACT GTTTATGT GGAAATTTGT CCCGGAAAC
GATTTACGGT* GTATGGGCGTT CT GGCA GCA CT GTTTATGT GGAAATTT G* CCCGGAAAC
GATTTACGGTT GTAT GGGCGTT CT GGCA GCACT GTTTATGT GGAAATTT GT CCCGGAAAC

TTT* CGGTT GTAT GGGCGTT CT GGCA GCACT GTTTAT GT GGAAATTT GT CCCGGAAAC

GATTTACGGTT GTAT GGGCGTT CT GGCA GCACT GTTTAT GT GGAAATTT GT CCCGGAAAC

1810 1820 - 1830 1840 1850 1860
CAAAGGTAAAACCCTT GA GGAGCT GGAA GCGCT CT GG
CAAAGGTAAAACCCTT GA GGA GCT GGAA GCGCT CT GGGAA CCGGAAA CGAA GAAAA CA CA
CAAAGGTAAAACCCTTGA GGAGCT GGAA GCGCT CT GGGAA CCGGAAA CGAAGAAAA CACA
CAAAGGTAAAACCCTT GA GGA GCT GGAA GCGCT CT GGGAA CCGGAAA CGAA GAAAA CA CA
CAAAGGTAAAACCCTT GA GGA GCT GGAA GCGCT CT GGGAA CCGGAAA CGAA GAAAA CA CA
CAAAGGTAAAACCCTT GA GGA GCT GGAA GCGCT CT GGGAA CCGGAAA CGAA GAAAA CA CA
GTAAAACCCTT GAGGA GCT GGAA GCGCT CT GGGAA CCGGAAA CGAA GAAAA CA CA
AAGCGCT CT GGGAACCGGAAA CGAAGAAAACACA
CAAAGGTAAAACCCTT GA GGA GCT GGAA GCGCT CT GGGAA CCGGAAACGAA GAAAA CACA

1870 1880 1890 - 1900 1910 1920
ACRAACT G¥TACGCTGTAATCTTCCT GT CCAGCACGCCGCGCCATTTCGGCGT G¥ T GA CT
ACAAA
ACAAACT-*TACGCT GTAA
ACAAACT*CTACGCT GTAATCTTCCTGT CCAGCA CGC
ACAAACT GCTACGCT GTAATCTTCCT GI CCA GCA CGCCGCGCCATTTCGGC GT GCT GACT
ACAAACTGCTACGCT GTAATCTTCCT GT CCA GCA CGCCGCGCCATTT CGGCGT GCT GACT
ACAAACTGCTACGCT GTAATCTTCCT GT CCA GCACGCCGCGCCATTT CGGCGT GCT GA CT

TCCAGCACGCC** GCCATT* CGX CXTG¥ T*AXT
ACAAACTGCTACGCT GTAATCTTCCT GT CCA GCACGCCGCGCCATTTCGGCGT GCT GA CT

1930 1940 1950 1960 1970 1980
TTTTACTCCCGCTTCAGCC*

TTTTACTCCCGCTT CAGCCGTTT CGAATTA CA CA GCCA CA GGGT GATCA CCA GTAA CA GG

TTTTACTCCCGCTTCAGCCGTTT CGAATTA CACAGCCA CA GGGT GAT CA CCA GTAA CA GG

TTTTACTCCCGCTT CAGCCGTTT CGAATTA CACA GCCA CA GGGT GATCA CCA GTAA CA GG

TT*TACTCCCGCTT CAGCC*TT* C¥ AATTA CA CA GCCA CA GG* TGATCACCA GTAA CA GG

GCTTCAGCCG*TTCGAATTACACA GCCA CA* GGT GAT CA CCA GTAA CA GG

TCAGCCGTTTCGAATTACA CAGCCACA* GGT GATCACCAGTAACAGG

AGGGT GATCACCAGTAACAGG

GTGATCACCAGTAACAGG

TTTTACTCCCGCTTCAGCCGTTTCGAATTACACAGCCACA GGT'GATCA CCAGTAACAGG
)

)
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1990 2000 2010 2020 2030 2040
ATCGCAGCCGAGTAGATCAACACATCCAGT GGCGATTTATGATCGACGATGATCAAGCGC
ATCGCAGCCGAGTAGATCAACACATCCAGT GGCGATTTATGATCGACGATGATCAA GCGC
ATCGCAGCCGA GTAGATCAACACATCCAGT GGCGATTTATGATCGACGATGATCAA GCGC
ATCGCAGCCGA*TAGATCAACACATCCA*TGGCGATTTATGATCGACGATGATCAA GCGC
ATCGCAGCCGAGTAGATCAACACATCCAGT GGCGATTTATGATCGACGATGATCAAGCGC
ATCGCAGCCGAGTAGATCAACACATCCAGT GGCGATTTATGATCGACGATGATCAA GCGC
ATCGCAGCCGAGTAGATCAACACATCCAGT GGCGATTTATGATCGACGATGATCAA GCGC
ATCGCAGCCGAGTAGATCAACACATCCAGT GGCGATTTATGATCGACGATGATCAAGCGC
ATCGCAGCCGAGTAGATCAACACATCCAGT GGCGATTTATGATCGACGATGATCAA GCGC

2050 2060 2070 2080 2090 2100
ACA*TGGCGGT GATCCCAATATA GACAAA GTAA CGTA GCGGGAA GT GAAAA CCGGA CT GA
ACAATGGCGGT GATCCCAATATA GACAAAGTAA CGTA GCGGGAA GT GAAAA CCGGA CT GA
ACAATGGCGGT GATCCCAATATAGACAAAGTAA CGTAGCGGGAA GT GAAAACCGGACTGA
ACAATGGCGX*TGATCCCAATATA GACAAAGTAA CGTA GCGGGAA GT GAAAA CCGGACT GA
ACAATGGCGGT GATCCCAATATA GACAAAGTAA CGTA GCGGGAA GT GAAAACCGGACT GA
ACAATGGCG*TGATCCCAATATA GACAAAGTAA CGTA GCGGGAA GT GAAAACCGGA CTGA
ACAATGGCGGT GATCCCAATATA GACAAAGTAACG
ACAATGGCGGTGATCCCAATATA GA CAAAGTAA CGTAGCGGGAA GT GAAAA CCGGACT GA

GGCGGT GATCCCAATATA GA CAAAGTAA CGTA GCGGGAA GT GAAAA CCGGACT GA
GGAAGT GAAAACCGGACTGA
AAACCGGACTGA

ACAATGGCGGT GATCCCAATATA GACAAAGTAACGTA GCGGGAA GT GAAAA CCGGA CT GA

2110 2120 2130 2140 2150 2160
AAGTACTTCACAATCAGCGCGAT*AATTCG
AAGTACTTCACAATCAGCGCGATAA
AAGTACTTCACAATCAGCGCGATAAATTCGAAATA GAGAAA GTAAACCACCAGTCCT
AAGTACTTCACAATCAGCGCGATAAATTCGAAATA GEGAAAGTAAACCACCAGTCCTTCT
AAGTACTTCACAATCAGCGCGATAAATTCGAAATA GAGAAAGTAAACCACCAGTCCTTCT
AAGTACTTCACAATCAGCGCGATAAATTCGAAATA GAGAAAGTAAACCACCAGTCCTTCT
AAGTACTTCACAATCAGCGCGATAAATTCGAAATA GAGAAAGTAAACCACCAGT CCTTCT

AAGTACTTCACAATCAGCGCGATAAATTCGAAATA GAGAAAGTAAACCACCAGTCCTTCT

AAGTACTTCACAATCAGCGCGATAAATTCGAAATA GAGAAAGTAAACCACCAGTCCTTCT
AAGTACTTCACAATCAGCGCGATAAATTCGAAATAGAGAAAGTAAACCACCAGTCCTTCT
AAGTACTTCACAATCAGCGCGATAAATTCGAAATA GAGAAAGTAAACCACCAGT CCTTCT

2170 2180 2190 2200 2210 2220
ACCAGCTCATATTTGCT GGTTT GTT CT GGCGCGAA CAGCACATCAGCCAGATGCACCGTT
ACCAGCTCATATTTGCT GGTTTGTTCT GGCGCGAA CAGCA CATCA GCCAGATGCA CCGTT
ACCAGCTCATATTTGCT GGTTT GTTCT GGCGCGAA CAGCACATCAGCCAGATGCA CCGIT
ACCAGCTCATATTTGCT GGTTT GTT CT GGCGCGAA CA GCA CATGA GCCA GATGCA
ACCAGCTCATATTTGCT GGTTT GITCT GGCGCGAA CAGCA CATCA GCCAGATGCA CCGTT
ACCAGCTCATATTTGCT GGTTT GTT CT GGCGCGAA CA GCA CATGA GCCAGATGCA CCGTT
ACCAGCTCATATTTGCTGGTTT GTTCT GGC

CCAGATGCACCGTT
ACCAGCTCATATTTGCTGGTTTGTTCT GGCGCGAACAGCACATCA GCCAGATGCACCGTT
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2230 2240 2250 2260 2270 2280
TCTTT GCCGA GGAA GA CAACCAAAATCA GGCCGA GGCA CA GCA GGCCAAGATTGAGTACG
TCTTTGCCGA GGAA GA CAA CCAAAATCA GGCC GA GGCA CA GCA GGCCAA
TCTTT GCCGA GGAA GA CAA CCAAAAT CA GGCC GA GGCA CA GCA GGCCAAGATTGAGTACG
TCTTT GCCGA GGAA GA CAACCAAAATCA* GCCGA GGCACA GCAGGCCAAGATTGAGTACG
TCTTT GCCGA GGAA GA CAA CCAAAATCA* GCCGA GGCA CA GCA GGCCAAGATTGAGTACG
TCTTT GCCGA GGAA GA CAACCAAAATCA GGCC GA GGCA CA GCA GGCCAAGATTGAGTACG
GCCGAGGAA GACAACCAAAATCA GGCCGA GGCA CA GCA GGCCAA GATTGAGTACG

TCTTTGCCGA GGAA GACAA CCAAAATCA GGCCGA GGCA CA GCA GGCCAAGATTGAGTACG

2290 2300 2310 2320 2330 2340

GTCT GCAAAATGGT GGA GATAAA CT CCACGCGCGGA CGA
GTCTGCAAAATGGTGGAGATAAACTCCACGCGCGGACGAGAGAGI‘GACGTCATAGCAGI‘A
GTCTGCAAAATGGTGGAGATAAACTCCACGCGCGGACGAGAGAGI‘GACGTCATAGCAGTA
GTCT GCAAAATGGT GGA GATAAA CT CCACGCGCGGA CGAGA GA GT GA CGT CATA GCA GTA
GTCT GCAAAATGGT GGA GATAAA CT CCA CGC GC GGA CGAGAGAGT GACGTCATA GCAGTA
GTCT GCAAAATGGT GGA GATAAA CT CCA CGC GC GGA CGAGA GAGT GACGT CATA GCA GTA
TCCACGCGCGGA CGA GA GA GT GA CGT CATA GCA GTA
CACGCGCGGA CGA GA GA GT GA CGT CATA GCA GTA
GTCT GCAAAATGGT GGA GATAAA CT CCACGCGCGGA CGA GA GA GT GA CGT CATA GCA GTA

2350 2360 2370 2380 2390 2400
CCTCCTTCACAGTGGCGAG
CCTCCTTCACAGT GGCGA GCTTCCT GTATAA CGCAAAAATGT GACGGAGATCTATATTTT
CCTCCTTCACAGTGGCGA GCTT CCT GTATAA CGCAAAAATGT GACGGAGATCTATATTTT
CCTCCTTCACAGT GGCGAGCTT CCT GTATAA CGCAAAAATGT GA CGGAGATCTATATTTIT
CCTCCTTCACAGT GGCGA GCTT CCT GTATAA CGCAAAAATGT GA CGGAGATCTATATTTIT
CCTCCTTCACAGT GGCGA GCTT CCT GTATAA CGCAAAAATGT GACGGAGATCTATATTTT
CCTCCTTCACAGT GGCGAGCTT CCT GTATAA CGCAAAAATGT GACGGAGATCTATATTTT
GCGAGCTTCCTGTATAACGCAAAAATGT GA CGGA GATCTATATTTT
CCTCCTTCACAGT GGCGA GCTTCCT GTATAA CGCAAAAATGTGACGGAGATCTATATTTT

2410 2420 2430 2440 2450 2460
TTGTGIAT '
TTGT GTATGITTT GI'T CAA CCT GGATTT GGA GCGC GCCT CCA CCAAAGCCGGATATACCT
TTGTGTATGTTTT GTT CAA CCT GGATTT GGA GCGC GCCT CCA CCAAAGCCGGATATACCT
TTGIGTATGITTTGITCAACCT GGATTT GGA GCGCGCCT CCACCAAAGCCGGATATACCT
TTGTGTATGITTT GTT CAACCT GGATTT GGA GCGCGCCT CCA CCAAAGCCGGATATACCT
TTGT
TTGTGTATGITTTGIT CAACCT GGATTT GGA GCGCGCCT CCA CCAAAGCCGGATATACCT
TGTGTATG--TT GT* CAA CCT GGA* TT GGA GC GC GCCT CCA CCAAAGCCGGATATACCT
ATATACCT
TTGTGTATGTTTT GTTCAA CCT GGATTT GGA GCGCGCCT CCA CCAl)A GCCGGATATACCT
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2470 2480 2490 2500 - 2510 2520
ACCCGTAGGCCGGATAAGCCGCGCCT
ACCCGTAGGCCGGATAA GCCGCGCCT GGCGGCGCATCCGGCAA GA CAA
ACCCGTAGGCCGGATAA GCCGCGCCT GGCGGCGCATCCGGCAA GACAAACCGCACCAAAG
ACCCGTA GGCCGGATAA GCCGCGCCT GGCGGCGCATCCGGCAA GA CAAA CCGCACCAAAG
ACCCGTAGGCCGGATAA GCCGCGCCT GGCGGCGCAT CCGGCAA GA CAAA CCGCACCAAAG
ACCCGTAGGCCGGAT
ACCCGTAGGCCGGATAAGCCGCGCCT GGCGGCGCATCCGGCAA GA CAAA CCGCACCAAAG

: GCATCCGGCAA GA CAAACCGCA CCAAAG

ACCCGTAGGCCGGATAA GCCGCGCCT GGCGGCGCATCCGGCAA GACAAA CCGCA CCAAAG

2530 2540 2550 2560 2570 2580
CCGGTAATTCAAAAATCACCCATTCAGGT GATTCCCA GCCA CCA GCAA
CCGGTAATTCAAAAATCACCCATTCAGGT GATTCCCA GCCACCA GCAAT GCGCGAAAAAT
CCGGTAATTCAAAAATCACCCATTCAGGT GATTCCCA GCCACCA GCAAT GCGCGAAAAAT
CCGGTAATTCAAAAATCACCCATTCAGGT GATTCCCA GCCA CCA GCAATGCGC GAAAAAT
CCGGTAATTCAAAAATCACCCATTCAGGT GATTCCCA GCCACCA GCAATGCGCGAAAAAT

GGTAATTCAAAAATCACCCATTCAGGT GATTCCCA GCCACCAGCAATGCGCGAAAAAT
CCCAGCCACCAGCAATGCGCGAAAAAT
CCGGTAATTCAAAAATCACCCATTCAGGT GATTCCCA GCCA CCA GCAATGCGCGAAAAAT

2590 2600 2610 2620 2630 2640

CGACAATGTTCCT CT GGAA CAAATGAAA CGTAACCT

CGACAATGTTCCT CT GGAA CAAATGAAACGT

CGACAATGITCCT CT GGAA CAAATGAAA CGTAACCT GATAAA GGT GCTAAAAATGAA GCC

CGACAATGITCCTCT GGAA CAAAT GAAA CGTAA CCT GATAAA GGT GGTAAAAAT GAA GCC

CGACAATGITCCTCT GGAA CAAAT GAAA CGTAA

CGACAATGITCCT CT GGAA CAAAT GAAACGTAA CCT GATAAA GGT GGTAAAAATGAA GCC
GTAACCT GATAAAGGT GGTAAAAATGAAGCC

TGATAAAGGT GGTAAAAATGRAGCC
CGACAATGTTCCTCT GGAA CAAAT GAAA CGTAA CCT GATAAA GGT GGTAAAAAT GAAGCC

2650 2660 2670 2680 2690 2700
TTATTTTGCT GCTTT GATGTTAT CAGT CT CT GA GCCT CAA GACGATCCT GAAT GTAATAA
TTATTTTGCT GCTTTGATGTTAT CAGT CT CT GA GCCT CAA GA CGATCCT GAAT GTAATAA
TTATTTTGCT GCTTT GATGTTAT CAGT CT CT GA GCCT CAAGA CGATCCT GAAT GTAATAA
TTATTTTGCT GCTTTGATGTTATCAGI CTCT GA GCCT CAA GACGATCCT GAAT GTAATAA

TTATTTTGCTGCTTT GATGTTAT CA GT CT CT GA GCCT CAA GACGATCCT GAAT GTAATAA
TTATTTTGCT GCTTT GATGTTATCA GT CT CT GA GCCT CAA GACGATCCT GAATGTAATAA

2710 2720 2730 2740 750 2760
GCGTTCATGGCT GAACT CCT GAAATA GCT GT GAAAATATCGCCCGC AATGCCGGGCTG
GCGTTCATGGCT GAACTCCT GRAATAGCT GT GAAAATATCGCCCGC AAATGCCGGGCTG
GCGTTCATGGCT GAA CT CCT GRAATA GCT GT GAAAATATCGCCCGCBAAATGC
GCGTTCATGGCT GAACTCCT GAAATA GCTGTGAAAATATCGCCCG@GAAATGCCGGGCTG
GCGTTCATGGCT GAA CT CCT GAAATA GCT GT GAAAATATCGCCCGCGAAATGCC GGGCT G

CGCHAAATGCCGGGCTG
GCGTTCATGGCT GAA CT CCT GAAATA GCT GT GAAAATATCGCCCGCGAAATGCC GGGCTG

xii
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2770 2780 2790 2800 2810 2820
ATTAGGAAA
ATTA GGAAAACAGGAAA GGGGGTTA GT GAATGCTTTT GCTT GATCTCAGITTCAGTATTA
ATTAGGAAAACAGGAAA GGGGGTTA GT GAATGCTTTT GCTT GATCTCAGTTTCAGTATTA
ATTA GGAAAA CA GGAAA GGGGGTTA GT GAATGCTTTTGCTTGATCT CAGTTT CAGTATTA
ATTAGGAAAACAGGAAA GGGGGTTAGT GAATGCTTTT GCTTGAT CTCAGITTCAGTATTA
ATTAGGAAAACAGGAAA GGGGGTTA GT GAATGCTTTT GCTT GATCTCAGTTTCAGTATTA

2830 2840
ATATCCATTTTTTATAAGCGTC
ATATCCATTTTTTATAAGCGTIC
ATATCCATTTTTTATAAGCGTC
ATATCCATTTTTTATAAGCGTC
ATATCCATTTTTTATAAGCGTC




